Atmos. Chem. Phys., 20, 4031-4046, 2020
https://doi.org/10.5194/acp-20-4031-2020

© Author(s) 2020. This work is distributed under
the Creative Commons Attribution 4.0 License.

Atmospheric
Chemistry
and Physics

Vertical profiles of submicron aerosol single scattering albedo over
the Indian region immediately before monsoon onset and during
its development: research from the SWAAMI field campaign

Mohanan R. Manoj', Sreedharan K. Satheesh!-?, Krishnaswamy K. Moorthy', and Hugh Coe>

ICentre for Atmospheric and Oceanic Sciences, Indian Institute of Science, Bengaluru, India
2Divecha Centre for Climate Change, Indian Institute of Science, Bengaluru, India
3Centre for Atmospheric Science, School of Earth and Environmental Sciences, University of Manchester, Manchester, UK

Correspondence: Mohanan R. Manoj (manojshibika@ gmail.com)

Received: 18 July 2019 — Discussion started: 6 August 2019

Revised: 11 December 2019 — Accepted: 7 January 2020 — Published: 2 April 2020

Abstract. Vertical structures of aerosol single scattering
albedo (SSA), from near the surface through the free tro-
posphere, have been estimated for the first time at distinct
geographical locations over the Indian mainland and adjoin-
ing oceans, using in situ measurements of aerosol scattering
and absorption coefficients aboard the Facility for Airborne
Atmospheric Measurements (FAAM) BAe-146 aircraft dur-
ing the South West Asian Aerosol Monsoon Interactions
(SWAAMI) campaign from June to July 2016. These are
used to examine the spatial variation of SSA profiles and also
to characterize its transformation from just prior to the onset
of Indian Summer Monsoon (June 2016) to its active phase
(July 2016). Very strong aerosol absorption, with SSA val-
ues as low as 0.7, persisted in the lower altitudes ( < 3 km)
over the Indo-Gangetic Plains (IGP), prior to the monsoon
onset, with a west-to-east gradient; lower values occurred in
the north-western arid regions, peaking in the central IGP
and somewhat decreasing towards the eastern end. During
the active phase of the monsoon, the SSA is found to increase
remarkably, indicating far less absorption. Nevertheless, sig-
nificant aerosol absorption persisted in the lower and middle
troposphere over the IGP. Inputting these SSA and extinc-
tion profiles into a radiative transfer model, we examined
the effects of using height-resolved information in estimat-
ing atmospheric heating rates due to aerosols, over similar
estimates made using a single columnar value. It was noted
that use of a single SSA value leads to an underestimation
(overestimation) of the heating rates over regions with low
(high) SSA, emphasizing the importance of height-resolved

information. Further, the use of realistic profiles showed sig-
nificant heating of the atmosphere by submicron aerosol ab-
sorption at the middle troposphere, which may have strong
implications for clouds and climate.

1 Introduction

The Indian Summer Monsoon (ISM) is a large-scale climate
system, having direct implications for South Asia. The role
of atmospheric aerosols (both natural and anthropogenic) in
significantly perturbing the ISM through direct and indirect
radiative interactions has been well recognized (Ramanathan
et al., 2001; Lau et al., 2006; Gautam et al., 2009; Jones et
al., 2009; Vinoj et al., 2014; Solmon et al., 2015; Jin et al.,
2016), yet it remains inaccurately quantified, especially due
to the complex nature of the interactions on the one hand and
the highly complex aerosol system (being a mixture of abun-
dant natural and anthropogenic species) that shows large het-
erogeneity in space and time (see, for example, Moorthy et
al. (2016) and references therein). As such, aerosol-monsoon
interaction over South Asia remains a very active topic in
climate research (Kuhlmann and Quaas, 2010; Turner and
Annamalai, 2012; Bollasina et al., 2014; Li et al., 2016;
Nair et al., 2016). Improving the accuracy of the description
of aerosol perturbation of atmospheric thermodynamics re-
quires critical information on aerosol properties. Some of the
most important of these are spectral optical depth, size distri-
bution and the vertical variation of aerosol single scattering
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albedo (SSA), the latter being a measure of the relative con-
tribution of scattering and absorption by aerosol to the total
light extinction. Absorbing aerosol layers can critically mod-
ify the thermal structure of the atmosphere; hence informa-
tion on both the vertical distribution of aerosols and type of
aerosols at various altitudes is essential to understand their
net radiative impact. The relative position of clouds with re-
spect to the aerosol layers also is important.

The importance of the information on vertically resolved
aerosol properties in improving the accuracy of aerosol di-
rect and indirect radiative forcing has been emphasized by a
few regional studies. Clarke et al. (2004) have advocated the
need to study the vertical heterogeneities of aerosol proper-
ties, as the values estimated for near-surface aerosols poorly
represent the variations within the column. Using airborne
lidar measurements, Satheesh et al. (2008) have shown the
role of elevated aerosol layers over the Indian peninsula
in producing the high heating rate at 4 to 5km altitude,
just above low-level clouds, which could even locally affect
the environmental lapse rate (Babu et al., 2011). Combin-
ing data from ground-based and airborne measurements over
oceanic regions adjoining India during the ICARB, Moor-
thy et al. (2009) have demonstrated large differences in at-
mospheric heating rates due to aerosols in the lower free
troposphere when height resolved scattering and absorption
coefficients are used. However, their vertical measurements
were confined to about 3 km above ground, over the penin-
sular landmass and nearby oceans and also limited to pre-
monsoon seasons only. In these studies, in situ measure-
ments were limited to about 3 km (Babu et al., 2010, 2016),
primarily due to technical limitations of the aircraft sam-
pling system. In 2009, airborne atmospheric measurements
of aerosol vertical profiles extending up to 6 kma.s.l. were
carried out over different parts of India as part of the Cloud
Aerosol Interactions and Precipitation Enhancement EXper-
iment (CAIPEEX), which revealed the presence of elevated
aerosol layers during both the pre-monsoon and monsoon
(Padmakumari et al., 2013a).

