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Abstract

FherecurringpresenceThis study aims to investigate the direct shortwave radiative forcing and

heating rates of the Asian Tropopause Aerosol Layer (ATAL) in the Upper Troposphere Lower

Stratosphere (UTLS) region—strenghy—tinked—with—the—-Asian—Summer—Menseen—Anticyclone

directradiative-effects ofF ATALaerosolsnthe UTLS using in-situ measurementsobservations

from the Balloon measurement campaigns of the Asian Tropopause Aerosol Layer (BATAL)

campatghs—conducted between 2014 and 26192018. Measurements were obtained over three

distinct locations in India: Gadanki (13.48°N, 79.18°E), Hyderabad (17.47°N, 78.58°E), and
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Varanasi (25.27°N, 82.99°E). The study considers three scenarios where UTLS aerosols are

radiative-impacts-oFATALaerosols:Given the ambiguity in the chemical composition of ATAL

from several reported studies, seven different aerosol mixtures—comprising sulfate, nitrate,

organic carbon, and ammonium—were considered to assess their impact on estimates of ATAL

radiative forcing and heating rates. A pronounced enhancement in aerosol backscatter was

observed at ATAL altitudes (13 to 19 km) across all locations, with the backscatter ratio (at 455

nm) peaking at 1.07 over Varanasi and Hyderabad, followed by 1.06 over Gadanki. Radiative

forcing estimates indicate a net warming effect, with ATAL contributing up to 3% of the total

columnar atmospheric forcing. Heating rates reveal a marked increase in aerosol-induced warming

at ATAL altitudes, with maximum heating rates reaching 0.03 K day™ across the study locations.

The radiative impact of ATAL aerosols is highly sensitive to variations in the aerosol composition.
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Compared to a reference case with a stratospheric sulfate background, the ATAL radiative forcing

varies between 0.03 and 0.28 W m™ (1.5 to 14-fold increase). At the same time, heating rates

exhibit a 30-fold increase, reaching 0.03 K day™?, depending on the aerosol mixture. Despite these

strong localized effects within the UTLS, the overall contribution to total columnar aerosol forcing

remains moderate (up to 5%), underscoring the importance of aerosol composition in determining

ATAL’s radiative influence.

Keywords: Asian Tropopause Aerosol Layer; Aerosol-Radiation Interaction; Radiative forcing

and heating rates; Upper Troposphere-Lower Stratosphere

1. Z-Introduction

The Asian summer monsoon—{, which occurs from June- to August}—over—thenorthern

hemisphere-isknown-for, plays a crucial role in transporting pollutant-laden air masses everacross

a vast geographic region- in the Northern Hemisphere (e.g., Vogel et al., 2024; Yu et al., 2017). A

large-scale anti-cyclonic circulation, known as the Asian Summer Monsoon Anticyclone (ASMA),
fermsdevelops in the Upper Troposphere Lower Stratosphere (UTLS) due to intense heating over

the Tibetan plateauPlateau, coupled with persistent-deep convection over the head Bay of Bengal

(BoB). This system effectively traps and iselatesredistributes air masses,-dispersing-them-across
within a broad geegraphic-area{10°region (10°N-t6-40°—40°N-and-10°-, 10°E-t6-140°—140°E)

(e-g-von Hobe et al., 2021; Lelieveld et al., 2018; Park et al., 2007; Randel and Park, 2006), leading

to persistent—extremes—efsignificant enhancements in trace constituents such as water vapor,
methane, nitrogen dioxide, ozone;-ete. around the ASMA center (e-g—Basha et al., 2021; Kumar
and Ratnam, 2021; Park et al., 2007). Satellite observations have alsorevealedidentified a recurrent

layer—ofpersistent aerosol enhancementsenhancement in the UTLS (~ 13-18 km) during the

monsoon, known as the Asian Tropopause Aerosol Layer (ATAL)-i-the UTLSregion{=13-18

3
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characteristies;—and-the Earth’sradiative-balanee) (Vernier et al., 2011;, 2015; Thomason and

Vernier, 2013). The ATAL is of particular scientific interest due to its potential influence on

stratospheric composition, chemistry, cirrus cloud properties, and the Earth’s radiative balance.

The formation and dissipation of ATAL are closely linked to deep convection-during-the

menseen, which transports aerosols from the Bay-ef BengalBoB and the-surrounding land areas

into the UTLS region—(He et al., 2020). Aerosels—are—nen-hemogeneouslydistributed—within

theHowever, ATAL -3

for-ATALaeroselsbeyond-selely-Astan-SO.-emissions—Speeifieallysexhibit significant spatial and
temporal variability, reflecting their results—showed-that-SO.-emissions—from-China—and-tndia

different-sources-and-pathways-ndicate-the—possible, Neely et al., 2014; Fadnavis et al., 2013).

The presence of wide—ranges—of-both natural and anthropogenic aerosols;—which—are—further
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influenced-by-the- within ATAL, combined with dynamic and chemical proeesses-interactions—

including secondary aerosol formation-within-the- ASMA-region-as-suggested-by-recent-chemical

analysis{(—further complicates its characterization. Recent studies indicate that a substantial

fraction of ATAL aerosols results from gas-to-particle conversion of inorganic and organic

precursors, highlighting the role of secondary aerosol formation in this region (Appel et al., 2022).

noted-in-the-simulations-by-Despite growing interest in ATAL, its optical and radiative properties

remain poorly constrained due to limitations in observational datasets. Aerosol optical depth

(AOD) and extinction coefficient measurements in the UTLS are hindered by low aerosol

concentrations, instrumental detection thresholds, and retrieval uncertainties in satellite and lidar

observations. Additionally, complex transport and mixing processes in the UTLS make it

challenging to determine ATAL’s chemical composition, which is critical for gquantifying its

optical properties—such as single scattering albedo (SSA) and asymmetry parameter (ASY)—that

govern radiative transfer calculations. Early studies primarily identified sulfate as the dominant

component of ATAL (e.q., Vernier et al., 2015; Yu et al., 2015; Fadnavis et al., 2013). However,

subsequent investigations revealed a more diverse aerosol composition. A reanalysis study for the

summer of 2008 detected significant contributions from mineral dust and carbonaceous aerosols

transported by deep convection (Lau et al., 2018). Long-term simulations (2000—2015) using the




118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

Community Earth System Model further indicated that ATAL aerosols comprise approximately

40% sulfate, 30% secondary aerosols, 15% primary aerosols, 14% ammonia-based aerosols, and

trace amounts of black carbon (Bossolasco et al., 2021). Additionally, combined satellite, high-

altitude aircraft, and cloud-chamber studies suggested the dominance of ammonium nitrate

particles in the upper troposphere (Hopfner et al., 2019). Several in situ studies have also reported

a substantial nitrate fraction in ATAL (e.qg., Vernier et al., 2022; Vernier et al., 2018), with aircraft-

based chemical analyses indicating significant contributions from particulate nitrate, ammonium,

and organic aerosols at 13—-18 km (Appel et al., 2022).

Understanding the radiative impacts of ATAL remains a major research challenge due to

the uncertainties in aerosol composition, optical properties, and vertical distribution. Limited

studies have guantified its radiative effects.Ma—etalk—(2019)—and-theyfurtherrevealed—that
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al. Mernieretal=(2015) usedlong-term-sateHite-measurements-to-determine-that-thereported an
increase in summertime aerosolepticaldepthAOD over Asia; associated with the- ATAL-tnereased

from 0.002 to 0.006 between 1995 and 2013 Fhis-inerease-resutted-in-, leading to a shert-term

regional shortwave radiative forcing of -0.12 W m 2 at the top of the atmosphere of-0-01-\Wm™;

compensating for about one-third of the radiative (TOA). This forcing associated with the partially
offset (~33%) the radiative impact of global inerease—ir-CO-—Fhey-also-noted-that-theregional

due-to-cloudiness—Using-simulations-with-, increases during 2000-2010 (Solomon et al., 2011).
Using MERRA-2 reanalysis-data, Gao et al. (2023) demonstrated-that- ATALmpacts-elear-sky

case—thenet-effects-includea-estimated that ATAL aerosols exert a clear-sky positive radiative

forcing of 0.15 W mincrease-in-incoming-solarradiation-at the TOA-and-a-0-72-\W-m2-reduction
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relevantaeresel-2 at 20 km due to their absorption properties. FreChemistry-climate modeling by

Fadnavis et al. (2022) further demonstrated that carbonaceous aerosols induce tropospheric and

lower stratospheric heating of 0.02—0.3 K per month, thereby enhancing water vapor transport into

the UTLS. Similarly, Chavan et al. (2021) showed that biomass-burning aerosols over Asia

contribute to UTLS heating rates of 0.001-0.02 K day~'.

Despite these insights, significant gaps remain in our understanding of ATAL’s radiative

effects. The contribution of ATAL aerosols to total atmospheric forcing is largely unknown, and

real-time, high-resolution, altitudinal in-situ observations remain scarce. Moreover, previous

estimates rely predominantly on reanalysis or model-based studies, which introduce uncertainties

due to several assumptions. Therefore, there is a need for direct observational constraints on ATAL

radiative forcing and heating rates.

To address these gaps, the Balloon measurement campaigns for the Asian Tropopause Aerosol

Layer (BATAL) censist—ofprovide high-resolution in-situ measurements of aerosol and

atmospheric properties-at-three-differentlocations-overtndia:, offering a unique opportunity to

refine radiative transfer calculations for ATAL. This study atmsleverages BATAL observations to

the—tate—monsoon—theradiative—foreing(i) characterize ATAL enhancements across different

seenartos-ofUTLSaerosels:multiple BATAL study locations, (ii) guantify ATAL radiative forcing

8
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and heating rates within the UTLS (12-20 km) using the high-resolution in-situ measurements, (iii)

assess the contribution of ATAL to total atmospheric column forcing, (iv) ascertain the sensitivity

of ATAL radiative forcing and the-resulting-heating rates to variations in aerosol compositions,

and (v) compare the heating rate patterns-

Ir-the-following-sectionsestimates from in-situ measurements from the three-point locations

with spatially averaged estimated derived from satellite observations to ascertain their regional

representativeness and variability. To achieve these objectives, we provide—introduce a

methodological framework that integrates in-situ data to screen clouds, identify potential aerosol

types or compositions, and incorporate these observations into radiative transfer calculations.

The paper is structured as follows: Section 2 provides a brief description of the BATAL

campaigns-and study locations{Seetion-2),-deseribe-the-datasets-used-{, Section 3).-and details

ofthe datasets used, and Section 4 outlines the methodology for estimating radiative impacts

{Seetion—4).. The results are discussed in Section 5, followed by the-listinga summary of key

findings in Section 6.

2. 2-Campaign Details and Observation Sites

wasThe BATAL campaigns were conducted jointly by the Indian Space Research Organization

(ISRO) and the National Aeronautics and Space Administration (NASA) during the lastphase-of

thelate monsoon season (July to—September) from 2014 to 26192018. These campaigns tavehved

evera-hundred-balloen-fhightsdeployed high-altitude balloons equipped with miniature payloads

to studyinvestigate the optical properties, size distribution, and composition of aerosols in the

ATAL. The BATAL-alsoAdditionally, the campaigns focused on investigating—examining the
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behavior of ozone and water vapor behavierin the UTLS and assessing the #npactrole of deep

convection everthe- ATALIN transporting aerosols and trace gases to this region. For mere-detailed

information—endescriptions of the payloads, balloon typesspecifications, and other scientific

objectives, refer to Vernier et al. {2018)—Fhese-experiments-were—conducted—in-three-distinet
locations (in terms of the local weather and surface emissions) in India (Fig. 1):(2018).

