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Abstract. The vertical structure of atmospheric aerosols over the Indian mainland and the surrounding oceans and its spatia
distinctivenessand resultant atmospheric heatiage characterized using lotgrm (20077 2020) satellite observations,
assimilated aerosaingle scattering albedo, and radiative transfer calculations. The results show strong, seasonally varying
zonal gradients in the concentration and vertical extent of aerosols over the study region. Compared to the surrousding ocean
where the verticabdgent of aerosols is confined within 3 km, the aerosol extinction coefficients extend to considerably higher
altitudes over the mainland, reaching as high as 6 km duringhpnsoon and monsoon seasons. Longitudinally, the vertical
extent is highest arountb°E and decreasing graduatbwardseither sideof the study region, particularly oveeninsular

India. Particulate depolarization ratio profiles affirm the ubiquity of dust aerosols in western Indihdrsumface tanearly

6 km. While the presena# low-altitude dust aerosols decreases further east, theahighde (above 4 km) dust layers remain

aloft throughout the year with seasonal variations in its zonal distribution overwestbrn IndiaHigh-altitude (around 4

km) dust aerosolare obsrved over suthern peninsular India artie surrounding oceans during the monsoon season.
Radiative transfer calculations show that these changbs uertical distribution of aerosstesult in enhanced atmospheric
heating at the lower altitudes duripge-monsoongspeciallyin the2i 3 kmaltitude rang¢hroughout the Indian region. These

results have large implications for aeresadiation interactions in regional climate simulations.
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1 Introduction

Atmospheric aerosols are known to regulate tattEs radiation budget by interacting with incoming shortwave solar radiation

and the outgoing longwave radiation (Schulz et al., 2006; Ghan et al., 2012; Leibensperger et al., 2012; Myhre et al., 2013)
However, significant uncertainties still exist imetknowledge on the direct radiative effects of aerosols (Bond et al., 2013;
Boucher et al., 2013), both globally and regionally, arising from the limited understanding of the different aerosobtypes an
their spatietemporal and vertical variations at re@gal and sukregional scales (Pdschl, 2005; Remer et al., 2005). A primary
source of uncertainty in aeros@ldiation interactions and climate forcing of aerosols is the inadequate representation of the
vertical distribution and radiative effects of aasss and their spatial variations in climate models (Koffi et al., 2012; Samset

et al., 2013; Kipling et al., 2016; Koffi et al., 2016).

Long-term satellite measurements offer a solution to address this issue (Yu et al., 2010; Koffi et al., 2012;tWinker e
al., 2013; Prijith et al., 2016), despite their inherent uncertainties. Koffi et al. (2016) have reported large discieghacies
vertical distribution of aerosols between different climate models, particularly over the Indian region, which tectabily
to the poor availability of groundased observations to constrain the models. These discrepancies, though are lesser over the
oceans (Mann et al., 2014) than the landmass, would lead to significant differences in theirarosdlatmospheriheating
in climate simulations, as the same aerosol species at different altitudes can lead to different atmospheric heatintheowing t
reduction in air density with increasing altitude (Babu et al., 2011). This will also have implications for clioeé
simulations of Indian summer monsoon (Lau et al., 2006; Bhattacharya et al., 2017).

As such, concerted efforts are being made to improve the accuracy in aerosol characteristics globally (Ramanathan ¢
al., 2001; Anderson et al., 2003; Remer et28l08; Vaughan et al., 2009; Yu et al., 2010; Koffi et al., 2012; Yoon et al., 2014;
Pozzer et al., 2015)idar measurements conducted over the Indian Ocean and a few surrounding locations during the Indian
Ocean Experiment (INDOEX) revealed tpeesence and loAgnge transport of ligkbsorbing aerosols into the free
atmosphere (Ansmann et al., 20068pnet al, 2001;Mdller et al, 2001ab; Franke et al., 2001; 20pDver the Indian region,
several campaigns were conducted using lidard€eah et al., 2006), research aircraft (Satheesh et al., 2008; Babu et al.,
2010; Babu et al., 2016), and highitude balloons (Babu et al., 2011) to improve the understanding of the vertical distribution
of aerosols and their spatiemporal variationsSuch snapshédike field campaigs provide deepeinsight intothe location
specificaerosol propertieS.he Indian sukcontinent is home to different types of aerosols that vary spatially and temporally.

In an earlier study using spaceborne lidar obgems limited to the Indian mainland, the seasonally varying presence ef high
altitude (dust dominated) aerosol layers were observed, which leads to a meridional gradient in the vertical distribution of
aerosols (Prijith et al., 2016).

The Indian region ezompasses the highly polluted In@angetic Plain (IGP) over the northern side and the arid
region (Thar desert) over the western side; both being major sources of distinct aerosol types. The aerosols from thes
contrasting source regions are advectedsactioe IGP and the nordastern region (Pathak and Bhuyan, 2014) to the Bay of
Bengal (BoB) (Moorthy et al., 2007; Satheesh eR&l0%; Srinivas and Sarin, 2013) and are often observed as elevated layers.
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The west to east transport is consistent imthrthern parts of India irrespective of the season, though there is a reversal in the
synoptic wind direction during pestonsoon and winter in the southern part. Recent aircraft campaigns revealed the presence
of elevated aerosol layers throughout théian region in the -B km altitude range (Vaishya et al., 2018; Manoj et al., 2020).
Interestingly, the altitudes at which these elevated layers were observed were higher in theesterth part of India
compared to the northeast (Manoj et al., 2020)yoé@ concentration within th@tmospheric boundary layekBL ) and free
atmosphere has been reported to exhibit a decreasing and increasing trend respectively over the Indian region (Manoj et a
2019; Ratnam et al., 2021). This has partly been attdiotan increased convective lifting of aerosols, lofting them from the
surface to the freatmospheric altitudes. Under such conditions, unless climate models use realistic vertical structures of
aerosol distribution, they cannot improve the climate irhpasessments over the Indian region (Koffi et al., 2016).