During the monsoon, ground-based (or even satellite
borne) measurements of aerosol optical depth (AOD) and
extinction coefficient profiles are limited due to extensive
cloudiness and precipitation. Most of the existing measure-
ments were made during the winter/pre-monsoon period
(January to April), and hence there are limited measurements
on the vertical distribution of aerosol characteristics just be-
fore the onset of the monsoon and during its evolving phase,
especially over the central Indian regions, where the aerosol
abundances and type undergo rapid changes due to changing
meteorological conditions. Though the CAIPEEX campaign
addressed this to some extent (Kulkarni et al., 2012), only
its Phase 1 (2009) covered the evolving phase of the mon-
soon. During Phase 1, elevated aerosol layers were observed
(mainly in the 2—4 km region) over the Indo-Gangetic Plains,
which led to large increases in the aerosol and cloud con-
densation nuclei (CCN) concentrations (Padmakumari et al.,
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2013b). However, the main focus of CAIPEEX was to un-
derstand aerosol-cloud—precipitation linkages from the per-
spective of precipitation enhancement and as such aerosol
properties relevant only towards this have been explored.

To reduce the uncertainties in aerosol—cloud—monsoon in-
teractions, it is necessary to bring together different data sets
of aerosol properties from India, including in situ measure-
ments, ground- and space-based remote sensing data and air-
craft measurements. In addition, it is important to measure
the key aerosol physical and chemical properties required
to assess the regional and vertical distribution of aerosol-
induced atmospheric heating. This can be accomplished by
conducting campaign-mode measurements involving in situ
measurements of aerosol properties using aircraft, supple-
mented with ground- and space-based measurements across
the Indian domain, with special focus on the Indo-Gangetic
Plains and northern Bay of Bengal, immediately before mon-
soon onset and during its development.

The joint Indo-UK field experiment, SWAAMI was for-
mulated to meet these goals. During this campaign, exten-
sive airborne measurements of aerosols were made in the
altitude range from very close to the surface to as high as
8 km, using the BAe-146-301 atmospheric research aircraft
(Highwood et al., 2012; Johnson et al., 2012) over the In-
dian domain, in June—July 2016, covering the pre-onset and
evolving phases of the ISM (Brooks et al., 2018), perhaps
for the first time at such detail. This was closely preceded by
airborne measurements of aerosol properties across the Indo-
Gangetic Plains aboard an Indian aircraft up to an altitude
of ~3.5km (Vaishya et al., 2017). In this paper, we report
the vertical distribution of extinction coefficients and single
scattering albedo during SWA AMI campaign and discuss the
climate implications.

2 Airborne measurements and data

The airborne measurements were carried out aboard the
BAe-146-301 atmospheric research aircraft operated by the
Facility for Airborne Atmospheric Measurements (FAAM).
The strategy was to make in situ measurements of aerosols
and meteorological fields, for the first time from near the
surface to ~ 8 km altitude, just prior to the onset of Indian
summer monsoon over the Indo-Gangetic Plains and dur-
ing its progress to the active phase, over the Indian land-
mass and adjoining oceans. While the observations in the
Indo-Gangetic Plains and western India, which covered a
range of surface types in the South Asian region, focused
on the transition of aerosol properties from dry to wet cli-
matic zones, the observations in the peninsular Indian region
focused on the transitions from land to ocean and across
the orography (of the Western Ghats). Airborne measure-
ments were carried out over five locations: Lucknow (LCK
—26.84°N, 80.94°E, 126 ma.s.l.) in the central IGP, Jaipur
(JPR - 2691°N, 75.78°E, 431 ma.s.l.) in the western IGP,
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Table 1. The period of measurement from two base stations and details of regions covered during different phases of the monsoon.

Base station  Date Regions covered Monsoon phase
LCK 11-13 June Lucknow, Bhubaneswar, Pre-monsoon
Jaipur and Nagpur
BLR 13-28 June Bengaluru, Arabian Sea, Peak monsoon
Bay of Bengal and Nagpur
LCK 30 June—11 July = Lucknow, Bhubaneswar, Peak monsoon
Ahmedabad and Jaipur
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Figure 1. The locations corresponding to the vertical profiles are marked in the figure with the symbol indicating the phase of measurement.
The locations where high altitude data are available are indicated by the big square. The red lines show the position of the monsoon trough
on the dates of the year 2016 shown at the ends of the lines, taken from the India Meteorological Department website (https://metnet.imd.
gov.in/imdnews/ar2016.pdf, last access: 30 January 2020) and is used to infer the phase of the monsoon (prior to onset, active, etc.) for the

different regions.

Nagpur (NGP - 21.14° N, 79.08°E, 310ma.s.l.) in central
India, over the Arabian Sea (AS — 13° N, 72° E) and the Bay
of Bengal (BoB — 11° N, 84° E). The base stations for the air-
craft operations were LCK (26.84° N, 80.94°E, 126 ma.s.l.)
and BLR (77.59° N, 12.97°E, 920 m a.s.L.; Fig. 1). Of these,
the measurements over LCK covered the periods just prior to
the monsoon onset and its active phase, while the measure-
ments in the southern peninsula and oceanic regions were
carried out during the evolving phase of the monsoon. The
details of the measurements from the base stations, the re-
gions covered during the flight and the period of measure-
ments with respect to the phase of the monsoon are summa-
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rized in Table 1. More details on the flights during the cam-
paign are provided in the Supplement (Table S1 and Fig. S1).
The centre of operations for Phases 1 and 3 was Lucknow
and that for Phase 2 was Bengaluru. The Phase 1 measure-
ments covered regions around Lucknow, as well as east—west
transects across the IGP covering Jaipur (in the west) and
Bhubaneswar (in the east) before moving over to Bengaluru,
via Nagpur. Phase 2 focused on monsoon and the measure-
ments were made over the Arabian Sea (to the west of the
Indian peninsula) and Bay of Bengal (to the east). Phase 3
covered regions to the west of Lucknow (near Jaipur) and
south-east of Lucknow (near Bhubaneswar) similar to Phase
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1, and in addition measurements were made near Ahmedabad
and over the Ganga en route from Lucknow to Delhi (as far
as Kachhla).