The BATAL campaigns were conducted at three distinct sites in India, chosen based on their

local weather, emission characteristics, and recovery of payload (Fig. 1):

(i)

(i)

Gadanki (13.48°N, 79.18°E):) — A rural background location in southern peninsular

India with hilly topography. Fhe-site-experiences-surface-emissions-Aerosol sources in

this region are primarily from vehicular seureesemissions, agricultural activities, and

wood burning. During the monsoon season, the site experiences surface pressure-ranges

frompressures between 960 teand 965 hPa, with-temperatures betweenranging from 27°C

andto 30°C—Fhe, and prevailing seuth-westerlysouthwesterly winds range-fremof 1.5 to

1.6 m/ sand-the. The relative humidity is typically less-than-60%-The-Aerosel-Optical

v—below 60%. Sky

radiometer observations from this location revealed the presence of dominant coarse-

mode aerosols during the monsoon (Santhosh et al., 2024a; Madhavan et al., 2021).

Hyderabad (17.47°N, 78.58°E):) — A rapidly urbanizing megacity lecatedsituated on the

Deccan Plateau. #This region has a semi-arid climate;—with characterized by significant

seasonal variations in temperature and humidity. LecalAnthropogenic sources primarily

drive local emissions-are-highty-petutedwith-, whereas long-range aerosol transport is

more prevalent during the-menseen—AOD-measurements-during-the monsoon season-.
AOD measurements indicate a—deminant-contribution—fromthat coarse-mode aerosols

10
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contribute significantly to the overall aerosol burden (Ratnam et al., 2020; Sinha et al.,

20122013).
(iii) Varanasi (25.27°N, 82.99°E}—) — An urban lecatiensite in the Indo-Gangetic Plain

(IGP),—experiencing) characterized by a humid subtropical climate with

sighificantpronounced seasonal variations in temperature and rainfall. The region is

highlhy—peluted —with—targe—variabihity—nexperiences high aerosol loading ebserved
througheut-theyear-due to a mix of natural and anthropogenic sources. Coarse-mode

aerosols, primarily dust, dominate duringin the pre-monsoon months, while fine-mode

anthropogenic aerosols, including carbonaceous and sulfate aerosols, are more

prevalentprominent during the post-monsoon and winter months (Murari et al., 2017,

Tiwari and Singh, 2013).

g

50.0°N
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10 4500

Figure 1: Balloon launch sites during the 2014-2018 BATAL campaigns. The red box outlines
the typical geographic extent of the Asian Tropopause Aerosol Layer (ATAL) region, spanning
10°E—140°E and 10°N—40°N.
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These strateqgically selected sites offer critical insights into the spatial variability of aerosols

that influence the ATAL, enabling a comprehensive assessment of their chemical composition,

transport pathways, and radiative impacts in the UTLS.

3. Datasets

We-used-dataAmong the multiple payloads launched during the BATAL campaigns, this study

focuses on measurements from radiosondes; and ozonesondes; (for atmospheric parameters) and

the Compact Optical Backscatter Aerosol Detector (COBALD) (for aerosol measurements).

3.1. Radiosonde and Ozonesonde

We utilized pressure, temperature, and relative humidity (RH) data from radiosondes, along

with ozone volume mixing ratios from ozonesondes, to generate user-defined atmospheric profiles

for the radiative forcing calculations. The Meisei (RS-11 G) and iMet radiosondes were used to

measure temperature and pressure at different altitudes. The iMet radiosondes employed piezo-

resistors for atmospheric pressure measurements, with an accuracy of 1-2 hPa. The Meisei

radiosonde, which lacks a pressure sensor, derived pressure values from temperature and GPS

altitude data. Ozone mixing ratios were obtained using EN-SCI Electrochemical Concentration

Cell (ECC) ozonesondes, following the methodology outlined by Komhyr et al. (1995). More
details on these methodologies can be found in Ratnam et al. (2014) and Akhil Raj et al.
(2015) from-the BATAL toderive the aerosol-extinction—and—atmospheric— The observed

atmospheric parameter profiles—-this-study—we-used in the UTLS region are shown in Figure

S1.

3.2. Compact Optical Backscatter Aerosol Detector (COBALD)

COBALD, developed by ETH Zurich, is a lightweight, balloon-borne sonde designed to

measure backscattered light from aerosols, molecules, and clouds (Vernier et al., 2018). It operates

12



271  with two LED light sources emitting at 455 nm (blue) and 940 nm (red) wavelengths. The emitted

272 light illuminates the surrounding air, and a silicon photodetector captures the backscattered signal

273 from particles within a 0.5-meter range. Approximately 90% of the measured backscattering signal

274  originates from within a 10-meter radius of the instrument. COBALD operates without requiring

275 external airflow and transmits real-time backscatter data, alongside pressure and temperature

276  measurements, to the ground station at a frequency of 1 Hz. The instrument has an uncertainty of

277 5% and a precision better than 1% in the UTLS region (Vernier et al., 2015, 2018).

278 Details of the balloon launches from which the present study’s measurements were obtained

279  are summarized in Table 1. We considered those balloon-borne in-situ measurements-cevering,

280  which covered a minimum altitude of 20 km—COBALD-measurementsafter August-15,2017;

281
282

283

30.0°E 40.0°E 50.0°E 60.0°E 70.0°E 80.0°E 90.0°E  100.0°E  110.0°E  120.0°E

10 , 4500
Elevation (m) -  —
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Table 3:+—Fhe-detattsl: Summary of balloon launches and-the-payloads—usedduring the BATAL

campaigns, highlighting the availability of Compact Optical Backscatter Aerosol Detector
(COBALD;—Ozenesonde—and—Radiosonde)—in—this—study—have), radiosonde, and ozonesonde
measurements. All measurements cover a minimum ef-20-km-altitude ceverageof 20 km, with
maximum altitudes ranging from the-surface—Theletter25 to 35 km. The average maximum
altitude is 29 km at Gadanki, 27 km at Hyderabad, and 30 km at Varanasi. ‘Y’ denotes—if
theindicates data fromavailability for a partietarspecific payload-is—avatable—Meanwhile—the
letter, while ‘N’ denotes non-availability. All launches arewere conducted a-theduring local aight-
thmenighttime (UTC +-05:303).

Location Date (DD-MM-YYYY) COBALD | OZONE | RABIO
Spem e LT e e R
Location Date and Time COBALD | Ozonesonde | Radiosonde

(UTC) of launch

Gadanki 18-08-2014, 15:00

(13.48°N, 79.18°E) | 19-08-2014, 15:30

07-09-2016, 19:50

09-09-2016, 15:00

31-07-2017, 18:00

01-08-2017, 18:00

Hyderabad 01-08-2015, 17:00
(17.47°N, 78.58°E)

05-08-2015, 22:00

06-08-2015, 22:00

08-08-2015, 18:00

09-08-2015, 22:00

13-08-2015, 18:00

08-08-2018, 21:00

17-08-2018, 20:00

<| <] <] <] <| <| <| <| <| <] <| <| <] <| <
<| <] <| <] zZ| zZ| <| <| z| <| <| <| <| <| =z
<| <] <] <] <| <| <| <| <| <] <| <| <] <| <

26-08-2018, 20:00
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307

308

309

310

28-08-2018, 20:20

Varanasi

(25.27°N, 82.99°E)

22-08-2015, 18:00

22-08-2015, 22:00

04-08-2016, 23:00

06-08-2016, 21:00

08-08-2016, 21:30

<| <] <] <] <| <

<l <l Z2| Z2| Z| <

<| <] <] <] <| <
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Ancillary Datasets

-In addition to in-situ measurements-merereliable-at-these-altitudes

16



329

330

331

332

333

334

335

336

337

1 (a) — GDK (b)
E 20j — HYD |~
v154 — VRN E
U ] |
© ] ]
:'3 10_; -
=2 ] ]
<< 54 =
07I' TR NN  ~Sipmale AR EEREENEEER A EEEEG
0O 200 400 600 800 1000 200 225 250 275 300
Pressure (hPa) Temperature (K)

(c)

03 (gm~3)

and (d) ozone density (O3) with +lo standard crrors across, we ufilized the study

lecations-following ancillary datasets:
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3-3.1-MERRA-2 Reanalysis-Bata

(1) : We used the Modern-Era Retrospective analysis for Research and Applications, Version

2 (MERRA-2), Hourly, Time-averaged, Single-Level, Assimilation, Aerosol Diagnostics

dataset (M2TINXAER; 0.625°—%625° X 0.5°5° resolution, V5.12.4—{M2FINXAER)

preduet) developed by NASA’s Global Modelling and Assimilation Office (GMAOQ) fer

retrieving-theto retrieve AOD values for the campaign period. Fhis-dataset-was-chosen-as

thereThese AOD values were neused to normalize aerosol extinction profiles, ensuring

consistency between columnar aerosol loading and derived extinction profiles (for

example, Santhosh et al., 2024b). Since collocated nighttime AOD retrievals ef-ASDB-from

in-situ measurements—Further, were unavailable, MERRA-2 served as a reliable

alternative. Che et al. (2019) reported theimproved MERRA-2 AOD performance ef-the

MERRA-2-AOD-measurements-ts-better-in the South Asian region (correlation-coefficient;

mean—fractional—error—MFE—=34.54%)based on the—cemparisencomparisons with

AERONET observations-ea-a

based—retrievals—are—unavaHable—t. The dataset provides total aerosel-optical-depth
(AGBJAOD at 550 nm and the Angstrom exponent (AE) #nfor the 470-870 nm

regienrange. The AODs at 455 and 940 nm wavelengths were derived using the Angstrom

power law (Angstrom, 1964)-given-by):

18
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A0Dy, = AODgsr{ZZ)— A0D55, x () Q)

where Ao represents the reguiredtarget wavelength. AsGiven that our required wavelengths

areJust(455 nm and 940 nm) fall slightly outside the wavelenrgth470-870 nm range-of-the

beyond—this—range—assume—that-the—same—, we assumed the power-law relationship

helds.-remains valid. Across the-study locations, Varanasi had the highest mean nighttime

AOD at 550 nm (0.37 + 0.13);) from 19:30 to 05:30 local time, followed by Hyderabad

(0.28 = 0.05) and Gadanki (0.26 £ 0.07). Fhe-Angstrom-exponent{AE)-was-highest-in

3-3:2-Moderate Resolution Imaging Spectroradiometer (MODIS}

(i) ): Surface reflectance is a critical parameter in estimating-the-aerosol radiative forcing-

calculations. We used the MCD43A4 Nadir Bidirectional Reflectance Distribution
Function (BRDF)-Adjusted Reflectance (NBAR) product. This productdataset
(MODIS/Terra Nadir BRDF-Adjusted Reflectance Daily L3 Global 500m SIN Grid)
provides spectral reflectance fer-eachvalues at MODIS spectral band (centered at 0.469,
0.555, 0.645, 0.859, 1.24, 164, and 213 pum) at local solar noon

(hittps#pdaac-usgs-gov/productimed43advO6thttps://Ipdaac.usgs.gov/product/mecd4 3adv
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061). We-found-similarsurfaceSurface reflectance values were found to be similar across

thestudy locations in the visible spectrum, with seme-deviations in the infrared regien;

whererange. Among the sites, Hyderabad hadexhibited the highest reflectance-and, while

Varanasi had the lowest (Fig. S1S2).
4. Methodology
4. —A-schematic-ofthe-Methods

The methodology usedfollowed in this study is-shewn-in-(Fig. 3:-and-the-stepsinvolved-are-2)

is discussed in the following subsections.

4.1.41—In-situ—aeresol—extinetion—from__Cloud  Screening of the COBALD

measurementsProfiles

As-COBALD measurements capture the-total backscattered light from a mixmixture of
aerosols, clouds, and molecules;—iselating. Isolating aerosol eentributioncontributions from the

total backscatter will-be-difficult-when-becomes challenging in the presence of clouds-arepresent,

necessitating the identification and exclusion of these cloud-contaminated in-situ measurements.