In the light of the above scenario, in this work, we examine the vertical distribution of aerosols, their zoral (east
west) gradients over the Indian mainland and its surrounding ocean andsthting changes in the aerosudluced
atmospheric heating using lotgrm multisatellite observations constrained bysitu and assimilated observational data sets,
combined with radiative transfer calculations. The observational data, radiativetreaisiulations, and the methodology
followed in deriving assimilated data sets are discussed in Sect. 2. The vertical structure and zonal gradients ofiderosols a
associated Particulate Depolarisation Ratio (PDR) are presented in Sect. 3.1 and 3i2algsdwe zonal gradients in the
Single Scattering Albedo (SSA) and the impacts on aeindoked atmospheric heating are presented in Se&&tand 3.4

respectively.

2 Observational data and methodology

2.1Spaceborne lidar observations

The observatioms from the spaceborne lidarCloud Aerosol Lidar with Orthogonal Polarization (CALIOP) aboard Cloud
Aer osol Lidar and I nfrared Pathynder Satellite Observat
study. CALIOP uses an active éaagemote sensing technique and provides measurement data during both day and night. Lidar
profiles collected from 200¥ 2020 have been used to generate a statistically robust mean picture of the vertical distribution
of aerosols over the Indian regiorerel2, Version 4.20 (Young et al., 2018; Liu et al., 2019) eldar, day and night layer

product of aerosol extinction coefficient for 532 nm wavelength has been used to analyze the vertical structure of aerosols
within the region 53 95° E and 0 32°N, encompassing the Indian landmass and the adjoining oceans, as shown in Fig. 1.

In view of the reported large spatial and temporal variations in the aerosol properties (Satheesh et al., 2006; Moorthy
et al., 2009) and meridional gradients in the weaitdistribution of aerosols over the Indian region (Prijith et al., 2016), the
study region has been divided into three-gedfional latitude bands: (a) S#tegion 1 (SR1; 22 32° N), which covers north
India, (b) SubRegion 2 (SR2; 1D 22° N), which ceers central and peninsular India, Arabian Sea (AS), and the BoB, and (c)

SubRegion 3 (SR3; 0 10° N), which covers the southern tip of peninsular India and the northern Indian Ocean, as shown in

3
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Fig. 1. The present study has been carried out durinfptiveseasons: winter (DJF; DecembieFebruary), prenonsoon
(MAM; March i May), monsoon (JJAS; JuiieSeptember), and pestonsoon (ON; Octobé&r November).

The CALIORderived Level 2 aerosol extinction coefficient profiles were subjected to standagdisgrprocedures
(Winker et al., 2013). Aerosols were identified using the Atmospheric Volume Description (AVD) flag. Data points having
Cloud-Aerosol Discrimination (CAD) score outsid80 to-100 were identified as clouds/naerosols and were eschewed
from the analysis (Liu et al., 2009). Extinction quality control (QC) flags have been used to account for the erroriamextinct
coefficient retrieval resulting from the lidar ratio adjustments incurred during the data inv&@ia@xample, if the firsbit
of the QC flag is 0 (1), it refers to the lidar ratio remaining unchanged (constrained) during the lidar retrievalpoucess
et al. 2018)CALIOP makes use of different lidar ratios to capture different aerosol species, with the values rang2@ fro
+ 5 sr for clean marine aerosols to 70 £ 25 sr for polluted continental aerosols (Kim et al. pP2@4 8javing uncertainty flag
values above 99.99 kinwhich indicates that the iterations for the solution did not converge, have been omittediral
stage. The resulting vertical profiles provide a qualitative but not quantitative representation of the vertical staerogelsf
due to the uncertainties involved in the lidar ratio (extinction to backscatter ratio) assumption duretgethal of aerosol
extinction coefficient from the lidar backscatter signdlee CALIOP aerosol extinction profiles are retrieved from the
backscatter signals using lidar ratios as reportddrmet al.,(2018. These lidar ratioare in good agreemewfth previous
lidar ratio observationsarried ouduring field campaigns such as INDOEXs an additional quality check, we calculated the
lidar ratios separatelpr a representative month (January 20d@¥lividing MODIS AOD with the LeveR CALIOP colunn
integrated aerosol backscattering coefficient. Mean lidar ratios of 34.1 sr, 42.6 sr, and 23.3 sr were observed respectively
SR1, SR2 and SR3, which are in good agreement with the past lidar ratio observations surrounding the Indinsegion (
et al., 200; Franke et al., 2001; 2003) and the lidar ratios employed in CALIOP. Furthermore, to overcome this limitation due
to uncertainties in lidar ratios, the aerosol extinction coefficient profiles have been normalized using the combir&d Level
Version 6.1 average aerosol optical depth (AOD) from Moderate Resolution Imaging Spectroradiometer (MODIS) on board
Aqua and Terra satellites (Wei et al., 20I®)e resulting profiles will then capture the realistic vertical distribution (offered
by CALIOP) and the columnar loading (offered by MODIS) of aerosols. Dust aerosols have been identified using the PDR
profiles from CALIOP. Both LeveR aerosol extinction coefficient and PDR profiles at 532 nm from CALIOP have a
horizontal resolution of 333 m andvartical resolution of 30 m in the troposphere (Winker et al., 2009). For deriving the
quality assured PDR data, a procedure similar to that employed for extinction coefficient profiles has been followed, except

that the PDR QC and PDR uncertainty flaggehbeen used instead of extinction QC and uncertainty flags.