During the measurements, the aircraft moved at a typical
ascend rate of 5.5m s~ ! and descended at a rate of 6.5ms™!,
making measurements at a vertical resolution of ~ 7 m. Thus,
during its ascent from near the surface to ~ 7 km during pro-
filing, the aircraft covers a horizontal distance of ~ 130 km
with a horizontal velocity of ~ 100 m s~! In all, the aircraft
made 22 dedicated scientific flights spanning approximately
100h in three phases: Phase 1 from 11 to 13 June 2016 (3
flights), Phase 2 from 21 to 30 June 2016 (10 flights) and
Phase 3 from 2 to 11 July 2016 (9 flights). A list of the
aerosol instruments aboard, the parameters retrieved from
the measurements, the relevant reference to the principle of
instrument and data deduction details, general aircraft data
and meteorological data are provided in Table 2. The loca-
tions of vertical profiling are marked in Fig. 1, along with the
important base stations on the ground and the phases of the
campaign. The detailed flight track for the three phases are
given in the Supplement. The symbols indicate the phase of
measurement and the square boxes over symbols indicate the
availability of data from surface to > 4 km.

Measurements using the particle soot absorption photome-
ter (PSAP) from Radiance Research are used to estimate
aerosol absorption coefficients at 567 nm. The measurements
were made under ambient pressure and the PSAP data were
corrected for pressure, spot size, flow rate and the presence of
scattering particles on the filter following Bond et al. (1999)
and Ogren (2010). The scattering coefficient required for this
correction was taken from the nephelometer. The nephelome-
ter (TSI-3563) gives the scattering coefficients at three wave-
lengths (450, 550 and 700 nm). The scattering coefficients
were corrected for angular truncation (due to the measure-
ment angle being limited to the range of 7 to 170°), the non-
Lambertian nature of the light source and the dependence of
the scattering on the particle size following Anderson and
Ogren (1998). In addition, the vertical distribution of static
pressure from the aircraft reduced vertical separation minima
(RVSM) system, temperature from the Rosemount de-iced
temperature sensor and water vapour from the Water Vapour
Sensing System Version 2 (WVSS-II) fed through a Rose-
mount inlet are also used in this study. The WVSS-II, which
uses a 1.37 um laser is used to estimate the atmospheric water
vapour. This wavelength is chosen as it is not absorbed by ice
crystals or aerosols but it can be scattered at cold dry regions
of the upper troposphere. To ensure reliable performance, the
inlet is aerodynamically designed to prevent particles from
reaching the sensing cavity (Fleming and May, 2004; Vance
etal., 2015). More details are available in the FAAM website
https://www.faam.ac.uk/ (last access: 30 January 2020).

The absorption coefficient at 567 nm, estimated using the
PSAP, is extrapolated to 550nm (where the nephelometer
measurements are available) using the inverse dependence
(Angstrém exponent; Ogren, 2010). The corrected absorp-
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tion coefficient (oyp) at 550 nm is given by

550 o ki

0370 = 0.873Cpot Cow0.98 22— — ¢330 (1)
9] ka

where 0.873 accounts for the difference in the spot area of the
PSAP filter spot and the manufacturer’s reference instrument,
Cspot = 1.186 and Cpow = 0.909 are the correction factors
for PSAP filter spot area and flow respectively specific to the
instrument used, 0.98 is the adjustment factor used to convert
the o, measured at 567 nm to oy, at 550 nm assuming an
inverse wavelength dependence (567/550)~%3 = 0.98, 051)67
and 0220 are the uncorrected absorption and scattering co-
efficients at 567 and 550 nm respectively and k1 = 0.02 and
ko = 1.22 are the coefficients of the empirical relation sug-
gested by Bond et al. (1999) to remove the effect of aerosol
scattering from the absorption coefficient measurements.

The scattering coefficients (ogc,) obtained from the neph-
elometer are corrected for angular truncation error and errors
arising due to the dependence of light scattering on particle
size. This is done following Anderson and Ogren (1998) and
assuming no size cut. In practice the nephelometer does not
represent the full scattering coefficient from dust due to the
limitation set by the inlet. Despite the inlet having a 50 % cut-
off efficiency at 3 um, (Highwood et al., 2012) the assump-
tion of no size-cut was considered for the correction as both
submicron and supermicron particles are simultaneously ob-
served by the nephelometer.

The SSA is calculated using the corrected scattering and
absorption coefficients at 550 nm the SSA is estimated as

Osca

—1
Osca + Oab

SSA = 2)
Filter-based absorption measurements generally overesti-
mate absorption by up to 45 % and can lead to underestima-
tions in the SSA (up to 0.07; Davies et al., 2019). The radia-
tive effects of these aerosols are estimated using a radiative
transfer scheme taking into account the vertical distribution
of extinction coefficient, SSA, pressure, temperature, water
vapour and ozone.

2.1 Synoptic meteorology during the campaign

The year 2016 experienced delayed monsoon onset, occur-
ring at the southern tip of the peninsula on 8 June (instead
of the normal date of 1 June). Following the delayed on-
set, the monsoon reached Nagpur and Lucknow by the 19
and 21 June respectively, and covered the entire Indian re-
gion only by 13 July (which normally climatologically hap-
pens towards the end of June). The advance of the south-west
monsoon is shown in Fig. 1 (red line). Despite this delay, the
rainfall for the season was near normal, about 97 % of the
long-term average for the season (Purohit and Kaur, 2016).
The mean wind field on selected days during the progression
of the monsoon throughout the campaign period is shown in
Fig. 2. The winds were strong at the start of the campaign
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Table 2. Details of aerosol instruments and aircraft instruments measuring various aerosol, meteorological and aircraft parameters.

Aerosol instrument

Parameter

Details

Reference

PSAP Aerosol absorption Radiance Research; Bond et al. (1999)
coefficient wavelength =567 nm
Lidar Elastic backscatter and Leosphere ALS450; Marenco et al. (2011)
depolarization wavelength =355 nm
Nephelometer Aerosol scattering TSI 3563 Anderson and Ogren (1998)
coefficient Wavelength =450, 550,
700 nm
Broadband radiometer Radiation Eppley radiometers; Haywood et al. (2008)
clear dome: wavelength
=0.3-3um,
red dome: wavelength
=0.7-3um
Solar Hemispheric Integrating Radiation Spectral radiances at Haywood et al. (2008)
Measurement System (SHIMS) 303.4 to 1706.5 nm
Airborne Infra-Red Radiation Radiance at 3.3-18 um Johnson et al. (2012)

Interferometer Evaluation
System (ARIES)

Passive cavity aerosol
spectrometer probe (PCASP)

Aerosol optical diameter
and concentration

Droplet Measurement
Technologies (PCASP-100x);
size range: 0.1-3 um (depends
on refractive index of aerosol)