The total backscatter signal is typically expressed n-terms-ofas the backscatter ratio (BSR)-given
by-the-following-eguation), defined as:

BSR = Protal )

ﬁmol

where Bmol represents the molecular backscatter coefficient, whereas-thewhile Brota includes both

particle and molecular

Rayleigh—scatteringcontributions. In cloud-free conditions, Brota = Bmol + Baer, Where Baer iS

index (Cl)-is defined as the 940-to-455nm- ratio of the aerosol component of the BSR given

bybackscatter coefficient.
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Aerosol Composition

Cloud Screening of Derivation of the and Radiative Transfer
the COBALD Acrosol Extinction : : g
Scattering Properties Calculations
Profiles Profiles
(SSA and ASY)

Figure 2: Schematic representation of the methodology used in this study. SSA and ASY refer to
single scattering albedo and asymmetry parameter, respectively.

The color index (CI) is defined as the 940-t0-455nm ratio of the aerosol component of BSR:

cl = BSRg40—1 (3)

BSR455—1

Cl-being is independent of particle number concentration;-is- and serves as a useful metric for

interpreting the-particle size. Both BSR and CI serve-asare indicators of theaerosol presence-of

aerosels—For-example,—cirrus. Cirrus clouds can be detected-eitheridentified separately from-blue

and—+red-channel-using BSR measurementsat 455 nm and 940 nm or by-takingadvantage—of

thethrough CI, enabhng-distinetwhich enables discrimination between ice particles (Cl < 7) and

aerosol (Cl > 7)-as-hightghted-in-) (Hanumanthu et al., {2020). Considering-these-aspectsBased

on previous studies, we used-set the following cloud screening criteria (above 10 km):

e BSRus5<1.12 for the blue channel measurements, similar to Akhil Raj et al. (2022)-and

set).

e BSR940 < 2.5 and CI > 7 for the red channel following Vernier et al. (2015)fer
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screening the aerosols in the UTLS (above 10 km). (2015).

Since the-abovethese cloud screening criteria arehave not yetbeen validated for-sereening

aeresels—in the tropespherelower atmosphere, we usedemployed an alternative approach

combining-beth-thethat combines vertical gradients of air temperature and relative humidity (RH)

and-thewith altitude-dependent RH thresholds-efRH-te-determine-the-cloudsin-the lower-and-free

tropesphere, as described in Xu et al. (2023)—Note—that-werestricted(2023), in the lower

atmosphere (below 10 km). While radiosonde data provide measurements in the UTLS and

beyond, this eleud-sereening-method below-10-km-owing-to-the-highmay introduce uncertainties

at higher altitudes due to radiosonde limitations associated with radiesende-the accuracy of RH

measurements ir—probing-RH-beyond-this—altitude-(Miloshevich et al., 2006). A briefdetailed

description of this method is provided in the supplementSupplement (Section S1), along with

relevant relative humidity (RH) thresholds (Table S1) and an example (Fig. S2S3).

Based on the above methodology, a backscatter ratio profile influenced by molecules and

aerosols is derived from the surface to the maximum altitude of a given COBALD measurement.

4.2. Derivation of the Aerosol Extinction Profiles

Under cloud-free conditions, the aerosol backscatter coefficient Baer (expressed in m™* srt) ata

given wavelength 1 and altitude z is obtained from Eq. (2):

'Baer,/l(z) = :Bmol,/l(z) x(BSR(z) — 1) (4)

The molecular backscatter coefficients were-Bmol (expressed in m™ srt) are determined using

the in-situ temperature and pressure profiles ebtained-from the-radiosonde measurements (Collis

and Russel-1976)Russell, 2005) using the following equation:

_ _P® A\ TH09 “32pp=topmt (7
ﬁmol;ﬂ(z) T R4T(2)M (ﬁ) x 10 )
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where k-is-thegivenwavelensth-Rg = 287 J K*kg' kg is the gas constant for the-dry air, and M

= 4.81 %-107?x 10* kg is the molecular weight of dry air-expressed-in-kiograms-Using-this-the

The aerosol backscatter coefficients were then-multiplied withby a lidar ratio of 40 sr to get

thederive extinction coefficient profiles—Fhisparticularratio-was-used-by-several, consistent with

previous studies over the Indian region for—deriving-the—vertical-extinction—profilesfrom-the
backseatter profiles-(e.g-.. Gupta et al-., 2021). Further-to-overcome-the-limitation-due-to

To reduce uncertainties in lidar ratios, the aerosol extinction coefficient profiles {Bex--(z})) at &

ghven-wavelength “x-have-been) were normalized using the-MERRA-2 AOD-{at-x)-as:

_ AODpERRA-2(4)
'Bext,scaled(l' Z) - ﬁext(/ll Z) X AODcopaLp(A) (9@)

where AODcoesaLp(A) represents the AOD obtained by integrating the derived aerosol

extinction prefies-at-the-given-wavelength—Fhis-sealing-alseprofile (with a lidar ratio of 40 sr).

This normalization ensures consistency between the columnar loading and the-extinction profiles

obtained-which-eventually-helps-to-reduce-the, reducing biases in the ARF-and-HR-estimates of

aerosol direct radiative effects (Santhosh et al., 2024b).
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al2019; Hopfneret-al-2019:- Aerosol Composition and Scattering Properties

The composition of aerosols in the UTLS region during ATAL periods remains highly variable

across different measurement techniques and time periods, posing a significant challenge for

accurate characterization (Table 2). Despite differences, multiple studies consistently report the

presence of sulfates, nitrates, organic carbon, and ammonium aerosols in varying proportions.

Table 2: Summary of studies on ATAL aerosol composition using different models and
measurement technigues.
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4.3.To account for this variability, we considered seven UTLS aerosol scenarios with different

fractions of sulfate (SUL), nitrate (NIT), organic carbon (OC), and ammonium (AM), assuming

external mixing (Table 3). Among these scenarios, the OC-dominant combination (with 50% OC,

denoted as C1) and the combination with 40% OC and 30% AM (denoted as C2) are adapted,

respectively, from Bossolasco et al. (2021) and Appel et al. (2022). Two ideal scenarios are also

assumed where the sulfate and nitrate aerosols contribute 100% of the UTLS aerosols (SUL and

NIT, respectively). The SUL scenario serves as a reference, representing UTLS aerosols with

background sulfate levels similar to those in the stratosphere (Junge and Manson, 1961). The NIT

scenario defines an upper baseline, while the remaining cases (denoted as C1 to C5) explore

varying nitrate compositions from 0 to 0.4.

Table 3: Aerosol mixing scenarios considered for UTLS aerosols, with fractional compositions
(fi) of sulfates (SUL), nitrates (NIT), organic carbon (OC), and ammonium sulfate (AM).

Combination Fractional composition (fi)

SUL NIT oCc | AM

0

1

(7))
=
=
[}
[}

=
_|
o
IS
IS
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c2™ 0.1 0.2 0.4 0.3
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* This combination is adapted from Bossolasco et al. (2021)

**This combination is adapted from Appel et al. (2022)

The SSA and ASY of each aerosol species were derived from their size distribution parameters

and complex refractive indices under dry conditions (Table S2) using the Mie scattering theory,

assuming that all the aerosol species follow the log-normal size distribution. If fj is the fraction of

an individual aerosol species in a given combination, then SSA and ASY of the combination are

obtained using the following equations:

SSA(R) = 2Li554A) (7)
Xifi
ASY (2) = 2LEZD (8)

where SSAI and ASYi denote the single scattering albedo and asymmetry parameter of

respective aerosol species at a given wavelength A. These derived SSA and ASY for each aerosol

combination at 455 and 940 nm are illustrated in Figure 3.

Among the compositions, the OC-dominant scenario (C1) exhibits the lowest SSA, indicating

higher absorption, while SSA increases with decreasing OC fractions and increasing fractions of

nitrates and ammonium (C2- C5). Sulfates and nitrates have SSA=1 at both wavelengths (445 nm

and 940 nm), with slight ASY differences (e.g., ASYsuL =0.724, ASYniT = 0.718 at 445 nm and

ASYsuL =0.679, ASYniT = 0.549 at 940 nm). These SSA and ASY values were applied to altitude

bins in the 10- to 20-km range.
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Figure 3: (a) Fractional contribution of aerosol species—sulfate (SUL), nitrate (NIT), organic
carbon (OC), and ammonium (AM)—in the aerosol mixing combinations (C1 to C5) considered
in_this study. (b) Single Scattering Albedo (SSA) and (c) Asymmetry Parameter (ASY)
corresponding to each combination under dry conditions.

In the lower atmosphere (below 10 km), aerosol composition/typing was characterized using

seven-day air mass back trajectories at 500 m (boundary layer) and 4000 m (free troposphere)

above mean sea level, generated using the HYbrid Single Particle Lagrangian Integrated Trajectory

(HYSPLIT) model (Stein et al., 2015). Trajectories were clustered based on spatial similarity using

hierarchical clustering and the Total Spatial Variance (TSV) method, optimizing the number of

clusters where further TSV reduction provides minimal improvement. This approach identifies

distinct transport pathways shaped by synoptic-scale meteorology, allowing the classification of

aerosol types based on air mass origin, transport history, and residence time over source regions.
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A similar approach was used by Pawar et al. (2015) in Pune to identify aerosol types through back

trajectory analysis. After categorizing the air-mass clusters based on potential aerosol types from

the Optical Properties of Aerosols and Clouds (OPAC) database (Hess et al., 1998:; Table S3), the

corresponding wavelength and RH-dependent aerosol scattering properties (SSA and ASY) were

obtained. A detailed description of this method is provided in Section S2 (Supplementary

Information) along with the identified aerosol types through back trajectory clusters at the three

locations for the two altitude levels (Figure S4). Since marine aerosols typically have a low scale

height (< 2 km), their influence was considered only within the boundary layer. Additionally, air

masses of oceanic origin that remained over land for more than 24 hours before arrival were

reclassified as continental aerosols.

4.4. Radiative Transfer Calculations

The radiative forcing due to aerosols at a given level of the atmosphere is the difference

between the radiative fluxes under aerosol-laden and no-aerosol (and without clouds) conditions.

For a given layer in the atmospheric column with its vertical thickness Az (in km), this radiative

forcing (RF, in W m™) at its top and bottom levels is mathematically expressed as:

RFTop = (F\Al/a - FV\TIa)Top - (Fnla - FnTa)Topg(g)-

RFBOt == (tha — F‘;a)BOt - (Fri'a - FJQ)BOt4®'

Here, F}, and F, represent the downward and upward radiative fluxes in aerosol-laden

conditions, while F), and F!, denote the corresponding fluxes under no-aerosol (and without

clouds) conditions.

The Aerosol Radiative Forcing (ARF) of this atmospheric layer is the difference between the

RF at its top and bottom levels, which quantifies the amount of energy trapped within the layer

and represents the atmospheric absorption due to aerosols (Gadhavi and Jayaraman, 2006).
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Mathematically,

ARF = ARF = RFpy, — RFgo; (11)

The rate at which the atmosphere heats up due to aerosols (referred to as HR, in K day™) for a

given layer can be determined using the following equation (Liou, 2002):

e e m—

at Cp \ AP pCp \ Az

In this equation, g represents the acceleration due to gravity, and C, denotes the isobaric

specific heat capacity of dry air (~ 1006 J Kg* K™1). AP signifies the pressure difference between

the top and bottom boundaries of the atmospheric layer, p indicates the density of the air (in kg m

3), and ARF/Az represents the radiative power absorbed or emitted by the medium per unit volume

of the atmosphere (in W m™). Since the atmosphere consists of several vertically heterogeneous

layers, repeating the above calculation for each layer vields the profile of the heating rate.