2.2 Radiative transfer calculations

The CALIORderived vertical structure of aerosols has been used to estimate theilyatmospheric heating effects of
aerosols and its zonal gradient otrex Indian region. Radiative transfer calculations have been carried out using Santa Barbara
DISORT Atmospheric Radiative Transfer (SBDART; Ricchiazzi et al., 1998) code for a-gdaaléel and vertically
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inhomogeneous atmosphere. SBDART calculationgamged out using the discrete ordinate method (Chandrasekhar, 1960;
Stamnes et al., 1988) for eight radiation streams and considering an atmosphere having a vertical resolution of 0.5 km from |
to 10 km and a lower resolution thereafter. The calculatiene carried out in all the three stdgions and all the four seasons

for every degree longitude from 65.5° E to 90.5° E. The longitudinal outer bounds are set by the availability of theedssimila
AOD and SSA data sets, which will be explained in déteflect. 2.3.

Vertical structure of atmospheric thermodynamics pertaining to tropical atmospheric conditions were input to SBDART. The
spectral surface reflectance values within the visible andinfrarred wavelengths for all the seasons, corresportdiiadl

the grid points were obtained from MODIS (Surface Reflectance product Daily L2G Global 250m, MOD09A1.006 and
MYDO09A1.006). Accuracy of critical inputs, such as aerosol scattering phase function and SSA, is important in improving the
accuracy of thestimated radiative effects. Since we did not have a spgeigegated composition of aerosols over the entire
study region, aerosol scattering phase function values were obtained from a Mie scattering Opiitel Properties of
Aerosols and Clouds (@AC) (Hess et al., 1998). SBDART calculations were made at every 5° solar zenith angle intervals
and clear sky conditions for two cases: iwithout aerosc
difference in the layewise netradit i ve f orcing between these two cases pr

has been used to estimate the aeroghiced atmospheric heating rate (dT/dt) as given below (Liou, 2002).
- —= (1)

where g is thacceleration due to gravity,€s t he speci fic heat capacity of air
di fference between the top and bottom |l evels in a | aye
elsewhere (Babu etl., 2002; Satheesh, 2002; Vinoj et al., 2004; Satheesh et al., 2008) and are not repeated here.

The radiative forcing of aerosols and the resulting atmospheric heating effects under clear sky conditions are primarily
dependent on the aerosol concentratind SSA within each layer. While the CALIOP profiles provide the former data set, a
realistic data set of the latter is not readily available. Even though the SSA measurements provided by satellite kexssors suc
Ozone Monitoring Instrument (OMI) aboafdira satellite captures the spatial variations in aerosol absorption to a large extent,
their magnitudes have been reported to include large uncertainties, especially over the Indian region (Eswaran et al., 2019
partly attributed to the assumption of @&ul layer heights (Satheesh et al., 2)(®atheesh et al., 2010). A few grotivased
measurements, though provide more accurate estimates of columnar SSA, are limited by the sparsity of measurements, al
provide rather point values. An optimal combinatiof the advantages offered by OMI (the accurate spatial variations) and
the sparse yet more realistic columnar measurements frgituinbservations are utilized to derive more realistic estimates
of aerosol radiative forcing and atmospheric heating Fatethis, statistical data assimilation techniqueshaen employed
(Kalnay, 2003; Lewis et al., 2006; Pathak et al., 2019). In the present study, an assimilated data set of the aeros@dSSA der

by combining OMI and irsitu observational data havedn used, as detailed in the next section.
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2.3 Assimilated SSA data set

Assimilated gridded datasets of SSA covering the entire Indian landmass has been generated for the first time by Pathak et
(2019) using longerm groundand satellitebased measaments of AOD and absorption AOD (AAOD). This dataset, which
provides SSA over the Indian mainland at 1°x1° spatial resolution for the three seasons DJF, MAM, and ON, is used in this
study to constrain the absorption potential of aerosols in the radiainsfer calculations. However, as the assimilated datasets

are available only over the landmass, we have extended these over to the adjoining oceanic region based on some importe
observations and assumptions which are explained in detail later irsabi®n. Nair et al. (2008b) observed high
concentrations of Black Carbon (BC) away from the coast over the AS and BoB. Consequently, very low values of SSA (~0.85)
exists over the BoB away from the coast (Nair et al., 2008a). Fron2,Rtgcan be seerhat OMI fails to reproduce the low

values of SSA over both land (Goto et al., 2011; Srivastava et al., 2011) andNaean al., 2008a). Taking this into account,

we extended the Assimilated SSA (ASSA) over to the ocean instead of directly using tH&SBMor radiative transfer
calculations.

For this, we started by choosing two regions consisting of both land and ocean, one including the AS (west) and the
other including the BoB (east). These regions are represented by the dashed rectangleslihd-igean values @Ml SSA
in these regions for the different seasons are given in Table 1. The table shows the mean SSA over land and ocean separate
It can be seen th&@MI SSAshows weak seasonal variations over both land and ocean. The seaangasdre similar over
land and ocean with highest values during ON and lowest values during MAM. In general, the magnidMeSSA over
the land are marginally lower. In the west, during DJF and MAM, the SSA over ocean is marginally higher. Netkhated:
the difference betwee@MI SSAand ASSA for these regions considering only the data points over the land. In our study, the
ASSA values are considered over the land region and to overcome the OMI overestimation over the ocean, we extended t
ASSA to the oceanic regions as well. For this, we made the following assumptio@M(1I3SA and ASSA values at the
coast should be the same, (2) As we move away from the coast, the difference NWESAand ASSA vary as a function
of the longitude.

The extension was done separately for the regions on the east and west considering one latitude at a time. We starte
the extension by estimating the meridional average obtie SSA over the ocean (AS andoB, represented by the dashed
rectangles in Figl). Linear regression is performed on the m@&afi SSAvalues and these regression coefficients were used
to estimate the SSA at the coast corresponding to individual latitudes. The ASSA over the laatphssasial variations and
hence the mean SSA for a 2°x2° grid close to the coast was estimated. The difference between this mean SSA value and t
value obtained for the coast using the regr edte.iSmaethe oef f
ef fect of anthropogenic sources reduce as we move away
function of ) on Riemo ddfrop th&SIBSSA the extended SSA for a particular latitude iested.