Highwood et al. (2012)

Cloud condensation nuclei
(CCN) counter

CCN

Droplet Measurement
Technologies (CCN-200);
size range: 0.5 to 10 um

Trembath (2013)

Aerodyne time-of-flight aerosol
mass spectrometer (ToF-AMS)

Aerosol composition
and mass

Aerodyne Research (AMS);
size range: 50-800 nm

Highwood et al. (2012)

Single Particle Soot
Photometer (SP2)

Refractory black carbon
aerosol mass

Droplet Measurement
Technologies (SP2);
size range: 70-600 nm

Highwood et al. (2012)

Aircraft instrument

Parameter

GPS-aided inertial
navigation system

Latitude, longitude, pitch angle, roll angle, heading, solar zenith, solar azimuth, aircraft
velocity down, east and north from POS AV 510

Turbulence probe

Angle of attack, angle of sideslip, true airspeed

WVSS-II

Water vapour measurement from flush inlet and Rosemount inlet

Pitot-static system

Static pressure, airspeed, altitude

Temperature sensor

True air temperature from the Rosemount de-iced and non-de-iced temperature sensor

Buck CR2 cryogenic hygrometer

Water vapour volume mixing ratio

General Eastern Instrument

Dew point
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Figure 2. The mean wind field at 850 hPa during different days of the campaign period (Dee et al., 2011), with colours representing the
magnitude of the wind in m s~L. The arrows indicate the direction of the mean wind. The northernmost position of the monsoon trough for the
day is shown by the dashed red line on each panel (data source: https://metnet.imd.gov.in/imdnews/ar2016.pdf, last access: 30 January 2020).

(11 June) weakened by 19 June, picked up and reached peak
values by 28 June and again weakened by 7 July. The rain-
fall during the season was close to the long-term average and
had two long deficient spells of more than 10d (Purohit and
Kaur, 2016). The maximum rainfall was received during the
first week of July with nearly 50 % excess rain during this
period, mainly in central, eastern and north-eastern India.

3 Results and discussion
3.1 Vertical profiles of SSA and oex¢: spatial variation

The mean altitude profiles of extinction coefficient (oext),
scattering Angstrom exponent (csca) and SSA and their spa-
tial variation across the mainland and oceans, as well as
temporal changes from just prior to the monsoon onset to
peak monsoon activity are presented in the different panels
of Fig. 3. Fig. 3a, c, e, g, i and k show the vertical dis-
tributions of oey (bottom axis) and oy, (top axis), while
Fig. 3b, d, f, h, j and 1 show the vertical distribution of SSA.
The y axes in all the panels represent the height in kilometres
above sea level. Panels a—b and g—h represent the conditions
just before the monsoon onset over central IGP (Lucknow)
and central India (Nagpur) respectively, while the other pan-
els show the features during the monsoon over central IGP
(LCK, panels c—d), north-western India (Jaipur, panels e—

Atmos. Chem. Phys., 20, 4031-4046, 2020

f) and the oceanic regions of the Arabian Sea (panels i—j)
and Bay of Bengal (panels k-1). Panels c—d show the features
at LCK during peak monsoon activity and thus characterize
mostly the changes brought about by the monsoon rains. The
following results emerge.

— There is a prevalence of strongly absorbing aerosol lay-
ers over most of the locations, as revealed by the low
values (< 0.9) of SSA. Profiles of SSA show sharp de-
crease in the altitude ranges 1-2.5 and 1.5-3km re-
spectively over Lucknow and Nagpur, especially just
prior to the monsoon onset, followed by an increase
at higher altitudes. In contrast, SSA over Jaipur (hav-
ing the strongest influence of dust of all the regions in
the figure) keep decreasing steadily with altitude up to
6 km reaching values < 0.9 above 5km. An elevated
layer of enhanced absorption is observed over the Ara-
bian Sea near 2km, while a highly absorbing aerosol
layer is observed over the Bay of Bengal at around 1 km
and between 3 and 4km, with SSA going as low as
0.7. Such strongly absorbing aerosol layers at higher
altitudes could have stronger implications for aerosol
cloud interactions and monsoons, besides indirect atmo-
spheric warming due to absorption of radiation, above
low-level monsoon clouds.

www.atmos-chem-phys.net/20/4031/2020/
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Figure 3. The vertical distribution of extinction coefficients (cext) and single scattering albedo (SSA) and the vertical distribution of scattering
Angstrom exponent (asca) during the SWAAMI campaign are shown for five locations: Lucknow, Jaipur, Nagpur, Arabian Sea and Bay of
Bengal. Data for both the pre-monsoon (a and b) and monsoon (¢ and d) periods are available only for Lucknow. The data available from
Bhubaneswar were limited due to instrument failure during the pre-monsoon (Phase 1), and there were only poor data quality during the
monsoon (Phase 3); these are hence not included in the discussion.

— In general, a sharp decrease in the extinction coefficient,
Oext> 1S observed over the entire Indian region with in-
crease in altitude. Over the oceanic regions of the Ara-
bian Sea and Bay of Bengal, an increase in extinction
is observed above 2 km, attributed to elevated layers of
aerosols. These layers appear to be stronger over the
Arabian Sea than over Bay of Bengal. In general, high-
est values are observed within 3km from the surface

where the aerosol abundance is greater.

— The scattering Angstrém exponent (agcq) indicates a de-
cline in the relative dominance of fine-mode particles at
altitudes above 2km over the entire region (ascy < 1).
Over the central Gangetic Plains (LCK) strong accumu-
lation abundance is indicated closer to the surface (be-

low 1km).