For estimating the radiative forcing and heating rates associated with UTLS aerosols, we-have

incorporated-the aerosol data-along-withprofiles (extinction coefficient, SSA, and ASY) and the

atmospheric parameters-and-otherrelevantinformationprofiles (pressure, temperature, water vapor

density, and ozone density) are provided as input into the Santa Barbara DISORT (discrete ordinate

radiative transfer) Atmospheric Radiative Transfer (SBDART) model (Ricchiazzi et al. 1998).
This computational tool calculates plane-parallel radiative transfer in various atmospheric and
surface conditions, including clear and cloudy scenarios. The DISORT module, which employs a
numerically stable algorithm, is used to solve the equations of plane-parallel radiative transfer in

vertically inhomogeneous atmospheres (Stamnes et al-., 1988). The accuracy of the SBDART

model is estimated to be within a few percent for clear-sky conditions—{with—aeresels);
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Fhe-ARF-calculations are performed usiagin the shortwave (SW) region (0.25-4 um) with a

spectral resolution of 0.005 um and 8 radiation streams at 1-h intervals for a range of solar zenith

angles to obtain a 24-hour average. Shortwave ARF is computed for both the atmospheric column

(extending from the surface at 0 km up to 30 km) and specifically for the UTLS region (12—20

km). Additionally, heating rate profiles are derived for the UTLS layer across all seven previously

discussed aerosol scenarios.
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5. 5-Results and Discussions

5.1.5-% Spatial variabHity\Variability of ATAL Aerosols in the UTLS Region

Fig—6-showsFigure 4 presents the mean cloud-screened BackseatterRatiobackscatter ratio

at 455 nm (BSR455) profiles-for the UTLS region over eurthe study locations.

FeThe approximate thevertical extent of the ATAL region in-the UTLS—~we-utitized-the

methodelogy-deseribed-by-is adapted from Akhil Raj et al. (2022)-According-to-theirapproach;
the- ATAL-region’s-extent-is-determinedfrom-), Where its boundaries are determined based on

dynamic constraints. The lower boundary corresponds to the convective outflow level-, identified

byas the minimum-gradientofaltitude where the potential temperature gradient reaches a minimum

below the cold point tropopause (CPT) after smosthing-theapplying a nine-point running mean-

up-te-thelayer. The upper boundary is defined by the altitude of maximum stability (Lmaxs), derived

from the sgquare-ofsquared Brunt- Vaisala frequency (N?). Their findings-indicate-analysis indicates

that Lmaxs is located 1-2.7 km above the cold-peinttropopauseCPT, corresponding to thea potential

temperature of approximately 442.11 + 25.64 K (454.39 £ 13.89 K) over the Indian region, roughly
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686 19 km above the Earth’s surface. The convective outflow level, heweveron the other hand, is

687  approximatelyobserved at ~ 13 km across all the-locations. FhereforeBased on these criteria, we

688  defineddefine the ATAL region’s approximate vertical extent ef-the- ATALregion-asranging

689  frombetween 13 km to 19 km-13-km, corresponding to 19km{(350-K-to-440-Ka potential

690  temperature). range of 350 K to 440 K.
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691 BSR4ss
692 A consistent increase in aerosols is observed in the 16-18 km altitude range (365-400 K

693  potential temperature) across all study locations. The highest BSR455 values are recorded over

694  Varanasi and Hyderabad (~1.07), followed by Gadanki (~1.06), with site-specific variations in

695  backscatter profiles. These findings align with previous ATAL aerosol observations reported by

696  Akhil Raj et al. (2022). The maximum BSRuss value (1.07 over Varanasi) is comparable to that

697 observed over Nainital (29.35°N, 79.46°E) in Auqgust 2016 (Hanumanthu et al., 2020). For
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698 reference, CALIPSO-derived BSRs32 values for ATAL have been reported to range between 1.10

699 and 1.15, with an associated depolarization ratio of < 5% (Vernier et al., 2011), further supporting

700 the presence of submicron aerosols in this region.
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702 Figure 6:-—Fhe-meand: Mean cloud-screened backscatter ratios at 455 nm plotted against the
703  potential temperature (®) #on the primary y-axis and altitude #on the secondary y-axesaxis over
704  Gadanki (GDK), Hyderabad (HYD), and Varanasi (VRN). The dashed lines at 13 km and 19 km

705 indicate the typicalapproximate vertical extent of ATAL aerosols- (see text for details).
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AARE.=Despite the observed enhancements, no clear monotonic trend in aerosol

concentration emerges across the study locations, which are positioned at different geographical

points relative to the ATAL core: Gadanki (southern periphery), Hyderabad (transition region),

and Varanasi (central ATAL region). However, the slightly lower aerosol BSR at Gadanki suggests

a weaker ATAL influence at the outermost edge. Further validation through extensive in-situ and
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788  satellite-based observations is necessary to confirm these spatial trends and understand the

789  seasonal and inter-annual variability of ATAL aerosols.
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5.2.54. Impact of UTLS Aerosol Composition on Radiative Forcing eeressand its

Contribution to the Atmospheric LayersColumn

Figure 5(a) illustrates the ARF in the UTLS region, which exhibits a net positive forcing

(warming) across all aerosol combinations. However, under sulfate- and nitrate-dominant

scenarios (SUL and NIT, respectively), the warming effect is negligible (<0.02 W m) across all

locations. In contrast, mixed aerosol scenarios (C1-C5) display a stronger UTLS forcing, ranging

from 0.06 to 0.23 W m over Gadanki, 0.06 to 0.29 W m™2 over Hyderabad, and 0.07 to 0.29 W

m2 over Varanasi. Similar magnitudes are observed in Hyderabad and Varanasi, with slightly

lower values over Gadanki, indicating a spatial variability in UTLS absorption. Among the mixed

aerosol scenarios, the OC-dominant case (C1) exhibits the highest UTLS absorption, whereas C5,

where organic carbon (OC) contributes only 10% and ammonium and nitrate dominate (70%),

shows the lowest absorption. The successive decrease in UTLS absorption from C1 to C5

highlights the role of absorbing aerosols in enhancing radiative warming in the UTLS. Considering

the estimates using previously reported aerosol compositions (C1 from Bossolasco et al., 2021 and

C2 from Appel et al., 2022), the UTLS forcing ranged from 0.19 to 0.29 W m2 across different

locations.

When considering the total aerosol radiative forcing (ARFatm), the highest values are observed

over Varanasi (up to 22.5 W m), followed by Hyderabad (up to 16.4 W m2) and Gadanki (up to

8.92 W m?) (Fig. 5(b)). Since these forcing results from aerosols across multiple atmospheric

layers, the UTLS contribution is quantified in terms of the percent fraction of the total ARF (Fig.
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5(c)). The OC-dominant scenario (C1) exhibits the highest relative UTLS contribution (up to

2.7%), with a decreasing trend as the OC fraction is reduced (C2—C5), consistent with the ARFuTLs

variations discussed earlier. In sulfate- and nitrate-dominant cases (SUL and NIT), the UTLS

contribution is minimal (0.1%).

VRN
:\5 3 ] (c, . . .
~ ] Forcing Contribution —e— GDK
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Figure 5: Aerosol Radiative Forcing (ARF) for different aerosol scenarios in the UTLS region
over Gadanki (GDK), Hyderabad (HYD), and Varanasi (VRN) during the study period: (a) ARF
in the UTLS region, (b) ARF in the total atmospheric column from the surface to 30 km, and (c)
percent fractional contribution of UTLS forcing to the total atmospheric forcing.

The variation in UTLS forcing contribution across study locations suggests differences in the
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overall aerosol distribution within the atmospheric column. Despite similar absolute UTLS forcing

values, its relative contribution is highest over Gadanki, moderate over Hyderabad, and lowest

over Varanasi. This pattern suggests that over VVaranasi, the dominant contribution to atmospheric

absorption comes from aerosols in the lower atmosphere, likely driven by the presence of strongly

absorbing aerosols in this location (Table S3). Conversely, at Gadanki, the lower atmosphere

appears to be dominated by scattering aerosols, resulting in reduced absorption, which increases

the relative importance of UTLS forcing. These findings underscore the significant impact of lower

atmospheric aerosol composition on the contribution of UTLS aerosols to total atmospheric

forcing at various locations.

To quantify the influence of aerosol composition on radiative forcing in the UTLS, we

examined the difference in radiative forcing (3ARF) between various aerosol scenarios and a

sulfate-dominant (SUL) reference case. The JARF was computed as:

SARF. = ARF, — ARF,,, The contribution of aerosol radiative forcing within different
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where x represents the mixed-aerosol compositions (C1 to C5) and nitrate-dominant (NIT)

composition. The sign of SARF indicates whether a given aerosol composition induces further

warming or cooling in the UTLS and the atmospheric column relative to the sulfate baseline.

In the UTLS, 3ARFx values are predominantly positive, suggesting that all tested aerosol

compositions—except the nitrate-dominant (NIT) case—contribute to warming (Fig. 6a). The

O0AREF for the NIT scenario remains close to zero across all locations, implying minimal radiative

influence from nitrate aerosols in the UTLS. The magnitude of SARFx varies significantly, ranging

from 0.06 to 0.28 W m™2 (an increase of 300-1400%) over Varanasi, 0.05 to 0.27 W m2 (250—

1300%) over Hyderabad, and 0.03 to 0.2 W m™2 (150-1000%) over Gadanki. These large

variations highlight the strong sensitivity of UTLS radiative forcing to aerosol composition, where

even small changes in aerosol properties result in disproportionately large changes in forcing.
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Figure 6: Differences in Aerosol Radiative Forcing (SARF) due to changes in aerosol composition
within the UTLS region, with sulfate forcing as the reference (SARFx = ARFx — ARFsuL, where
‘x” represents NIT and C1 to C5): (a) 0ARF in the UTLS region and (b) ARF for the entire
atmospheric column.

Among the mixed compositions (C1-C5), the largest SARFx occurs in the OC-dominant

scenario (C1) (Bossolasco et al., 2021), highlighting the strong absorptive nature of organic carbon

in the UTLS. A progressive reduction in SARF is observed with decreasing OC fraction and

increasing nitrate and ammonium content (C2 to C5), indicating that absorbing aerosols, such as

OC, substantially modify the UTLS radiative forcing. In the atmospheric column, SARFatm Values

are negative, indicating that changes in UTLS aerosol composition led to a decrease in atmospheric

forcing (Fig. 6b). The magnitudes of SARFaTm reach approximately -0.5 W m2 (5%) over

Gadanki, -0.6 W m 2 (4%) over Hyderabad, and -0.5 W m2 (2.3%) over Varanasi. This suggests

that while UTLS aerosol composition significantly alters radiative forcing at high altitudes, the net

gffect on the entire atmospheric column remains relatively modest.
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5.3. Influence of Aerosol Composition on Heating Rates in the UTLS

Shortwave heating rates associated with mixed-type aerosol compositions in the UTLS (C1

to C5) are significantly higher than those observed in-the-under sulfate- (SUL) and nitrate-

dominant (NIT) scenarios (Fig. 10)—Specifically,-the-heating-rates-inthe- SULand-NIT-scenarios

are nearly 10 times smaller than those in the ANTH dominant scenario.7). Neither the SUL nor
NIT seenarios-displayedcases exhibit distinct heating rate patterns at the-ATAL altitudes, with only

slight warming observed, reaching-a-rmaximum-ofpeaking at approximately 0.003 K day™. This

lack-efnegligible difference in-heatingrate-patterns-between sulfate and nitrate aerosols can be

attributed to their similar optical properties, as discussed in previous-sections:

Santhosh et al. (2025). In contrast, under-the- ANTH-compesition-enhanced heating rates
wereare observed frombetween 16-—km—to—18 km-ever—Gadanki (365-t6—404 K potential

temperature),-frem-14km-te-) over Gadanki, 14-16 km (357-t6—366 K-potential-temperature) over
Hyderabad, and frem-16-km-te—18 km (367-t6—403 K-potential-temperature) over Varanasi—Fhis

for the mixed aerosol scenarios (C1 to C5). The heating in the ATAL layer reached-as-high

asreaches a maximum of 0.03 K day?, i

aerosols—in-the UTLSregion—The-heatingrates—over—\aranasi-werewith Varanasi exhibiting
notably higher heating rates than these-at-the other locations.