This is repeated for each latitude and éx¢ended SSAor the whole oceanic region is estimated. After completing the

extension, we havextended SSAralues for oceanic region above 8°N. Since we do not have ASSA to constrain the model
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below thislatitude, the same method cannot be employed. To overcome this limitation, we estimated the difféddfice in

SSA andextended SSAover the oceanic region (Table 2). Assuming a constant bias i@NHeSSA in this region the

extended SSAvalues are estiated by subtracting the bias from @&11 SSAvalues. This method of extension ensures that

the spatial and zonal variations@MI| SSAare retained. Finally, mergiraxtended SSAver ocean and ASSA over land, we
obtained the combined SSA (cSSA) for thedy region. ThéOMI SSAand the cSSA for the three seasons DJF, MAM, and

ON are shown in Fi2. The method employed in this study retains the spatial variatiddslIrSSA and offers the realistic

lower values and sharp changes near the coasteXteascd SSAvalues have been compared with the AErosol RObotic
NETwork (AERONET) retrieved SSA values from Maldives Climate Observatory at Hanimaadhoo (MCOH), a remote, island
station located in the Indian Ocean (Table 3). The values are comparable duringdDMRAM while extended SSAalues

are marginally higher during ON. The SSA from extensive measurements over the entire BoB during Integrated Campaign fot
Aerosols, gases, and Radiation Budget (ICARB006 (MarchMay) revealed values in the range 0-8996 (Nair et al.,

2008a), which is in line with the cSSA estimates in the present work. This cSSA has been used in the radiative transfel

calculations explained in Sect. 2.2.

3 Results and discussions

3.1 Aerosol Extinction Coefficient

The zonal variationi the seasonally averaged vertical distribution of aerosol extinction coefficients over the study region are
shown in Fig3. The three subegions are shown in the panels from top to bottom (SR1 to SR3) and in each row, the seasonal
changes are shown froDJF (left extreme) to ON (right extreme) through MAM and JJAS seasons. Significant intrusion of
aerosols into higher altitudes is seen; comparatively more in the north (SR1) and least in the south (SR3), irrespective of t
seasons. In all the three stdgions, the vertical extent is minimum in DJF and is maximum in MAM and JJAS. The vertical
transport of aerosols to altitudes above 6 km is controlled by dynamics (Ratnam et al., 2018). Aerosols are mostly limited to
below 3 km in DJF while they are preseven above 5 km during MAM and JJAS. The maximum vertical extent of aerosols
during JJAS is above 6 km for SR1, around 5.5 km for SR2, and within 4 km for SR3. This is in line with earlier reports from
campaign measurements using airborne lidars (for 8atheesh et al., 2008) as well as using satellite data (Prijith et al., 2016),
where meridional (north to south) gradients have been reported in the vertical distribution of aerosols over the Inaigh mainl
The difference in the vertical extent ofrasols observed in Fi@ for all the subregions and seasons is due to the existence
of this northto-south gradient. However, the zonal (wistast) gradients remained unexplored until this study.

Figure 3 also reveals that the extent of vertical gitu has an eastward gradient, as revealed by the profiles of the
blue shades in most of the panels; being highest in west and sloping downwards towards east, as indicated by thendotted yellc
line in Fig. 3c as illustrative. In general, the magnitudethefextinction coefficients are higher close to the surface and

decreasing with altitude. In SR1, such a feature is observed to be the strongest within the longitude r&1d0f Z@hereas
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in SR2, it is more widespread. The vertical extent is contrdiiethe combined actions of the convective lofting and the
consequent dynamics of the ABL, long range transport, scavenging by clouds and precipitation and the proximity to the
sources. ABL is shallower during DJF and ON over the Indian region due mmwbedurface temperatures and the resulting
reduced convective mixing processes (Sathyanadh et al., 2017), particularly so in SR1, where the winter temperatures corn
down to a few °C to near zero. As a result, during these seasons, the vertical ex¢eosafaemains low due to lack of
mixing. On the other hand, during MAM and JJAS, when the convection is stronger (temperature goes well above 40° C in
SR1) vigorous convective lifting prevails over the Indian region. In addition to this, effects efdiogg transport are also
observed in the northwest (<70°E; in SR3 and SR2) during this period.
Closer examination of the seasonality in the longitudinal variations in Fig. 3 reveals that:
1) During DJF (Fig3 a, e, i), the vertical extent of aerosol extioctpeaks within 75 80° E and drops off as we move
further to the east or west. The peak in the vertical distribution is observed to be above the surface (within 0.5
km) in SR2 as compared to the surrounding oceanic regions. This general pattedeistweSR1 (mostly land) and
clearly visible in SR2 (mixture of land and ocean). In SR1, the-sidace aerosol extinction coefficient values are
highest in the 70 90° longitude band (Figa). This can be attributed to the confinement of aerosalstne surface
by the shallow winter ABL and the weak winds typical to IGP during that season, leading to low ventilation
coefficients, as has been reported earlier in campaign studies (Nair et al., 2007). lii #@ %&ngitude band, the
magnitudes ohearsurface aerosol extinction coefficients are lower as this region consists of the ocean in SR2 and
SR3. Nevertheless, the vertical extent of aerosols remains comparable to that i g8 Kihgitude band. In SR2
(Fig. 3e), the general pattern isryesimilar and the fall in the vertical extent is sharper towards the west as compared
to the east. It is worth noticing that in thei895° longitude band, composed mostly of BoB, the 1seaface values
of extinction coefficients are comparable or evégher than that over the land. This feature has been reported in
several earlier studies as well and are attributed to the outflow of aerosols from the IGP to the BoB (Banerjee et al.,
2019; Kompalli et al., 2021). In SR2, the lagela boundaries on theest (east) are around 72.5°E (85°E) longitude,
which changes to 75°E (80°E) in SR3, reducing the width of the land region. The general pattern described above,
i.e., the vertical extent being higher over the land region, is observed to be modulatechisridinal change in
the landsea border. Both the width of the central peak and its vertical extent reduces from SR2 to SR3 (see for e.g.,
Fig. 3 e, i). During MAM and JJAS, when the transport of mineral dust is strong, the zonal variations exIgiilya sli
different pattern with considerable amount of aerosols above 2 km. The west to east decreasing gradient in the vertica
extent of aerosols is clear during this period. It can also be seen that as the influence of dust subsides, the vertice
extent dereases and reaches a minimum by DJF.
2) As the season advances to MAM, even though the zonal gradient remains weak, the vertical extent of aerosol
extinction increases, and their nearrface values decrease (compared to DJF), which is attributed to Hrecedh