— During the active phase of the monsoon, higher o, val-
ues occur in the entire profile over Lucknow, (Fig. 3c)
suggesting the wet removal of coarse particles by rain.

www.atmos-chem-phys.net/20/4031/2020/

Looking more closely into the details, we see the presence
of a strongly absorbing region (layer) over central IGP (rep-
resented by Lucknow) at the altitude of 1 to 2.5 km (marked
by a dashed oval in Fig. 3b) just before the onset of the
monsoon, where the SSA drops to as low as 0.7 from its
nearly steady higher values (~ 0.93) below. Above this re-
gion, the SSA increased steadily to reach ~ 0.97 above 5 km.
Notwithstanding this, the extinction coefficient decreased
rather monotonically from > 100 Mm™! near the surface to
reach ~ 20 Mm~! near 5km. The variation of o, with al-
titude indicates the abundance of submicron-mode particles
(1.2 < agcq < 1.8) in the strongly absorbing layer in the al-
titude range of 1 to 2.5km, and a decline in the fine-mode
dominance above and below this altitude. The 7d back-
trajectories (Fig. 4a) arriving at 2km (absorbing layer) and
6 km (weaker absorption) over LCK show distinctively dif-
ferent source region influences, respectively from the Per-
sian Gulf, across the northern Arabian Sea, passing across
the Thar Desert and from the northern regions of the Middle
East. The mineral dust aerosols from the Gulf regions and the
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Figure 4. Back-trajectories showing the distinct air masses reaching Lucknow during the (a) pre-monsoon period and the (b) monsoon. The
altitude indicates the height above sea level at which the air mass reaches the receptor site.

Thar Desert, and the alluvial soil over the IGP are known to
have higher absorption (Moorthy et al., 2007) due to higher
hematite content (Chinnam et al., 2006) in the soil and appear
brown compared to the more white African dust. These are
also of finer size. This might be, at least partly, responsible
for the observed lower SSA and higher ay, in this layer. Ad-
ditional possibilities are mixing of the absorbing dust (with
high porosity) with locally emitted absorbing species such
as BC. During peak monsoon activity (Fig. 3c) the same re-
gion shows a rapid depletion of aerosols above 3 km. Even
within the first 3 km, aerosols are now far less absorbing
(Fig. 3d) with SSA hovering around 0.9, until 2.5km. The
decrease above could be at least partly due to the very rapid
decrease in the extinction coefficient due the depleted aerosol
concentration. Interestingly, this region is dominated by sub-
micron aerosols, of agcy > 1.5, throughout the column up to
~ 2.5 km during the monsoon, showing probable washout of
coarse-mode aerosols by the monsoon rains. Airborne mea-
surements during CAIPEEX has shown cloud base altitude in
the range of 0.65 to 1.17 km in the IGP, with a large vertical
extent (Konwar et al., 2012). There is a large shift in the back-
trajectories arriving at 2 and 6 km over LCK (Fig. 4b) during
this period. They are almost confined over the Indian land-
mass, with little advection of mineral dust from the west, and
hence are conducive for advection of anthropogenic aerosols
(mostly produced locally) to the receptor site leading to fine-
mode dominance (xgc, > 1.5) over this region. Based on air-
borne measurements, Babu et al. (2016) reported a columnar
(up to 3 km altitude) mean SSA of 0.86 at 520 nm over Luc-
know during the pre-monsoon period, while we observed an
SSA of 0.83+0.08 at 550 nm (for the altitude range of 0—
3 km for the same season).

Above the central Indian region (Nagpur, Fig. 3h), the
broad features of the vertical profile of SSA observed over
the IGP prior to monsoon onset recurred, although with some
differences. It is important to note that even at Nagpur, the
profiling took place just prior to the monsoon onset there,
which occurred only by 19 June (Fig. 1). While the main fea-
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tures of the profile (higher SSA closer to the ground, an el-
evated layer of absorbing aerosols above the boundary layer
where the SSA drops to lower values followed by a rapid
increase to higher altitudes) remained quite similar, the mag-
nitudes were higher than those seen over the IGP. Near the
surface (within the boundary layer) a uniform SSA of 0.95
is seen, extending up to almost 2 km, above which there is a
layer of reduced SSA (~ 0.89) extending up to 3 km. Above
that, SSA increases rapidly, approaching values as high as
0.98 at Skm altitude. The column-integrated SSA (up to
5km) increases from 0.88 +0.08 at LCK to 0.93 +0.02 at
NGP suggesting an overall change to predominantly scatter-
ing aerosols as we move southward of the IGP. Similarly,
the magnitudes of the extinction coefficients near the surface
are lower than those seen over the IGP (Fig. 3g), decreasing
more slowly with altitude and becoming comparable to the
IGP values above around 4 km. The scattering Angstrém ex-
ponent shows values remaining consistently below 1.0. Fur-
thermore, oy, decreases with increase in altitude, reaching
values as low as 0.5 at around 5 km, showing very small frac-
tion of submicron aerosols in the composite aerosol system.
The back-trajectories (Fig. 5) show strong marine aerosol ad-
vection in the lower altitudes (1.5km), while aerosols ad-
vected from Persian Gulf passing over the northern Ara-
bian Sea influence the 2-3 km region, which shows enhanced
absorption. Above that (at 4 km) the influence of the Thar
Desert becomes significant, the influence of marine aerosols
become negligible and the SSA values become comparable
to that at LCK. This is the region where there is significant
coarse-mode dominance (ogcq ~ 0.5) and high values of SSA
(~0.95). The trajectories reaching NGP at 5km trace back
to the northern Indian landmass and the SSA values are again
comparable to those observed over LCK at this altitude.

By the start of Phase 2, which mainly covered the oceanic
regions on either side of the peninsula (Arabian Sea to the
west and Bay of Bengal to the east), monsoon winds were
fully established over the regions and rainfall covered the en-
tire domain. The measurements in this phase were limited to
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Figure 5. Back-trajectories showing the distinct air masses reaching
Nagpur during the period of observation. The altitude indicates the
height above sea level at which the air mass reaches the receptor
site.

~4kma.s.l. partly due to the focus on cloud characteristics
during this period and partly due to the poor quality of data
above this altitude due to extensive cloudiness.