Consistent with the discussion on UTLS radiative forcing, the highest heating rates occur in

the OC-dominant composition (C1). A progressive decline is observed as the OC fraction

decreases while ammonium and nitrate fractions increase (C2 to C5). These results highlight the

warming effect of absorbing aerosols in the UTLS. Previous studies-suppert-thesefindings:—for

instanee, such as Fadnavis et al. (2022}), reported UTLS warming due to anthropogenic aerosols,

with estimates ranging from 0.02 to 0.3 K per month-, equivalent to an upper limit of ~0.01 K
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005 day *. Similarly, carbonaceous aerosols—which—have with strong absorption characteristics;

006  inereased have been shown to increase UTLS heating by 0.001 to 0.02 K day—! (Chavan et al.,

007  2021).
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6-To evaluate the sensitivity of heating rates to changes in aerosol composition within the

ATAL region, we estimate the difference in heating rates (6HR) for the nitrate (NIT) and mixed-

aerosol compositions (C1-C5) relative to the sulfate (SUL) reference scenario across 13—19 km

as:

SHR, = HR, — HRgy,, (14)

where x represents aerosol compositions other than sulfates. The 8HR values range from ~0 to

0.03 K day! across the locations (Fig. 8).
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Figure 8: Range of changes in aerosol heating rates due to different aerosol compositions relative
to the sulfate-dominant scenario (SHR = HRx - HRsuL, where ‘X’ represents compositions other
than sulfates) over (a) Gadanki (GDK), (b) Hyderabad (HYD), and (c) Varanasi (VRN). Horizontal
bars represent the minimum-to-maximum range of SHR. while small black vertical markers
indicate the mean values.

A broader range of 8HR is observed for compositions with a higher OC fraction, such as C1 (50%

OC) and C2 (40% OC), leading to heating rate increases from 0.01 to 0.03 K day', which is

approximately 10-30 times larger than the sulfate baseline. As the OC fraction decreases, the dHR

range also diminishes, similar to the JARF trend discussed earlier. Due to the comparable heating

rates of nitrate and sulfate aerosols in the UTLS,. the 8HR associated with the NIT scenario remains
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negligible. However, when nitrates constitute a significant portion of the mixed compositions (e.q.,

30% in C5 and 40% in C4), along with ammonium aerosols (40% in C5 and 30% in C4), 8HR

values become non-negligible (~0.001 to 0.01 K day "), leading to a 10-fold increase in heating

rates compared to the sulfate reference. These results confirm that variations in aerosol

composition in the UTLS have a substantial impact on heating rates, further influencing radiative

effects and atmospheric stability in this region.

5.4. Comparison of Heating Rates at Point Locations Relative to Spatially Averaged

Estimates

Since this study focuses on heating rates at specific point locations, it is valuable to compare

these estimates with those obtained for a broader spatial domain using a similar methodology. A

recent study by Santhosh et al. (2025) examined radiative forcing and heating rates in the 12—20

km altitude range over a broader geographic region within the Asian Summer Monsoon

Anticyclone (ASMA) (25°N—37.5°N, 40°E—95°E) using Cloud-Aerosol Lidar with Orthogonal

Polarization (CALIOP) data. In that study, three dominant aerosol scenarios were considered in

the UTLS: sulfate, nitrate, and anthropogenic aerosols. The sulfate and nitrate aerosols had

microphysical properties similar to those in our study, while the anthropogenic aerosol model was

based on the continental clean aerosol model of Hess et al. (1998), representing a mixed-aerosol

scenario.

To assess the representativeness of the point-location heating rates, we compare the sulfate-

and nitrate-dominated cases from the present study with the corresponding heating rates reported

by Santhosh et al. (2025). Although a direct comparison of mixed aerosols is more complex due
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to differences in aerosol definitions, we use the composition with the highest heating rates from

this study (C1) as a reference for comparison against the anthropogenic heating rates reported by

Santhosh et al. (2025).

Our analysis reveals that heating rates at individual locations (Gadanki, Hyderabad, and

Varanasi) are slightly higher than the spatially averaged heating rates over the ASMA region under

sulfate- and nitrate-dominant scenarios (Fig. 9). However, for the mixed-aerosol scenarios, the

heating rates estimated over the ASMA region exceed those observed at individual point locations.
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Figure 9: Comparison of UTLS heating rates for (a) sulfate or nitrate-dominant composition and
(b) mixed aerosol composition across the UTLS region (REG: 25°N-37.5°N, 40°E-95°E, adapted
from Santhosh et al. (2025)), as well as over Gadanki (GDK), Hyderabad (HYD), and Varanasi
(VRN). In the mixed aerosol scenario, the composition with the highest observed heating rates
(C1) is compared with the anthropogenic composition in the UTLS region reported by Santhosh
et al. (2025). As Santhosh et al. (2025) also observed a near-similar heating rate pattern for sulfates
and nitrates, consistent with the present study, only heating rates with nitrates are plotted here.

This discrepancy can be attributed to the interplay between aerosol optical properties and

spatial averaging effects. Santhosh et al. (2025) assumed that the climatological mean and standard
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deviation profiles of aerosol backscatter ratios sufficiently capture the spatial heterogeneity of

ATAL in radiative transfer calculations. Scattering aerosols, such as sulfates and nitrates, primarily

reflect shortwave radiation and do not significantly contribute to global warming or atmospheric

heating. When averaged over a large spatial domain, the weak radiative response of these aerosols

is integrated across a broader region, leading to lower overall heating rates.

In contrast, the heating effects of absorbing aerosols within mixed-aerosol scenarios are less

sensitive to spatial heterogeneity. Even small fractions of absorbing aerosols in the ATAL

contribute to warming, and regional averaging enhances this consistent heating effect. This

explains why the ASMA-wide mixed-aerosol heating rates exceed those at point locations. These

findings suggest that the mixed-aerosol compositions considered in this study may lead to stronger

warming in the UTLS over a broader spatial domain. Further investigations with realistic

observational constraints and model validation are needed to better quantify these effects.

6. _Summary and Conclusions

This study previdespresents a detailed analysis of the shortwave radiative impacts of monsoon
UTLS aerosols, focusing on radiative forcing and heating rates;-based-en- derived from balloon-

borne in situ measurements frem-the-conducted as part of the Balloon Measurement Campaigns of

the Asian Tropopause Aerosol Layer (BATAL-field-campaigns—conducted-) between 2014 and

2018. To assess the-aerosol effects, three-idealized-scenarios—werewe considered—each seven

aerosol compositions dominated by a-different type-of-aereselspecies: (i) SuHatesulfate (SULY),

representing the background or reference condition, (ii) Nitratenitrate (NIT)—for), a primarily

scattering-dominant-aerosels_aerosol, and (iii) Anthropogenic{(ANTH)for-abserption-dominant

aerosols-five mixed-type aerosol scenarios incorporating varying fractions of sulfates, nitrates,
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114  organic carbon, and ammonium aerosols. The key findings from thethis study, conducted-over

115  three-lecations—based on measurements at Gadanki, Hyderabad, and Varanasi—, are summarized

116  belewas follows:

117 H(1) _Aerosol Enhancement in ATAL Altitudes: A significant inereaseenhancement in
118 aerosol eencentrationsbackscatter was observed atin the ATAL-altitudes{13-t6—19 km)
119 altitude range across all locations, with BSR455 peaks reaching as-high-asup to 1.07 over
120 Varanasi and Hyderabad,feHowed-by- and 1.06 over Gadanki. Fhe-highest-mean-AOD
121

122

123

124 #)——UTLS Radiative Forcing aeross-Layers—TFhestudy-found-cooling-effects-at the-top-ofthe
125 atmosphere (TOA) ranging from -2.37 + 0.19 Wm™ to -4.5 + 0.6 Wm™ and at the surface
126 from—-12.9-+ 1 Wm2to-26+5-Wm2-At-the same- time-warming-its contribution to total

127 atmospheric forcing: A net positive aerosol forcing was observed within-the-atmospheric

128 columnranging from-8.21 + 0.68 Wm 210 21.62 + 4.8 Wm2 The ANTH-scenario-showed
129 the highest radiative forcing magnitudes in the UTLS, nearly comparable with the SUL
130
131
132
133

134

135

136
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147
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149

150
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152

153

154

155

156

157

contributedregion, contributing between 0.1% and 2.3% of the total eelumnar

atmospheric column forcing. Fhe-ANFHAmMong the tested compositions, the scenario

hadwith 50% organic carbon (C1) exhibited the highest contribution (1.4%te-2-25%—

3%), while-the- NHFwhereas nitrate- and SUsulfate-dominated scenarios contributed

significantly less (0.1%t6-%-0.2%). The highest UTLS forcing estimates in-the- JTLS
column-were recorded over Varanasi {and Hyderabad (~0.25-+0:09-Wm2).,3 W m2),

followed by Hyderabad{0.-22-+0.02-\Wm2-and-Gadanki (0.2+0-08-Wm2)-underthe
ANTH-scenario-23 W m2). Under the-N{T-scenario-the-sulfate- and nitrate-dominant

conditions, forcing remained nearly uniform across locations, with values not exceeding

0.02 W m™2_The UTLS forcing values-were-0-02-\Wm2-over-Gadanki-and-Hyderabad;

with—a—shghtlyhighervalue—of 0.03-Wm2over—\aranastdecreased with increasing

fractions of nitrate and ammonium.
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158 and FT (up to -0.04 Wm™). In contrast, the NIT scenario resulted in a slight increase in the
159 WBL (up to 0.26 Wm2) and a slight decrease (cooling) in the FT (up to -0.27 Wm™?).

160 vhH(ill)Heating Rate-PrefilesRates in the UTLS_Reqgion: The heating rate profiles for the

161 UTLS under—the—ANTHscenario—showedmixed-aerosol compositions exhibited a

162 markednotable increase in aerosol-induced heating at the-ATAL altitudes, with-the

163 highest rates recorded-over-Varanasi-{reaching up to 0.03 Kday*),-compared-to-otherK

164 day ! across the study locations. However, the-heating rates vrderthe-SULfor sulfate-

165 and N+ nitrate-dominant scenarios were rearhyapproximately one-tenth of those under

166 the-ANTH-seenario—indicatingobserved under mixed-aerosol conditions, suggesting

167 significantly fewerweaker or negligible heating.
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(V)

leading—to—corresponding—variatons—tn—radiabvetoreng—and nllucnce of the UTLS

aerosol composition on the radiative forcing and heating rates: To quantify the

impact of aerosol composition on radiative forcing, we used the sulfate-dominant

scenario as a reference. While replacing sulfates with nitrates led to minimal changes in

radiative forcing, the inclusion of organic carbon and ammonium in mixed-aerosol

compositions resulted in disproportionate increases in UTLS radiative forcing (up to 14-

fold). However, in terms of total column atmospheric forcing, these changes were

relatively modest, with a maximum reduction of ~5%, underscoring the localized nature

of UTLS radiative effects. Heating rate variations followed a similar pattern, with

mixed-aerosol scenarios exhibiting up to a 30-fold increase compared to sulfate-

dominated conditions.

Comparison with Spatially Averaged UTLS Heating Rates: When comparing our

point-location heating rate estimates with spatially averaged heating rates—Fhe-highest

the ASMA reqgion (Santhosh et al., 2025), we found that mixed absorbing and scattering

aerosols produced a stronger regional warming effect, whereas purely scattering

aerosols (e.q., sulfates, nitrates) had a weaker impact. This suggests that regional-scale
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across—the—entire- ATAL—region—is—hecessary—radiative effects are more sensitive to

variations in ATAL aerosol composition.

Although this study considered near-realistic aerosol compositions for the ATAL, the actual

chemical composition of UTLS aerosols remains a challenge due to spatial and temporal variability

(Hanumanthu et al., 2020). Observational datasets with altitude-resolved aerosol composition are

essential for improving radiative impact assessments. Additionally, while dust and black carbon

have been detected in the ATAL (Bossolasco et al., 2021; Ma et al., 2019), previous studies have

shown that dust has minimal impact on clear-sky shortwave heating rates (Gao et al., 2023), and

black carbon concentrations are modest in the ATAL, as indicated by recent in situ measurements

(Appel et al., 2022: Vernier et al., 2022). Therefore, these species were excluded from our analysis.