convective mixing and the consequent lofting of aerosols over the land.
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6)
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A negative zonal gradient emerges out clearly during JJAS with the vertical extent increasing in the west and
decreasing in the east. Earlier studies have reported the traoBplodt aerosols from west Asia and east Africa
during this period across the IGP (Prijith et al., 2016; Banerjee et al., 2019). The emergence of a negative zonal
gradient in SR3, and the increase in vertical extent over the western region in padicttay,JJAS could be
attributed to this. A similar negative zonal gradient is sustained during ON but with a reduced vertical extent. The
transport from the west weakens and its impacts on the aerosol loading becomes negligible and the conditions during
ON closely resemble DJF. A striking feature seen in SR3 is the occurrence of an elevated aerosol layer with high
extinction coefficient betweeni24 km altitudes during JJAS.

SR2, which has land region sandwiched betweerAB@nd the BoB, provides a cleaignature of the vertical
structure of aerosols; the prominent feature being the higher vertical extent over the land with the extinction
coefficient maxima occurring within iL 2 km above ground, in general conformity with earlier reports (Moorthy et

al., 2004; Satheesh et al., 2006; Prijith et al., 2016; Prasad et al., 2019). During DJF, the eastern side exhibits highe
concentration of aerosols (below 1 km) compared to the western side which may be due to the larger share of land ir
the eastern side cquared to the western side. Consequently, the ABL dynamics may exhibit larger temporal
variations on the eastern side leading to larger confinement of aerosols close to the surface during DJF. During MAM,
the vertical extent increases throughout SR2, ltetastingly, the altitude above which the extinction coefficient is

less than 0.1 krhdoes not exhibit a similar pattern and is observed to be the least around 65°E, wheredhedand
boundary of the Indian peninsula commences in SR2. This lengthnsagits the influence of neaurface aerosols

in the vertical distribution and raises another question of why the vertical extent does not follow such a pattern. It
should be noted that during MAM, the dust transport from the Arabian Peninsula mightéesthre why the aerosol
concentration is not close to zero at higher altitudes. This argument becomes clear during the transition to JJAS wher
the dust transport is strong and leads to an increased vertical extent and negative zonal gradient in SR&. ON mar
the return to the vertical structure and its zonal variations similar to that observed in DJF.

A plume like structure, observed in the 550°E longitudes in SR1, is small in size and at lower altitudes in DJF,

but becomes larger and extents to ~2.5&MAM. But, compared to SR1, the plume in the western region is absent

in SR2 during DJF and MAM but appears with a larger spatial extent in JJAS, more or less appearing-as a high
altitude layer of aerosols all the way from 55°E to 65°E. This leadsltmlgpeak vertical structure in JJAS in SR2.
Interestingly, the eastern side of the plume overlaps roughly with the western boundary of the peninsula.

SR3 is mostly oceanic with very less share of land; consequently, the zonal gradients are weak seadotie

except JJAS and exhibits a higher vertical extent arouridS8DBE where land is present.

During JJAS, all the regions exhibit a negative zonal gradient of aerosol extinction coefficient due to the strong inflow
of aerosols brought about by the seutbsterly winds. The west to east gradient is strongly modified by the west
Asian (including thél'har Desert and the seiid regions of nortlwestern India) dust transport across the IGP and

over to the BoB (Prasad and Singh, 2007; Kumar et al., 2008). These regions, including the contiguous arid regions

9
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of West Asia, are known to be strong souroésnineral dust, which are advected across the IGP aided by the
favourable meteorological conditions (Moorthy et al., 2005; Niranjan et al., 2007; Beegum et al., 2008; Vaishya et
al., 2018; Manoj et al., 2020). The anthropogenic dust source can cantrithfo to the total dust contribution over
the Indian region and the one major source region is IGP (Ginoux et al., 2012). Previous studies usifgagsalind
and spaceborne lidars have shown elevated aerosol layers, reaching altitudes as high ag 5&itdokiag MAM
and JJAS (Gautam et al., 2010; Mishra and Shibata, 2012). Furthermore, the vertical extent of aerosol extinction
coefficient increases around 55° E. This is due to the portion of the Middle East, a major dust sourdeto the
(Namdari et b, 2018), included in the norest part of SR2. The dust transport has been reported to cause a
strengthening of the Indian summer monsoon through tropospheric heating (Jin et al., 2014; Vinoj et al., 2014; Solmon
et al., 2015).
Our ki values are igood agreement with the micro pulse lidar measurements by Satheesh et al., (2006), where the presence
of aerosol layers aloft (within 1L 2 km) during DJF over the urban region of Bengaldr8id1°N, 77.34°E) was reported.
Satheesh et al., (2008) reporthd large concentration of aerosols withii 2 km over the inland regions of peninsular India
during thelntegrated Campaign for Aerosols, gases and Radiation Budget (ICARBY highlighted the decrease in the
vertical extent (from 5 km over Centraldia to 1 km in the Northern Indian Ocean) and concentration of aerosols (a reduction
in the maximum value ofdg in the atmospheric column from 0.4 Krim Central India to 0.2 krhin Northern Indian Ocean)
as we move meridionally away from the land ith@ surrounding oceans.irBorne lidar measurementiiring ICARB
reportedwo Eastern coastal regions in peninsular India, naBlelbaneshwar and Chenptai havethe vertical extent dex
as3 km and 5 knrespectively during MAM(Satheesh et al., 20€). The maximum values ofck within the atmospheric
column were observed be 0.3 #rand 0.35 kit respectively. Meanwhile, the southern coastal region Trivandrum had the
vertical extent of k«to be 1.5 km and having a maximum value of 0.15 kinshould be noted that all these stations had the
maximum value of k:to be at altitudes above 2 km and not close to the surface. Satheesh et &;,720@9 showed how
the vertical extent and magnitude aofqldecreases away from the coasts of threéomsgin the Indian peninsula. The
contribution of aerosols above 3 km to columnar optical depth (AOD) was observed to decrease with increasing distance off
the shorelines for Chennai whereas it remained more or less independent of distance for Bhubdridahwerasurements
by Moorthy et al. (2008) reported the presence ofaigitude aerosols even 400 km away from the coasts of Bay of Bengal,
with a decreasing vertical extent and concentration (with a maximum value of 04k khe ky profile) away from the
Chennai coasWaishya et al.(2018)made use of aircraft observations to study the vertical profiles«@Mer Western India
(Jodhpur), Central India (Varanasi), and Eastern India (Bhubaneshwar) duri@putie West Asian Aesml Monsoon
Interactiors (SWAAMI) campaign conducted along with tRegional Aerosol Warming Experiment (RAWEX) campaiign
June 2016Peak value in thek profile was reported by them to be maximum (0.2%mwver Central India and reducing to
either stle to attain peakek values of ~0.1 k't over Western and Eastern Indidanoj et al. (2020 reported the presence of
aerosols above 2 km during the onset of monsoon over Northern India (Lucknow), Central India (Nagpuiedteth