The vertical structure of extinction and SSA show distinc-
tive differences over the two oceans, primarily attributed to
the differences in the advected components. Over the Ara-
bian Sea, the aerosols near the surface are almost entirely
scattering in nature (SSA very close to 1, Fig. 3j). The SSA
decreases towards higher altitudes, with a well-defined and
strongly absorbing layer occurring between 1.5 and 2 km,
where the SSA drops to as low as 0.8., followed by a grad-
ual increase to reach ~ 0.95 at 4 km, indicating prevalence of
absorbing aerosols aloft. This feature is quite similar to what
was seen over the IGP (LCK), except that the SSA values
are slightly higher over the ocean, probably due to absence
of local emissions of absorbing species such as BC or fine
dust and the presence of sea-salt. However, most important
to note is the perseverance of the rather strongly absorbing
layer in the altitude range of 1.5 to 3km over the entire re-
gion (IGP, central India and Arabian Sea), in which the parti-
cles are more coarse in nature as revealed by the lower value
of the Angstrém exponent (values ~ 0.6 within the first 2 km
range, while the values decrease to ~ 0.5 near the 2—-3 km re-
gion where the lowest values of SSA are observed). The val-
ues again increase to ~ 0.6 above this region. Examining the
back-trajectories over this region (Fig. 6a), it is interesting to
note that those arriving at 2 km altitude (where the strongly
absorbing layer is seen) pass across the Somali and Horn of
Africa regions, where the absorption efficiency of dust has
been observed to be very high (Deepshikha et al., 2005). For
the SSA at 500 nm over New Delhi (which also lies in the
IGP), both desert dust and anthropogenic aerosols have been
shown to decrease from 0.84 in March to 0.74 in June (Pan-
dithurai et al., 2008). Similar values of SSA were also re-
ported by Ge et al. (2010) for Zhangye, north-west China (a
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semi-arid area), where the mean SSA at 500 nm was reported
to be 0.75 £ 0.02 in April-May.

Over the BoB (Fig. 3k), the most striking feature is the
low values of SSA (0.9) even near the surface, which are in
sharp contrast with Arabian Sea having an SSA of ~ 0.98
near the surface. There are two absorbing layers: one just be-
low 1km (SSA ~ 0.8) and another strongly absorbing layer
above 3km (SSA ~ 0.7), with higher values (SSA ~ 0.9) in
between. The extinction coefficient (Fig. 3j) decreased from
~45Mm~! at the surface to a lowest value of ~ 15Mm™!
at 2km above which o¢y values sharply increase to ~ 30
and remain more or less constant (weak decrease) above
this altitude. The a4 remains < 1, indicating the dominance
of coarse-mode particles throughout the column. The val-
ues are close to 1 near the surface, while the lowest values
(0otsca ~ 0.6) are observed in the 2-3 km range, again within
the layer of strong absorption as seen in the earlier cases.
Again the oy, values increase to ~ 1 above 3.5km where
an absorbing layer is observed (SSA of ~ 0.7). It is inter-
esting to note that the back-trajectories (Fig. 6b) reaching
this region at 1 km originate close to the Persian Gulf region.
Coincidentally, low SSA was observed (near 2 km) over the
Arabian Sea also when the trajectories originated from this
region. It is likely that both these regions receive the same
aerosol type from the same region. This is also supported by
the occurrence of this layer at lower altitude (~ 1 km) over
BoB (compared to ~ 2km over the Arabian Sea) and with
an extinction coefficient of a comparable magnitude. It is in-
teresting to note that the elevated layer of a higher extinc-
tion coefficient (between 3.5 and 4 km) over BoB has simi-
lar properties to that seen over the Arabian Sea, but is less
intense. These differences in the positions of the sharp de-
crease in SSA and decrease in the magnitude of the extinc-
tion coefficients are likely to be a result of washout by the
extensive monsoon rains, aided by the sinking motion of air
while reaching BoB. The role of the low-level monsoon jets
across the Arabian Sea in maintaining the elevated absorbing
aerosol layers over the whole of the southern peninsula has
been reported recently by Ratnam et al. (2018).

Despite these linkages, on average the columnar and near-
surface values of SSA over BoB remains much lower than
that over the Arabian Sea. The column-integrated values of
SSA over BoB and AS are 0.84 £0.07 and 0.89 4 0.04 re-
spectively during this campaign. This is perhaps the first time
the vertical structure of SSA over oceanic regions around the
Indian peninsula has been reported. However, a few ship-
board measurements earlier (mostly in winter and in the pre-
monsoon period) have shown that aerosols over BoB are gen-
erally more absorbing (lower SSA) than over the Arabian
Sea, and also show a sharp north—south gradient (Nair et al.,
2008; Satheesh et al., 2010). The SSA values reported by
Nair et al. (2008) based on extensive cruise measurements
during the pre-monsoon season are very close to our val-
ues near the surface. The back-trajectory analysis in Fig. 6b
shows significant advection across the peninsular landmass
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Figure 7. Back-trajectories showing the distinct air masses reaching
Jaipur during the period of observation. The altitude indicates the
height above sea level at which the air mass reaches the receptor
site.

at lower levels, supporting higher extinction coefficients and
lower SSA. The oy, values in the range of 0.5-0.8 suggest
that the relative dominance of fine-mode particles is weak
over this region, and the oex values are found to increase
when air masses arrive from continental regions. The addi-
tional continental input as the air mass transits across the
peninsula is likely to lead to the lower SSA over BoB, con-
sistent with several previous shipboard measurements (Nair
et al., 2008; Babu et al., 2012).

During the final phase (Phase 3) of the campaign when the
Indian monsoon was in its active phase, in July, the measure-
ments were repeated over the IGP at locations near Jaipur
(JPR) and Lucknow (LCK). Jaipur is located in north-west
India, characterized by arid/semi-arid terrain and is weakly
influenced by the monsoon, while LCK is now well within
the monsoon trough region. The vertical variation of SSA
over JPR still shows the presence of absorbing aerosols
(mostly dust), with SSA decreasing gradually from its value
close to 0.95 near the surface to ~ 0.88 at 6 km altitude,
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with a weak dip around 3.5km where SSA goes down to
~ 0.85 (the shape resembles the IGP profile prior to the on-
set of the monsoon, but the magnitudes are higher). The
back-trajectories (Fig. 7) show two distinct branches with
one arriving from the north-west from the continental region
or from the northern Arabian Sea, and another from South-
east Asia travelling across the IGP region. The low values
of agca(< 1) show again the low concentrations of fine-mode
aerosols over this region at all altitudes up to 7 km. At Luc-
know, as stated earlier, significant washout leads to very low
extinction above 3 km, where the replenishment is slow. At
the lower altitudes, the SSA has increased compared to the
pre-monsoon with values remaining around 0.9 up to 2km
and decreasing thereafter to less than 0.8 at 3 km.