A significant limitation of the study is its reliance on shortwave radiative effects, as nitrate

and sulfate aerosols exhibit similar scattering properties across the shortwave spectrum. However,

nitrates have distinct absorption features in the thermal infrared, which could influence longwave

radiative forcing. Future studies should incorporate improved measurements in the longwave and

thermal infrared regions to assess the full radiative impact of nitrate aerosols. Additionally, given

the sensitivity of UTLS radiative effects to water vapor concentrations (Santhosh et al., 2024a),

further investigations are necessary to assess the coupled effects of aerosols and water vapor on

the UTLS radiative balance.

Given the geographic and temporal limitations of in-situ meastrements;observations, an

integrated approach combining satellite dataretrievals, reanalysis,—and datasets, and in-situ

measurements is crucial for tracking long-term trends in-sitt-measurementsis-essentialand ATAL

radiative forcing and heating rates. Ongoing efforts in this direction are eurrenthy—underaay-
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Mereover-a-series-ofexperiments-as-part-ef-the-expected to refine our understanding of the effects

of UTLS aerosols. One of the key questions that remains unexplored is whether the ATAL

aerosol's chemical composition has any role in strengthening or weakening the monsoon

anticyclone. By modulating radiative heating, aerosols can influence the temperature gradient and

stability of the upper troposphere, potentially altering the strength and persistence of the

anticyclonic circulation. Finally, the second phase of the-BATAL-campaigns—concluded, which

commenced in August 2024, are-expectedis anticipated to prevideyield new insights into ATAL

researehcomposition and radiative effects, particularly regarding the influenceimpact of wildfires

and volcanic eruptions. These findings will be instrumental in refining the understanding of UTLS

aerosol-radiation interactions.

Code/Data availability

The data collected from the BATAL campaigns is available on request.

Author contribution

V.N. Santhosh: Data curation, Formal analysis, Investigation, Software, Validation,
Visualization, Writing — original draft. B.L. Madhavan: Conceptualization, Investigation,
Methodology, Supervision, Writing — review & editing. S.T. Akhil Raj: Data curation,
Visualization, Writing — review & editing. M. Venkat Ratnam:_Supervision, Project
administration, Resources, Writing — review & editing. J-P. Vernier: Project administration,
Resources, Writing — review & editing. F.G. Wienhold: Software, Writing — review & editing.

Competing interests

The authors declare that they have no conflict of interest.

Acknowledgements

68



1248
1249
1250
1251

252

253

254
1255
1256
1257
1258

1259

1260
1261
1262
1263
1264

1265
1266
1267
1268

1269
1270
1271

1272
1273
1274
1275
276
277
278

B

279
280
281
282
283

T G G S G Sy

The findings presented in this paper are derived from the ISRO-NASA joint BATAL
campaign, which was supported by the National Atmospheric Research Laboratory (NARL) under
the Department of Space (DoS});) and NASA ROSES Upper Atmospheric Research Program and
Atmospheric Composition Modeling and Analysis Program (UARP, ACMAP, UACO). We
extend our gratitude and acknowledge Dr. Amit Kumar Pandit, National Institute of Aerospace,
Hampton, USA, and other members from NARL Gadanki, TIFR Balloon Facility, Hyderabad, and
BHU Varanasi for their active involvement in the BATAL eampatgnasproject from Gadanki to
Varanasi. We thank NASA’s Earthdata team for providing free access to their MERRA-2, MODIS,
MLS, and AIRS datasets, which were used as supportive data in this study. We also thank the
National Oceanic and Atmospheric Administration (NOAA)’s Air Resources Laboratory (ARL)
for their HYSPLIT software.

References

Akhil Raj, S. T., Venkat Ratnam, M., Narayana Rao, D., &and Krishna Murthy, B. V-{2015}..:
Vertical distribution of 0zone over a tropical station: Seasonal variation and comparison with
satellite (MLS, SABER) and ERA-Interim products—Atmespheric-Environment 116,281

292 —httpsHdoi-orgll0-1016/-atmesenv-2015.06.047, Atmos. Environ., 116, 281-292,
https://doi.org/10.1016/j.atmosenv.2015.06.047, 2015.

Akhil Raj, S. T., Ratnam, M. V., Vernier, J. P., Pandit, A. K., &and Wienhold, F. G-{2022)...
Defining the upper boundary of the Asian Tropopause Aerosol Layer (ATAL) using the static

stability—Atmespheric—PoHution—Research;, Atmos. Pollut. Res., 13(6), 101451,
hitps://det-orgl10-1016/-apr-2022.101451https://doi.org/10.1016/j.apr.2022.101451, 2022.

Angstrom, A—{1964)... Technique of determining the turbidity of the atmosphere, Tellus, 13(2),

214-223., hitps//doiorg/10-1111/1:2153-3490-1961 tb00078xhttps://doi.org/10.1111/].2153-
3490.1961.tb00078.x, 1964.

Appel, O., Kollner, F., Dragoneas, A., Hiinig, A., Molleker, S., Schlager, H., Mahnke, C., Weigel,
R., Port, M., Schulz, C., Drewnick, F., Vogel, B., Stroh, F., &and Borrmann, S-—{2622}..:

Chemical analysis of the Asian tropopause aerosol layer (ATAL) with emphasis on secondary
aerosol particles using aircraft-based in situ aerosol mass spectrometry.—A%mespheFie

Atmos. Chem. Phys., 22(20) 13607 13630 https //d0| orq/lO 5194/acp 22-13607-2022,

2022.

Basha, G., Ratnam, M. V., Jiang, J. H., Kishore, P., &and Babu, S. R—{2021}..: Influence of indian
summer monsoon on tropopause, trace gases and aerosols in astarAsian summer monsoon
anticyclone observed by eesmic,—msCOSMIC, MLS and eahpse-CALIPSO, Remote

Sensing;Sens., 13(07+————— el e MO ol o L o Tl 00
https://doi.org/10.3390/rs13173486, 2021.

69


https://doi.org/10.1016/j.atmosenv.2015.06.047
https://doi.org/10.1016/j.apr.2022.101451
https://doi.org/10.1111/j.2153-3490.1961.tb00078.x
https://doi.org/10.1111/j.2153-3490.1961.tb00078.x
https://doi.org/10.5194/acp-22-13607-2022
https://doi.org/10.3390/rs13173486

1284

1285

1286

1287

1288

289
290
201
292

1293
1294
1295
1296
1297

1298
299
300
301
302

O T G S G S

303
304
305
306

O T G S G S

1307

1308

1309
1310
1311
312
313
314

315

Bossolasco, A., Jegou, F., Sellitto, P., Berthet, G., Kloss, C., &and Legras, B—{2621}..: Global
modeling studies of composition and decadal trends of the Asian Tropopause Aerosol Layer-
Atmospheric—Chemistry—and—Physies;, Atmos. Chem. Phys., 21(4), 2745-2764-
https://det-orglt0-.5194/acp-21-2745-2021, https://doi.org/10.5194/acp-21-2745-2021, 2021.

Chavan, P., Fadnavis, S., Chakroborty, T., Sioris, C. E., Griessbach, S., &and Miiller, R—{2021}-.:
The outflow of Asian biomass burning carbonaceous aerosol into the upper troposphere and
lower stratosphere in spring: Radiative effects seen in a global model-Atmeospheric Chemistry

and—Physies—21(18). 14371 14384 htips:Hdoi-org/10-5194/acp-21-14371-2021 Atmos.
Chem. Phys., 21(18), 14371-14384, https://doi.org/10.5194/acp-21-14371-2021, 2021.

Che, H., Gui, K., Xia, X., Wang, Y., Holben, B. N., Goloub, P., Cuevas-Agullo, E., Wang, H.,
Zheng, Y., Zhao, H., &and Zhang, X-—{2619}..: Large contribution of meteorological factors

to inter-decadal changes in regional aerosol optical depth—Atmespheric—Chemistry—and

Physies—19{16).-10497-10523.https://doiorg/10.5194/acp-19-10497-2019, Atmos. Chem.
Phys., 19(16), 10497-10523, https://doi.org/10.5194/acp-19-10497-2019, 2019

Collis, R. T. H. and Russell, P. B.: Lidar Measurement of Particlesparticles and Gasesgases by
Elasticelastic backscattering and Bifferentialdifferential absorption, in: Laser Monitoring of
the Atmosphere, edited by: Hinkley, E. D., Springer Verlag, Berlin, Germany, 197671-151,
https://doi.org/10.1007/3-540-07743-X_18, 2005.

Fadnavis, S., Chavan, P., Joshi, A., Sonbawne, S. M., Acharya, A., Devara, P. C. S., Rap, A,
Ploeger, F., &and Muller, R-—2622}..: Tropospheric warming over the northern Indian Ocean
caused by South Asian anthropogenic aerosols: Possible impact on the upper troposphere and

lower stratosphere—Atmespheric—Chemistry—and—Physies—22(11)— 71797191

hitps://dei-orgl10.5194/acp-22-#179-2022, Atmos. Chem. Phys., 22(11), 7179-7191,
https://doi.org/10.5194/acp-22-7179-2022, 2022.

Fadnavis, S., Semeniuk, K., Pozzoli, L., Schultz, M. G., Ghude, S. D., Das, S., &and Kakatkar, R-

70


https://doi.org/10.5194/acp-21-2745-2021
https://doi.org/10.5194/acp-21-14371-2021
https://doi.org/10.5194/acp-19-10497-2019
https://doi.org/10.1007/3-540-07743-X_18
https://doi.org/10.5194/acp-22-7179-2022

O T O S G S G ey

T G S G S Gy Sy

1

IRy

T S T G B §

1

=

1
1

T T G G S G 'y

O T S G Sy

316
317
318
319

320
321
322
323
324
325

326
327
328
329
330

331
332
333
334

335
336
337
338
339

340
341
342
343
344
345
346

347
348
349
350
351

352

{2043)... Transport of aerosols into the UTLS and their impact on the asian/Asian monsoon

region as seen in a global model simulation—Atmespheric-Chemistry-and-Physies;, Atmos.

Chem. Phys., 13(17), 8771-8786.  https://doi.org/10.5194/acp-13-8771-2013,
https://doi.org/10.5194/acp-13-8771-2013, 2013.

Fairlie, T. D., Liu, H., Vernier, J. P., Campuzano-Jost, P., Jimenez, J. L., Jo, D. S., Zhang, B.,
Natarajan, M., Avery, M. A., &and Huey, G-—(2020}..: Estimates of Regional Source
Contributions to the Asian Tropopause Aerosol Layer Using a Chemical Transport Model-
https://det-orgl10-1029/20193D031506, J. Geophys. Res.-Atmos., 125(4), 1-20,
https://doi.org/10.1029/2019JD031506, 2020.

Gadhavi, H-—&. and Jayaraman, A—2006)... Airborne lidar study of the vertical distribution of
aerosols over Hyderabad, an urban site in central India, and its implication for radiative

forcing calculations.  Annales  Geophysicae, — 24(10), 2461 2470.

e tleley ce O B D bne e D e L 00E Ann. Geophys., 24, 2461-2470,
https://doi.org/10.5194/ange0-24-2461-2006, 2006.

Gao, J., Huang, Y., Peng, Y., &and Wright, J. S-{2023)..: Aerosol Effects on Clear-Sky Shortwave
Heating in the Asian Monsoon Tropopause Layer—dJournal-ef-Geephysical-Research:
Atmospheres,, J. Geophys. Res.-Atmos., 128(4), 1-23-
hitps://dei-org/10-1029/20223D036956, https://doi.org/10.1029/2022JD036956, 2023.