India (Jaipur), Aabian Sea and Bay of Bengal during 8\&AAMI aircraft campaignThese observations are in excellent
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agreement with our observations on the seasonality and zonal gradiegtstinwn in Fig. 3These observations suggest that

the zonal gradients in thesrtical extent of aerosols is largely controlled by the imarge transport of dust. With a view to
examining whether this elevated aerosol layer in JJAS is formed by advected dust aerosols, we looked into the PDR profile:
from CALIOP.

3.2Particulate Depolarisation Ratio

The seasonality in the zonal variations of the PDR profiles over the threegiohs is shown in Figt. It emerges that SR1
is the region most impacted by the dust transport throughout the year. Fdasi@nd fine dust aerosols @tentified by the
PDR range 0.02 0.07 and 0.2 0.4 respectively (Gautam et al., 2009; Grof3 et al., 2011; Lakshmi et al;,l26fET et al.,
2017 2020; Hu et al., 2090Long range transport of dust from the west across the northern AS towardsidinentiathland
has strong influence on the aerosol loading and composition over the Indian region (Moorthy and Saha, 2000; Li and
Ramanathan, 2002; Prijith et al., 2012; Banerjee et al., 2019). We observe that the PDR values are mostly in thé range 0.2
0.3in SR1 (Fig4ai d). High PDR values between (0.2.4 are prominently seen over the western arid parts associated with
the dust sources. However, these high values are limited to longitudes below 80°, except during MAM in SR1 and SR2, anc
during JJAS irSR3.

The influence of mineral dust is evident throughout the year over SR1; highest in MAM and lowest in DJF. Vaishya
et al. (2018) have shown that the dust fraction was ~0.5 in the west and central IGP duringgwen while it was negligibly
smallin the eastern IGP. A similar seasonal variation is observed over SR2 where PDR values above 0.3 are limited to the ea:
of 70°E except in JJAS. In SR3, the influence of dust is much lower and PDR values above 0.2 are observed only during JJAS
However, tle extinction coefficient values are less than 0.1 kimove 4 km in this region indicating that although PDR values
are high, the impact will be negligible due to the low aerosol concentrationgklig

During MAM and JJAS, high PDR values are obsemedughout the column extending from close to the surface to
above 6 km over the west (mostly at longitudes >70°E). However, the extinction coefficient values are below alftvim
5 km. Modelling studies (Banerjee et al., 2019) have delineatedftbeedt pathways of dust transport from local and remote
sources across IGP and the distinctiveness in their vertical distribution. The strength of dust transport leads toirtge scatte
aerosol concentration observed over sedhtern part of AS and nbern Indian Ocean to be comparable to that observed
over the western coast of India (Kompalli et al., 2021). With the exception of the northern BoB which is affected by local
sources, BoB is affected by the remote sources all through the year and tsgi@steluring monsoon (Banerjee et al., 2019;
Kompalli et al., 2021). The elevated dust traveling across the IGP becomes more absorbing when fine BC (produced by
anthropogenic activities in the IGP) gets coated/adsorbed on the porous dust (MoortiR087aPrasad and Singh, 2007;
Pandithurai et al., 2008; Brooks et al., 2019). The higher hematite content in the soil also adds to the enhancedtulurst absorp
(Deepshikha et al., 2005; Moorthy et al., 2007). It was shown that these coated aerosasthtawsest contrast with higher

coating of BC in the eastern part of the northern Indian Ocean (outflow to BoB through IGP) compared to the western part

11



350

355

360

365

370

375

(outflow from west coast of India; Kompalli et al., 2021). The radiative impact of these aerosdtstshevaluated taking
into consideration the extinction coefficients and the absorbing nature of the aerosols. The aerosol absorption owar the regi

has been examined using cSSA explained in Sect. 2.3 and is discussed below.