In summary, all the measurements have revealed a verti-
cal heterogeneity in SSA over the IGP, AS and BoB, with an
indication of lower SSA (higher aerosol absorption) in the
lower free troposphere (2 to 3 km), which would remain be-
low the convective clouds during the pre-monsoon, but just
above low-level clouds (cloud base around 1km during the
monsoon season; Konwar et al., 2012) during peak monsoon
activity. The back-trajectory and spectral scattering suggest
that these layers are dominated by (if not entirely due to)
advected absorbing dust. Such absorbing layers at higher al-
titudes (below low-level monsoon clouds) are very important
due to two processes: (1) amplification of absorption due to
the reflective clouds underneath and (2) higher warming for
the same amount of radiation absorbed, due to thinner air at
higher altitudes. The radiative implications are examined be-
low.

3.2 Radiative forcing estimates using measured
extinction and SSA profiles

The radiative effects were estimated using the measured ver-
tical distribution of aerosol properties (oext, SSA) and atmo-
spheric parameters (pressure, temperature and water vapour)
from six locations LCK, NGP, AS, BoB, Bhubaneswar
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(BBR) and JPR. The instantaneous atmospheric forcing cor-
responding to local noon was calculated. In most of the exist-
ing studies the aerosol forcing is estimated assuming a con-
stant value of SSA throughout the atmosphere, and very often
SSA values obtained from either near-surface measurements
(Ganguly et al., 2005; Moorthy et al., 2009) or columnar
SSA retrieved from sky radiance measurements (Dubovik et
al., 2000; Choi and Chung, 2014) are used. However, these
do not consider the vertical heterogeneity, which is impor-
tant. To examine this aspect, we estimated the atmospheric
radiative forcing due to aerosols (difference between the sur-
face and top-of-atmosphere forcing) using the measured SSA
and extinction profiles along with the concurrent atmospheric
parameters (measured during the experiment) using the SB-
DART radiative transfer scheme (Ricchiazzi et al., 1998). We
also evaluated the atmospheric forcing by replacing the SSA
profile with a single SSA value, computed as the weighted
average of the profile.

ZSSAI- height;

SSA= 3
2 _height; ©)
l

The results are shown in Fig. 8, in which the black bars repre-
sent the values estimated using the weighted-mean SSA and
the red bars represent the values obtained using the measured
SSA profiles. The uncertainty in the instantaneous atmo-
spheric forcing for the cases shown in Fig. 9 is ~ 4.2 Wm™2.
The magnitudes of the atmospheric forcing estimated with
and without the use of SSA profiles are shown in Fig. 9. The
atmospheric forcing estimates increased by ~ 14.6 % (8.7 %
to 24.09 %) on average, when using the measured SSA pro-
files. It can be clearly seen that, with exception of the Ara-
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bian Sea, the use of a single SSA value (even after weight-
ing for vertical variation) results in forcing estimates that are
lower by 2-6 W m~2 than the estimate making use of the ac-
tual SSA profile, with higher differences over the IGP. As
the monsoon progresses to its active phase, atmospheric forc-
ing decreases significantly by as much as 10 W m~2 from the
values that persisted just prior to the monsoon onset. Nev-
ertheless, the forcing is significant over the IGP with the
monsoon values at LCK being nearly the same as the pre-
monsoon value over NGP. However, most interestingly, the
pattern is significantly reversed over the Arabian Sea, with a
higher forcing value when a constant SSA is used. It has to
be recalled that this location has absorbing aerosol layers at
high altitudes and also high values of extinction coefficients
(higher than that near the surface) at higher altitudes.

3.3 Estimation of heating rates and their vertical
profiles

To examine the possible effects of the elevated aerosol layer
and elevated heating on atmospheric heating rates, we have
estimated the vertical distribution of the aerosol-induced at-
mospheric heating rate for all the locations, using height-
resolved SSA and a constant weighted-mean SSA. The
aerosol-induced heating rates (3L (Kd™')) were calculated
as

oT g AF

9% T Cy AP @
p

where g is the acceleration due to gravity, C, is the specific

heat capacity of air at constant pressure and AF and AP

are the aerosol-induced layer forcing and change in pressure

between the top and bottom of the layer respectively.

The estimated heating rate profiles for the locations Luc-
know, Nagpur and Jaipur are shown in Fig. 9. The black lines
represent the cases where mean SSA is used, and the blue
lines represent the cases where the SSA profile is used for the
heating rate estimation. Figure 9a and b represent the heat-
ing rate profiles prior to the monsoon onset, while Fig. 9¢
and d represent the heating rates profiles during the active
phase of the monsoon. The striking feature revealed is that
the elevated heating layers which exist during both the pre-
monsoon and monsoon periods, when the height-resolved
measured SSA has been used, are totally absent when a sin-
gle weighted-mean SSA was used (despite both being lo-
cation and season specific). This implies that wherever the
weighted-mean SSA is greater than the height-resolved (ac-
tual) SSA, there is an underestimation in the layer heating
and vice versa. Hence, the heating induced by elevated ab-
sorbing layers would not be captured properly by simply us-
ing extinction coefficient profiles and a single SSA value,
even if it is station and season specific. Hence, it emerges
that the higher forcing over the Arabian Sea when a single
SSA value is used (in contrast with other locations) is due
to the high extinction coefficients at higher altitude (Fig. 3i)
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Figure 9. Equivalent heating profiles (corresponding to local noon) for central IGP (a) and central India (Nagpur, b) just before the monsoon
onset and profiles during the active monsoon phase in the western IGP (Jaipur, ¢) and central IGP (Lucknow, d). The black lines joining the
black spheres represent the heating rate profile estimated using altitude-resolved extinction coefficients and columnar SSA, for the realistic
atmosphere (measured pressure, temperature and water vapour) in the RT computation, while the blue lines joining the blue spheres represent
the heating rate profile altitude-resolved SSA values, used in place of columnar values. The occurrence of the elevated layers of enhanced
aerosol heating of the atmosphere is clearly seen in the latter case, emphasizing the importance of using realistic SSA profile. It is also
interesting to note that the enhanced heating occurs at cloud layer altitude.

and the low SSA at high altitude (Fig. 3j). While using the
profiles of oex; and SSA, the region where the SSA is lower
does not show a significant increase in heating due to low
oext, While the region where oex; is high has less heating due
to high SSA. This very clearly emphasizes the importance
of using height-resolved extinction coefficients and SSA for
improving the atmospheric heating due to aerosols and as-
sessing their climate implications.