Gupta, G., Ratnam, M. V., Madhavan, B. L., Prasad, P., &and Narayanamurthy, C. S—2021)..
Vertical and spatial dlstrlbutlon of elevated aerosol Iayers obtained using long-term ground-

based and space-borne lidar observations—Atmespheric-Environment,246{September2020);

118172 httpsHdoterglto- 1016/ -atmosenv-2020-118172, Atmos. Environ., 246, 118172.
https://doi.org/10.1016/j.atmosenv.2020.118172, 2021.

Hanumanthu, S., Vogel, B., Miiller, R., Brunamonti, S., Fadnavis, S., Li, D., Olsner, P., Naja, M.,
Singh, B. B., Kumar, K. R., Sonbawne, S., Jauhiainen, H., Vomel, H., Luo, B., Jorge, T.,
Wienhold, F. G., Dirkson, R., &and Peter, T-(2020)... Strong day-to-day variability of the
Asian Tropopause Aerosol Layer (ATAL) in August 2016 at the Hlmalayan foothills-

14273-2020, Atmos. Chem. ths 20(22) 14273— 14302 https: //d0| orq/lO 5194/acp 20-
14273-2020, 2020.

He, Q., Ma, J., Zheng, X., Wang, Y., Wang, Y., Mu, H., Cheng, T., He, R., Huang, G., Liu, D.,
&and Lelieveld, J—2020)..: Formation and dissipation dynamics of the Asian tropopause
aerosol layer—Environmental—Research—Letters, Environ. Res. Letts., 16(1)

https://doi.org/10.1088/1748-9326/abed5d), https://doi.org/10.1088/1748-9326/abcd5d,
2020.

71


https://doi.org/10.5194/acp-13-8771-2013
https://doi.org/10.1029/2019JD031506
https://doi.org/10.5194/angeo-24-2461-2006
https://doi.org/10.1029/2022JD036956
https://doi.org/10.1016/j.atmosenv.2020.118172
https://doi.org/10.5194/acp-20-14273-2020
https://doi.org/10.5194/acp-20-14273-2020
https://doi.org/10.1088/1748-9326/abcd5d

O T N U G T G Sy

O T G T G S G Sy

353

354

355

356
357
358
359
360

361
362
363
364
365
366
367

368

369

370

371

372

373

374

375

376
377

378

379

380

Hess, M., Koepke, P., &and Schult, I-{1998}..: Optical Properties of Aerosols and Clouds: The

Software Package OPAC—Euletn—o—the—-Amesican-Meeorologlea—Sediebs, Sull. Am.
Meteorol. Soc., 79(5), 831-844— hios Hdokorg MO /S HE20-

0447(1998)079<083L:0POAALC>2.0.C0:2, https://doi.org/10.1175/1520-
0477(1998)079<0831:0POAAC>2.0.CO;2, 1998.

: — - Ammonium nitrate particles formed in
upper troposphere from ground ammonia sources during Asian monsoons—NaJeuee

Kloss-C-Berthet-G-Selitto-P—Junge, C. E. and Manson, J. E.: Stratospheric aerosol studies, J.
Geophys. Res., 66, 7, 2163-2182, https://doi.org/10.1029/JZ2066i1007p02163, 1961.



https://doi.org/10.1175/1520-0477(1998)079%3c0831:OPOAAC%3e2.0.CO;2
https://doi.org/10.1175/1520-0477(1998)079%3c0831:OPOAAC%3e2.0.CO;2
https://doi.org/10.1038/s41561-019-0385-8
https://doi.org/10.1029/JZ066i007p02163

1381

382
383
384
385

O T G S Gy wr Y

386
387
388
389

O T O S Gy S

390
391
392
393

O T G S G S}

394
395
396
397
398
399
400

T G T G S G S}

1401

1402

1403

1404

1405

1406
1407
1408
409
410
411

412
1413

Komhyr, W. D., Barnes, R. A., Brothers, G. B., Lathrop, J. A., &and Opperman, D. P—1995}..:
Electrochemlcal concentration cell ozonesonde performance evaluation during STOIC 1989-
Journal—of—Geophysical—Researeh,—100, J. Geophys. Res., (D5), 9231-9244-
https://det-orgl10-1029/943D02175, https://doi.org/10.1029/94JD02175, 1995.

Kumar, A. H., &and Ratnam, M. V-2021}-.: Variability in the UTLS chemical composition during
different modes of the A5|an Summer Monsoon Anti-cyclone—Atmeospheric—Research;
Atmos. Res., 260,

105700 https //d0| orq/10 1016/| atmosres. 2021 105700 2021

Lau, W. K. M., Yuan, C., &and Li, Z—{2018}..: Origin, Maintenance and Variability of the Asian
Tropopause Aerosol Layer (ATAL): The Roles of Monsoon Dynamics—Seientific-Reports;

8(1), 1 14. https://doi.org/10.1038/s41598-018-22267-z, Sci.  Rep., 8(1), 1 14,
https://doi.orq/10.1038/s41598-018-22267-z, 2018.

Lelieveld, J., Bourtsoukidis, E., Bruhl, C., Fischer, H., Fuchs, H., Harder, H., Hofzumahaus, A.,

Holland, F., Marno, D., Neumaier, M., Pozzer, A., Schlager, H., Williams, J., Zahn, A., &
Ziereis, H.: The South Asian monsoon—Pollution pump and purifier. Science, 361(6399),
270—273. https://doi.org/10.1126/science.aar2501, 2018.

Liou, K. N—2002)..: An Introduction to Atmospheric Radiation, 2" Edition, Academic Press:,

Cambridge, MA, USA, 1053 pp., ISBN 9780123958259, 2002.

Ma, J., Brihl, C., He, Q., Steil, B., Karydis, V. A., Klingmuller, K., Tost, H., Chen, B., Jin, Y.,
Liu, N., Xu, X., Yan, P., Zhou, X., Abdelrahman, K., Pozzer, A., &and Lelieveld, J-{2619}..:
Modeling the aerosol chemical composition of the tropopause over the Tibetan Plateau during

the Asian summer monsoon—Atmespheric-Chemistry—and-Physies—19(17,—11587-11612;

https://det-orgl10.5194/acp-19-11587-2019, Atmos. Chem. Phys., 19(17), 11587-11612,
https://doi.org/10.5194/acp-19-11587-2019, 2019.

Madhavan, B. L., Krishnaveni, A. S., Ratnam, M. V., & Ravikiranand Ravi Kiran, V—202%)-.:

Climatological aspects of size-resolved column aerosol optical properties over a rural site in

73


https://doi.org/10.1029/94JD02175
https://doi.org/10.1016/j.atmosres.2021.105700
https://doi.org/10.1038/s41598-018-22267-z
https://doi.org/10.5194/acp-19-11587-2019

1414
415
416

=

417
418
419
420

O T G S G B

1421

1422

1423

1424

1425

1426
1427
1428
429
430

IRy

431
432
433
434

T S G S

1435

1436

1437

1438
1439
1440
1441
1442

1443
1444

the southern peninsular India—Atmespheric—Research,—249{September—2020),—105345.

https://doi.org/10.1016/j.atmosres.2020.105345, Atmos. Res., 249, 105345,
https://doi.org/10.1016/j.atmosres.2020.105345, 2021.

Miloshevich, L. M., Vomel, H., Whiteman, D. N., Lesht, B. M., Schmidlin, F. J., and Russo, F.:

Absolute accuracy of water vapor measurements from six operational radiosonde types
launched during AWEX-G, and implications for AIRS validation, J. Geophys. Res., 111,
D09S10, https://doi.org/10.1029/2005JD006083, 2006.

Murari, V., Kumar, M., Mhawish, A., Barman, S. C., &and Banerjee, T-—(2017)... Airborne
particulate in Varanasi over middle Indo-Gangetic Plain: variation in particulate types and
meteorological influences—Environmental—Menitoring—and—Assessment—2189(4)-

e lee e e O Dn T e e T BOEL Environ. Monit. ASSess., 189(4),
https://doi.org/10.1007/s10661-017-5859-9, 2017.

Neely, R. R., Yu, P., Rosenlof, K. H., Toon, O. B., Daniel, J. S., Solomon, S., &and Miller, H. L-
2014)... The contrlbutlon of anthropogenlc SO2 emissions to the Asian tropopause aerosol
layer—Journal—of —Geophysical—Research;, J. Geophys. Res., 119(3), 1571-1579.
hitps://dei-org/10-1002/20133D020578https://doi.org/10.1002/2013JD020578, 2014.

Park, M., Randel, W. J., Gettelman, A., Massie, S. T., &and Jiang, J. H-{20607}-.: Transport above
the Asian summer monsoon anticyclone inferred from Aura Microwave Limb Sounder
tracers—ownl ol Coppbpegen Deoparel Aeecesieene 00 e L 1o
https:Hdetorgi10-1029/20063D008294, J. Geophys. Res.-Atmos., 112(16), 1-13,

https://doi.org/10.1029/2006JD008294, 2007.

Pawar, G.-V., Devara, P.-C.-S., &and Aher, G.-R—{2015)..: Identification of aerosol types over an
urban site based on air-mass trajectory classification—Atmespheric-Researeh;, Atmos. Res.

74


https://doi.org/10.1016/j.atmosres.2020.105345
https://doi.org/10.1007/s10661-017-5859-9
https://doi.org/10.1002/2013JD020578
https://doi.org/10.1029/2006JD008294

=

1

445
446
447

448
449
450
451
452

453

454

455

456

457

458

459

460

461

1462
4463
1464

N T G T G Sk G m Y

465
466
467

1468
1469

470
471
472
473
474

475

164—-165, 142—-155.

hitps://dei-orgl10-1016/-atmeosres-2015.04-022https://doi.org/10.106/j.atmosres.2015.04.02
2, 2015.

Randel, W. J., &and Park, M—(2606}-.: Deep convective influence on the Asian summer monsoon
anticyclone and associated tracer variability observed with Atmospheric Infrared Sounder

(AIRS)—Journal—of —Geophysical—Research—Atmospheres,—111(12),—1-13;

hitps://dei-org/10-1029/2005JD006490), J. Geophys. Res.-Atmos., 111(12), 1-13,
https://doi.org/10.1029/2005JD006490, 2006.

Ratnam, M. V., Raj, S. T. A., Madhavan, B. L., Vernier, J. P., Kiran, V. R., Jain, C. D., Basha, G.,
Nagendra, N., Kumar, B. S., Pandit, A. K., Murthy, B. V. K., & Jayaraman, A—2020}..:
Vertically resolved black carbon measurements and associated heatlng rates obtained using
in situ  balloon platform——Atmespheric—Enviropment—232—(January)-
https://doi.org/10.1016/j.atmosenv.2020.117541, Atmos. Environ., 232,
https://doi.org/10.1016/j.atmosenv.2020.117541, 2020.

Ratnam, M.V, Sunilkumar, S. V., Parameswaran, K., Krishna Murthy, B. V., Ramkumar, G.,
Rajeev, K., Basha, G., Ravindra Babu, S., Muhsin, M., Kumar Mishra, M., Hemanth Kumar,
A., Akhil Raj, S. T., &and Pramitha, M-—{2014}..: Tropical tropopause dynamics (TTD)

campaigns over Indian region: An overview—Journal-ef-Atmespheric-and-Selar-Terrestrial

Physics., J. Atmos. Sol.-Terr. Phys., 121(PB), 229-239-
B e https://doi.org/10.1016/j.jastp.2014.05.007,
2014,

Ricchiazzi, P., Yana, S., Gautier, C., and Sowle, D.: SBDART: A research and teaching software

75


https://doi.org/10.106/j.atmosres.2015.04.022
https://doi.org/10.106/j.atmosres.2015.04.022
https://doi.org/10.1029/2005JD006490
https://doi.org/10.1016/j.atmosenv.2020.117541
https://doi.org/10.1016/j.jastp.2014.05.007

1476 tool for plane-parallel radiative transfer in the Earth’s atmosphere, Bull. Am. Meteorol. Soc.,
1477 79, 21012114, 1998.