3.3 Combined SSA

SSA is animportant parameter controlling the radiative effects of aerosols. Ideally, it is desirable to have-raltiolked
measurements of SSA as it can reproduce more realistic estimates of atmospheric heating induced by aerosol layers at differe
altitudes. However, the availability of SSA from 4situ measurements is limited over the Indian region and satellite
measurements (OMI) tend to overestimate the regional SSA. Estimates of aerosol radiative effects are often made by relyin
on the column average valsi of SSA (Dubovik et al., 2000; Satheesh et al., 2010; Choi and Chung, 2014), which can lead to
uncertainty in the vertical profiles of aerosol radiative forcing and the resulting atmospheric heating effects. It sarvée ob
from Fig. 2 that cSSA prodes more realistic values of SSA over the oceanic region.

A comparison of the zonal variations in the cSSA @Ml SSA corresponding to the different seasons during which
ASSA is available, is shown in Ei§. cSSAshows stronger absorption and significant zonal variation in most parts of the sub
regions compared to tl@MI SSA The reported low SSA over the IGP region (Di Girolamo et al., 2004; Ramana et al., 2004)
is well captured by cSSA along with the high SSA&the western part of India during MAM and JJAS due to the inflow of
dust (Badarinath et al., 2009; Das et al., 2020). The low SSA during MAM and high during DJF are also observed in cSSA.
As expected, SR3 exhibits the highest SSA, while SR1 has thstloalges, well in accordance with the fact that SR3 has
limited sources of absorbing aerosols compared to SR1. WMIESSA captures the spatial variations quite well, the absolute
magnitudes are high and unrealistic due to reasons explained beforevald8# are observed to sort this out and provide
more realistic values in addition to the accurate spatial variations obse@bt 8SA The seasonal low over SR1 is observed
during MAM with an average of 0.8¥0.02, while for DJF and ON, the averagdues are 0.8%0.02 and 0.880.02,
respectively. The zonal variations of cSSA in SR1 are similar during DJF and ON, but there is a visible drop in the magnitude
near 90°E in ON.

SR1 consists mostly of land areas of the northern part of India, over atheitted dust and local anthropogenic
emissions contribute significantly (Kedia et al., 2014), leading to the lowest SSA over SR1003% DJF, 0.8&0.02 in
MAM, and 0.88+0.02 in ON). This sulregion has densely distributed cdiaéd thermal poweplants and several small and
largescale industries (including cement factories and iron and steel mills), the emissions from which contribute significantly
to the aerosol loading throughout the year (Garg et al., 2001; Reddy and Venkataraman, 2802t Rta2006; Gadi et al.,
2011). Low SSA values over this region are consistent with the previously repesiadimeasurements (Verma et al., 2013;
Babu et al., 2016; Vaishya et al., 2018) as well as the high concentrations of absorbing BC, (Rnasagl et al., 2006;
Badarinath et al., 2009; Eck et al., 2010; Giles et al., 2011).
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During MAM, the SSA values decrease in the western part of Indiagbjgnd this increase in SSA coincides with
the influx of dust (Fig4b). A corresponding changgobserved in the vertical extent of the aerosol extinction coefficient in
380 the west (Fig3 b, f, j). The PDR values in the range D.2.4 indicates strong influence of dust during MAM (Hd, f). The
effect of dust over the Indian region starts dgiwAM, peaks during JJAS, and drastically reduces during ON and reaches a
minimum during DJF (Banerjee et al., 2019).
In general, the SSA values in SR2 (0.92+0.01 in DJF, 0.91+0.01 in MAM, and 0.93+0.01 in ON) are higher than
those in SR1, but the low wads of SSA in the longitude band-85°E in SR2 clearly indicate the influence of highly absorbing
385  anthropogenic emissions over the lafte aerosols in the west are clearly much less absorbing as compared to those in the
IGP outflow region (near 85°EThus, there is a wesb-east decrease in SSA. Beyond 85°E, SSA starts increasing due to the
relatively cleaner nature of the oceanic region. During DJF, SSA is low in ffi2°d@ngitude band but as dust intrudes this
region in MAM, SSA sharply increasess dust is less absorbing than BC. In SR3, theegibn with highest SSA, the pattern
of zonal variations (0.95+0.03 in DJF, 0.96£0.01 in MAM, and 0.97+£0.01 in ON) closely resembles that in SR2.

390 3.4 Zonal variations in aerosolinduced atmospheric heaihg

The information on the heighiesolved aerosol extinction coefficients and SSA (cSSA), and their spatial and seasonal
variations have been used to estimafe 8erosolradiativeheating for the first time over the Indian region, following the
methodobgy detailed in Sect. 2.2. The zonal variations in seasonally averaged dT/dt profiles over the tregeosslare
shown in Fig 6. In general, dT/dt is high near the surface and decreases with altitude throughout the study region, closely
395 following thevertical distribution of aerosols. The magnitude of dT/dt increases from south to north, i.e., they are highest in
SR1 and lowest in SR3 irrespective of the season.
During MAM, the effect of elevated aerosol layers on dT/dt profiles is clearly disteitvebwveen 2 km and 4 km
within the longitude range 7090°E (Fig. 6 b, e, h). The magnitude of dT/dt in these layers is <1atdlis higher compared
to the values in adjacent altitude levels. Such layers, observed in SR2, extend up to ~3 km Witreariz& km (~0.8 K'd
400 ). In SR3, the vertical extent and magnitude of dT/dt are much lesser within 1 km altitude, and the higher values beyond 1 knr
are observed close to the land betweein 88°N. It has been observed that the dust optical depth logd3dB significantly
increases during MAM in the 120°N latitude band (Lakshmi et al., 2017).
Higher values of dT/dt are observed more on the western side in SR1 and SR2 during. ®Nf){Hig the western
side (~70°E), these larger values of dT/deexkto relatively higher altitudes during ON as compared to DJF§Rigd). Due
405 to the weak precipitation in the western region, the influence of dust is still observed in this region, which is aisd reflec
the high PDR values in the region (Figl). It may be noted that the zonal variations in the heating rate profiles do not exactly
follow the pattern observed in the extinction coefficient profiles which is due to the differences in the aerosol typ#seacros
study region. Srivastava et al. (Z) showed that compared to the pristine dust in western India, the dust over central IGP is

more absorbing due to the mixing with anthropogenic pollutants. Vaishya et al. (2018) showed that altitude resitlved in
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SSA measurements across the IGP was#twver the central IGP and highest in the western IGP during MAM. However,
while using column integrated values of SSA, the heating rates will be underestimated or overestimated depending on whethe
the SSA at the particular altitude level is overestgdair underestimated (Manoj et al., 2020).