Similarly, from Fig. 9a it can be seen that the high heating
rate below 1km, which resulted from using the weighted-
mean SSA in the region where high extinction coefficients
were present (Fig. 3a), instead of using realistic SSAs, which
when used produce much higher heating rates (blue line).
Using the realistic SSA results in the peak in the heating
rate occurring close to 2 km where the highly absorbing ele-
vated layer was present. A similar peak coincident with the
absorbing layer above 2km (Fig. 3h) is also seen in NGP
(Fig. 9b). At JPR (Fig. 9c) and LCK (Fig. 9d) we also note an
enhancement in the heating rate close to the absorbing lay-
ers. The observed heights of peak heating rates match well
with those reported to have a peak in the extinction coef-
ficient by Satheesh et al. (2009) for the pre-monsoon sea-
son. Using modelling studies Kuhlmann and Quaas (2010)
also obtained a peak shortwave heating rate in the 2—4 km
range in the IGP region; however, their estimates were much
smaller in magnitude than those seen in this study. It has to
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be noted that in cases where a single SSA value is used, the
heating rates profiles would tend to show higher values at al-
titudes where extinction is higher, rather than where SSA is
lower. The advantage of using SSA vertical profiles over the
use of single SSA values is demonstrated in the Supplement
(Fig. S2). At LCK it can be seen that during the pre-monsoon
period more heating occurs at higher altitudes, while during
the monsoon, higher values occur near the surface and are in-
fluenced by the near-surface absorbing aerosols arising from
local emissions. Even so, during peak monsoon, a weak peak
of elevated aerosol heating persists at around 3 km (Fig. 9d),
which appears to be due to the advected dust that manifested
as a stronger peak above 3km at Jaipur during the mon-
soon (Fig. 7). Such elevated heating layers may well affect
the water cycle dynamics and the surface energy feedback
leading to strong impact on the Indian Summer Monsoon
and would support the elevated heat pump hypothesis (Lau
et al., 2006). The results from the Indian aircraft measure-
ments (Vaishya et al., 2018), which culminated during Phase
1 of the FAAM, fall close to our observations for the western
and central IGP; however, their measurements were limited
to ~ 3.5 km due to limitations with the aircraft being flown in
unpressurized mode. The existence of a meridional gradient
in SSA and atmospheric heating, increasing gradually from
the northern Indian Ocean to central India and over both AS
and BoB, has been reported by Satheesh et al. (2010). Using

www.atmos-chem-phys.net/20/4031/2020/



M. R. Manoj et al.: Vertical profiles of SSA prior to monsoon onset and during its development

extensive shipboard measurements, Nair et al. (2013) have
reported strong meridional and zonal gradients in aerosol in-
duced heating rates over AS and BoB across the peninsular
landmass (from < 0.1 Kd~! over the south-western Arabian
Sea, increasing to 0.5Kd~! over the north-eastern Bay of
Bengal), estimating the heating rate using a single SSA value.
The lack of height-resolved measurements in these studies
was recognized as a major gap area and SWAAMI made spe-
cial efforts to close this gap as much as possible. Our study
provides for the first time the vertical profiles of SSA and
aerosol heating rate, their spatial variation across the Indian
landmass and temporal changes during the evolution of mon-
soon. This information may be important in better modelling
aerosol—cloud—monsoon interactions.

4 Summary

Vertical distributions of submicron aerosol properties at five
locations Lucknow (LCK), Nagpur (NGP), Arabian Sea
(AS), Bay of Bengal (BoB) and Jaipur (JPR) were studied
in the period of June—July 2016 using in situ measurements
made from an aircraft. This study depicts the spatial varia-
tions of aerosol properties over the Indian region immedi-
ately prior and during the onset of the monsoon. This is the
first study where high resolution vertical profiles of SSA and
extinction coefficients extending from the surface to ~ 6 km
have been used to estimate the aerosol radiative forcing over
the Indian region. The major findings are given below.

— Strongly absorbing aerosol layers prevailed over the In-
dian region throughout the campaign period. These lay-
ers were mostly observed in the 1-3 km region, over the
Indian mainland and the surrounding oceans. On av-
erage, a drop of ~ 0.2 was observed in the submicron
aerosol SSA values near these absorbing layers, which
were associated with long-range transport of aerosols
from the Middle East and Thar Desert.

— During the monsoon period, large spatial variation was
observed in the SSA over the Indian region. In the cen-
tral IGP (LCK), the near-surface SSA was lower com-
pared to the western IGP (JPR), revealing an east-to-
west gradient in the SSA over this region.

— The relative dominance of fine-mode aerosols declined
(agca < 1) above 2km over the entire Indian region
indicating significant influence of dust. Following the
monsoon onset, dust transport over LCK declined (ogcy
increased), while dust aerosols continued to dominate
over JPR. It was also observed that the coarse-mode
aerosols over JPR extended up to 6 km even during the
monsoon period, asserting the rather minor influence of
the monsoon at removing aerosol in this region. As a re-
sult, a steady decrease in the SSA values with increasing
altitude was observed over JPR during the monsoon.
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— Meanwhile, over the oceanic region, near-surface SSA
values over the BoB were lower compared to those over
the AS, conforming to earlier studies. We found that the
low values of SSA were not restricted to lower altitudes,
but extended throughout the column.

— The observed absorbing layers have a significant influ-
ence on the regional radiative balance. The use of SSA
profiles to estimate the aerosol forcing revealed signif-
icant differences (2-6 Wm™2) in the forcing estimates
compared to those obtained by using constant SSA.

— The atmospheric heating rate profiles revealed an un-
derestimation of the heating rates in those layers where
the measured SSA was lower than the average value
and vice versa. The magnitude of the difference in the
estimated heating rates in each layer also depends on
the extinction coefficients of these layers. This differ-
ence becomes significantly large if low SSA and high
extinction coefficients coexist in these atmospheric lay-
ers. While the maximum heating rates in the absorbing
layers (near 3km) can be as high as 1 Kd~!, the under-
estimation in these layers can be greater than 0.5 K d~!.
Such large elevated warming layers have significant cli-
mate implications as they can perturb the monsoon on-
set through their impact on atmospheric stability. Incor-
porating such realistic aerosol profiles into climate mod-
els will significantly reduce uncertainties in modelled
climatic impacts.
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