1478  Santhosh V Madhavan B.L., .

1479 . . - and Venkat Ratnam M Quantlfqu shortwave
1480 radiative forcing and heatlnq rates of UTLS aerosols in the Asian summer monsoon
1481 anticyclone region, J. Quant. Spectrosc. Ra., 339, 109430,
1482 https://doi.org/10.1016/j.jgsrt.2025.109430, 2025.

1483

1484

1485

1486  Santhosh, V. N., Madhavan, B. L., Ratnam, M. V., Naik, D. N., &and Sellitto, P-—{2024)..

1487 Assessing biases in atmospheric parameters for radiative effects estimation in tropical
1488 regions. Journal of Quantitative Spectroscopy and Radiative Transfer,, J. Quant. Spectrosc.
1489 Radiat. Transf., 314{August———2023);, 108858:,
1490 hitps:Hdotorg/10-1016/1-jasr-2023-108858nttps://doi.org/10.1016/j.jgsrt.2023.108858,

1491 2024a.

1492  Santhosh, V. N., Madhavan, B. L., Ratnam, M. V., &and Naik, D. N—2624}..: Influence of
1493 columnar versus vertical dlstrlbutlon of aerosol propertles on the modulatlon of shortwave
1494 radiative effects:

1495 %@—h@%&%ﬁg&@—l@%@ﬂﬂ&ﬁ%@%—l@gﬂg J. Ouant Spectrosc Radlat Transf.,
1496 329, 109179, https://doi.org/10.1016/j.jgsrt.2024.109179, 2024b.

1497

1498

1499

1500

1501

1502

1503

1504  Sinha, P. R., Dumka, U. C., Manchanda, R. K., Kaskaoutis, D. G., Sreenivasan, S., Krishna
1]505 Moorthy, K., &and Suresh Babu, S—{20613}..: Contrasting aerosol characteristics and radiative

76


https://doi.org/10.1016/j.jqsrt.2025.109430
https://doi.org/10.1016/j.jqsrt.2023.108858
https://doi.org/10.1016/j.jqsrt.2024.109179

N T S Sk G n y

506
507
508

509

510

511

512

513
514
515
516

517

1518

519
520

521
522
523
524
525

526

527

528

529

530

531
532
533
534

535

forcing over Hyderabad, India due to seasonal mesoscale and synoptic-scale processes, Q. J.

R. —QuarterlyJournal-of the- Reyal-Meteorological-Seciety;Meteorol. Soc., 139(671), 434—

450. https:Hdolergl10-1002/g5-1963https://doi.org/10.1002/0j.1963, 2013.

Solomon, S., Daniel, J. S., Neely, R. R., Vernier, J. P., Dutton, E. G., &and Thomason, L. W-
{2011).: The persistently variable “background” stratospheric aerosol layer and global

climate change:, Science, 333(6044), 866-870-—https:Hdokerg/lo.1126/science 1206027,
https://doi.org/10.1126/science.1206027, 2011.

Stamnes, K., Tsay, S.-C., Wiscombe, W., &and Jayaweera, K-—1988)... Numerically stable
algorithm for dlscrete ordlnate method radiative transfer in multiple scattering and emitting
layered media- : . App.
Opt., 27(12), 2502, https://doi. orq/lO 1364/ao 27 002502 1988

Stein, A. F., Draxler, R. R., Rolph, G. D., Stunder, B. J. B., Cohen, M. D., &and Ngan, F-+2015}.
Noaa’s.: NOAA’s hysplit atmospherlc transport and dlspersmn modeling system--BuHetin-of

the—American—Meteorological-Seciety;, Bull. Amer. Meteor. Soc., 96(12), 2059-2077-

https://doi.org/10.1175/BAMS-D-14-00110.1, https://doi.org/10.1175/BAMS-D-14-
00110.1, 2015.

Thomason, L. W., &and Vernier, J. P-{2013)... Improved SAGE Il cloud/aerosol categorization
and observations of the Asian tropopause aerosol layer: 1989-2005-Atmespheric-Chemistry

and Physics, 13(9), 4605 4616. https://doi.org/10.5194/acp-13-4605-2013, Atmos. Chem.
Phys., 13(9), 4605-4616, https://doi.org/10.5194/acp-13-4605-2013, 2013.

Tiwari, S., &and Singh, A. K—{2613}..: Variability of Aerosol parameters derived from ground

77


https://doi.org/10.1002/qj.1963
https://doi.org/10.1126/science.1206027
https://doi.org/10.1364/ao.27.002502
https://doi.org/10.1175/BAMS-D-14-00110.1
https://doi.org/10.1175/BAMS-D-14-00110.1
https://doi.org/10.5194/acp-13-4605-2013

536
537
538

539

540

541

1542
ﬂ543
1544

1

545
546
547

548
549
550
551
552
553
554

555
556
557

558

1559

1

T S T G S Gy Sy

N T S Tk G m §

560
561

562
563
564
565
566

567
568
569
570

and satellite measurements over Varanasi located in the Indo-Gangetic Basin-, Aerosol and

Air Quality — Research,Qual. Res., 13(2), 627-638.

https://dei-orgl10.4209/aagr-2012.06-:0162https://doi.org/10.4209/aaqr.2012.06.0162, 2013.

Vernier, H., Rastogi, N., Liu, H., Pandit, A. K., Bedka, K., Patel, A., Ratnam, M. V., Kumar, B.
S., Zhang, B., Gadhavi, H., Wienhold, F., Berthet, G., &and Vernier, J. P-—{2022)... Exploring
the inorganic composition of the Asian Tropopause Aerosol Layer using medium-duration

balloon flights—Atmespheric-Chemistry-and-Physies;, Atmos. Chem. Phys., 22(18), 12675—

12694.  https:Hdet-ergli0-5194/acp-22-12675-2022ttps://doi.org/10.5194/acp-22-12675-
2022, 2022.

Vernier, J. P., Fairlie, T. D,

D—R%H—afd—J—B—@@-l—g}— BATAL The balloon measurement campalgns of the AS|an
tropopause aerosol layer—BuHetin—of-the—American—Meteorological-Seciety;, Bull. Am.

Meteor. Soc., 99(5), 955973, https:Hdororg/ 1011 75/BAMS-D-17-0014-1,
https://doi.org/10.1175/BAMS-D-17-0014.1, 2018.

Vernier, J. P., Thomason, L. W., &and Kar, J-{2011)... CALIPSO detection of an Asian tropopause

aerosol layer—Geephysical—Research—Letters;, Geophys. Res. Lett., 38(7), 1-6:,
hitps://det-orgl10-1029/2010G1046614https://doi.org/10.1029/2010GL 046614, 2011.

Vernier, J.-P., T. D. Fairlie, M. Natarajan, F. G. Wienhold, J. Bian, B. G. Martinsson, S.
Crumeyrolle, L. W. Thomason, and K. M. Bedka-(2615);: Increase in upper tropospheric and
lower stratospheric aerosol levels and its potential connection with Asian pollution, J.
Geophys. Res--.-Atmos., 120, 1608-1619, https://doi:.0rg/10.1002/2014JD022372, 2015.

Vogel, B., Volk, C. M., Wintel, J., Lauther, V., Clemens, J., Grool3, J.-U., Ginther, G., Hoffmann,
L., Laube, J. C., Mdller, R., Ploeger, F., & Stroh, F.: Evaluation of vertical transport in ERA5
and ERA-Interim reanalysis using high-altitude aircraft measurements in the Asian summer
monsoon  2017.  Atmospheric  Chemistry and  Physics,  24(1), 317-343.
https://doi.org/10.5194/acp-24-317-2024, 2024.

Von Hobe, M., Ploeger, F., Konopka, P., Kloss, C., Ulanowski, A., Yushkov, V., Ravegnani, F.,
Volk, C. M., Pan, L. L., Honomichl, S. B., Tilmes, S., Kinnison, D. E., Garcia, R. R., &
Wright, J. S.: Upward transport into and within the Asian monsoon anticyclone as inferred
from StratoClim trace gas observations. Atmospheric Chemistry and Physics, 21(2), 1267—

78


https://doi.org/10.4209/aaqr.2012.06.0162
https://doi.org/10.5194/acp-22-12675-2022
https://doi.org/10.5194/acp-22-12675-2022
https://doi.org/10.1175/BAMS-D-17-0014.1
https://doi.org/10.1029/2010GL046614
https://doi.org/10.5194/acp-24-317-2024

=

O T G S N T | T S T G S G Sy O T G N Gy wr Y

T S T G S G S

571

572

1573

574
575
576

577
578
579
580

581
582
583
584
585

586

1587

588
589
590

591
592
593
594

595
596
597
598
599
600

1285. https://doi.org/10.5194/acp-21-1267-2021, 2021.

Xu, H., Guo, J., Tong, B., Zhang, J., Chen, T., Guo, X., Zhang, J., &and Chen, W-—{2023}..:
Characterizing the near-global cloud vertical structures over land using high-resolution
radiosonde measurements—Atmespheric—Chemistry—and—Physies;, Atmos. Chem. Phys.,

23(23), 15011-15038. https://doi.org/10.5194/acp-23-15011-
2023https://doi.org/10.5194/acp-23-15011-2023, 2023.

Yu, P., Lian, S., Zhu, Y., Toon, O. B., Hopfner, M., &and Borrmann, S-{2622}... Abundant Nitrate
and Nitric Acid Aerosol in the Upper Troposphere and Lower Stratosphere—Geophysical

Research—Letters;, Geophys. Res. Lett., 49(18)—https:/dotorgi10-1029/2022G1100258),
https://doi.org/10.1029/2022GL 100258, 2022.

Yu, P., Rosenlof, K. H., Liu, S., Telg, H., Thornberry, T. D., Rollins, A. W., Portmann, R. W.,
Bai, Z., Ray, E. A., Duan, Y., Pan, L. L., Toon, O. B., Bian, J., & Gao, R.-S.: Efficient
transport of tropospheric aerosol into the stratosphere via the Asian summer monsoon
anticyclone. Proceedings of the National Academy of Sciences, 114(27), 6972-6977.
https://doi.org/10.1073/pnas.1701170114, 2017.

Yu, P., Toon, O. B., Neely, R. R., Martinsson, B. G., &and Brenninkmeijer, C. A. M—-(2015}...
Composition and physical properties of the Asian Tropopause Aerosol Layer and the North

American Tropospheric Aerosol Layer—Geophysical-Research-Letters—42(7),-2540-2546-

hitps:-Hdotorg/t0-1002/201561L063181, Geophys. Res. Lett., 42(7), 2540-2546.
https://doi.org/10.1002/2015GL 063181, 2015.

Zhang, H., Shen, Z., Wei, X., Zhang, M., &and Li, Z—{2012)... Comparison of optical properties
of nitrate and sulfate aerosol and the direct radiative forcing due to nitrate in China-

Atmospheric——Research,, Atmos. Res., 113, 113-125,
https://doi.org/10.1016/j.atmosres.2012.04.020, 2012.

Zhu, Y., Yu, P., Wang, X., Bardeen, C., Borrmann, S., Hopfner, M., Mahnke, C., Weigel, R.,
Kramer, M., Deshler, T., Bian, J., Bai, Z., Vernier, H., Portmann, R. W., Rosenlof, K. H.,
Kloss, C., Pan, L. L., —hitps://dei-orgll0-1016/-atmesres:.2012.04.020Smith, W., Honomichl,
S.. ... Toon, O. B.: Evaluating the Importance of Nitrate-Containing Aerosols for the Asian
Tropopause Aerosol Layer. Journal of Geophysical Research: Atmospheres, 129(19),
£2024JD041283. https://doi.org/10.1029/2024JD041283, 2024.

79


https://doi.org/10.5194/acp-21-1267-2021
https://doi.org/10.5194/acp-23-15011-2023
https://doi.org/10.1029/2022GL100258
https://doi.org/10.1073/pnas.1701170114
https://doi.org/10.1002/2015GL063181
https://doi.org/10.1016/j.atmosres.2012.04.020
https://doi.org/10.1029/2024JD041283