Zonal variation of the columnar mean dT/dt for the different regions were estimated for the period when ASSA is
available (DJF, MAM, and ON), and the results are shown in7=iBuring DJF, the mean values arg3) 0.13, and 0.05 K
d? for subregions SR1, SR2, and SR3, respectively. During MAM, these values attain their annual high of 0.32, 0.17, and
0.05 K d* which decrease during ON to 0.27, 0.13, and 0.04 Kedpectively in SR1, SR2, and SR3. It is iaing to note
that the seasonal variation is significant in SR1 with the highest values in MAM and the lowest values in DJF. The magnitude
of dT/dt in SR1 is almost the double of that observed in SR2. On the other hand, SR3 has the least magnitadesakedith
seasonal variations with the values remaining around ~0.05d<dng all the seasons. It was discussed in.Settthat the
maximum vertical extent of aerosols is observed around 75°E and decreasing to both sides; a similar patternetaache obs
in the case of columnar mean dT/dt as well, as shown irFifp quantify this, we selected the longitude bands 6355
and 77.51 90.5 and linear regression fits were made between the columnar mean dT/dt and longitude. The regression
coefficients are shown in Table 4; it can be seen that the slopes of the linear regression fits are positive in He5arkl

negative in the 77.6 90.5 longitude bands respectively, as expected. This variation is consistent over the Indian region.

The natue of the spatial gradients observed in this study, with landmass in between AS and BoB, is consistent with
that over the oceanic regions reported by Nair et al. (2013). Our results show that the pattern is consistent irrespective o
seasons. The heatingtes peak around the middle of the Indian landmass and decreases on either side. The anthropogenic
pollutants, especially the BC aerosols, are abundant over the landmass, and as the distance from the landmass increases,
influence of the pollutants dezaises. The observed highitude atmospheric heating imparted by aerosols can increase the
atmospheric stability, suppress the convective lifting, and possibly influence the synoptic circulation and precipitatien pat
over the Indian region. Regionakather modelling studies making use of realistic aerosol observations can shed more light
into the role of individual species in bringing about the observed changes.

4 Conclusiors

The vertical structure of aerosols, the atmospheric heating impartedinyathe the seasonality of its spaf@dnal)gradients
across the Indian landmass and the adjoining oceans have been characterized for the first time -tsing (20@71 2020)
data of altitudeesolved aerosol extinction coefficients. An assimilat&A Slata set, derived from situ and satellite
observations, has been used to obtain realistic aerosol radiiatirey estimates. The important findings are given below:
1) Strong seasonal variations are observed in the aerosol extinction coefficient profiles over the Indian region. Two
distinct patterns are observed one with a higher vertical extent over the western part of India and the other in which

the vertical extent icreases from west to east, attains a maximum in the centre, and decreases thereafter. The first
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pattern prevails over the northern Indian plains throughout the year and over the central and southern peninsula only
during summer/monsoon seasons.

2) The magnitdes of extinction coefficients also show strong altitudinal variations with the surface concentrations
constantly decreasing with increasing altitudes in the southern peninsula. On the other hand, over central India anc
northern plains, it increases imilly with altitude to reach a peak and decreases thereafter.

3) The western region, which acts as a gateway for the transported dust reaching the Indian region, is marked by ar
abundance of dust aerosols. The dust transport modulates the existing zonatgeuieits influence decreases
towards the east. The vertical extent of dust aerosols is highest during JJAS over northern and central India.

4) The aerosol radiative forcing and the subsequent atmospheric heating rates exhibit strong zonal variatitesnin no
India, there is a weak positive gradient in DJF which reverses during ON. In the central and peninsular India, AS,
BoB, and the northern Indian Ocean, the zonal variations and vertical extent are identical during DJF and ON. During
MAM, elevated heting layers are observed throughout the Indian landmass around 2 km altitude.
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Figure 1: The study region is dividedinto three subregions. All the subregions cover the longitude range from 55°E to 95°E. The
latitude bands covered by the sulsegions SR1 (Red), SR2 (Blue) and SR3 (Purple) are respectively 232°N, 10- 22°N and 0-
10°N. The subregions are marked bythe solid rectangular boxes. The aerosol SSA values have been estimated within the latitude
band 65.5- 90.5°E represented by the filled rectangular boxes within the sulegions. The dashed rectangular boxes represent the
regions selected for extending thassimilated SSA to the oceanic region. The dashed rectangular boxes on the western and eastern
sides of peninsular India represent 8.25.5°N and 65.577.5°E and 8.522.5°N and 77.890.5°E regions respectively.
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panels represent the seasons DJF, MAM, and ON respectively.
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Figure 3: Zonal variation of the CALIOP aerosol extinction coefficient (kx)) profiles for SR1 (top panel), SR2 (middle panel), and
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Figure 5: Zonal variation of cSSA(combined SSA)and OMI SSA in SR1, SR2, and SR3 during DJF, MAM, and ON seasons. The
rows from top to bottom correspond to subregions SR1, SR2, and SR3 respectively.
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Figure 6: Zonal variation of aerosotinduced atmospheric heating rate profiles (dT/dt) for SR1 (top panel), SR2 (middle panel), and
SR3 (bottom panel) subregions. Each column corresponds to a particular season, as marked above them.
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815 Figure 7: Zonal variation of columnar atmospheric heating rates (dT/dt) for (a) DJF, (b) MAM, and (c) ON seasons. The error bars
represent the standard error.
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