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Abstract

The Asian Tropopause Aerosol Layer (ATAL) has emerged in recent decades to play a prominent role in the upper troposphere
and lower stratosphere above the Asian monsoon. Although ATAL effects on surface and top-of-atmosphere radiation budgets
are well established, the magnitude and variability of ATAL effects on radiative transfer within the tropopause layer remain
poorly constrained. Here, we investigate the impacts of various aerosol types and layer structures on clear-sky shortwave
radiative heating in the Asian monsoon tropopause layer using reanalysis products and offline radiative transfer simulations.
ATAL effects on shortwave radiative heating based on the MERRA-2 aerosol reanalysis are on the order of 10% of mean
clear-sky radiative heating within the tropopause layer, although discrepancies among recent reanalysis and forecast products
suggest that this ratio could be as small as "5% or as large as "25%. Uncertainties in surface and top-of-atmosphere flux effects
are also large, with values spanning one order of magnitude at the top-of-atmosphere. ATAL effects on radiative heating peak
between 150 hPa and 80 hPa (360 K400 K potential temperature) along the southern flank of the anticyclone. Clear-sky
and all-sky shortwave heating are at local minima in this vertical range, which is situated between the positive influences of
monsoon-enhanced water vapor and the negative influence of the ‘ozone valley’ in the monsoon lower stratosphere. ATAL effects

also extend further toward the west, where diabatic vertical velocities remain upward despite descent in pressure coordinates.
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Key Points:

« The Asian tropopause aerosol layer produces a 5-25% direct enhancement of clear-
sky shortwave heating above the summer monsoon

 Effects are largest where shortwave heating is weakest, with similar magnitudes
to water vapor and ozone effects near the monsoon tropopause

 Discrepancies across recent aerosol analysis and forecast products cause large un-
certainties in aerosol forcing of heating and fluxes
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Abstract

The Asian Tropopause Aerosol Layer (ATAL) has emerged in recent decades to play a
prominent role in the upper troposphere and lower stratosphere above the Asian mon-
soon. Although ATAL effects on surface and top-of-atmosphere radiation budgets are
well established, the magnitude and variability of ATAL effects on radiative transfer within
the tropopause layer remain poorly constrained. Here, we investigate the impacts of var-
ious aerosol types and layer structures on clear-sky shortwave radiative heating in the
Asian monsoon tropopause layer using reanalysis products and offline radiative trans-
fer simulations. ATAL effects on shortwave radiative heating based on the MERRA-2
aerosol reanalysis are on the order of 10% of mean clear-sky radiative heating within the
tropopause layer, although discrepancies among recent reanalysis and forecast products
suggest that this ratio could be as small as ~5% or as large as ~25%. Uncertainties in
surface and top-of-atmosphere flux effects are also large, with values spanning one or-
der of magnitude at the top-of-atmosphere. ATAL effects on radiative heating peak be-
tween 150 hPa and 80 hPa (360 K—400 K potential temperature) along the southern flank
of the anticyclone. Clear-sky and all-sky shortwave heating are at local minima in this
vertical range, which is situated between the positive influences of monsoon-enhanced
water vapor and the negative influence of the ‘ozone valley’ in the monsoon lower strato-
sphere. ATAL effects also extend further toward the west, where diabatic vertical veloc-
ities remain upward despite descent in pressure coordinates.

Plain Language Summary

Every summer, a layer of polluted air laden with aerosol particles collects above
the convective storms of the Asian monsoon as part of a broad upper-level circulation
centered over the Tibetan Plateau. Researchers have developed a working understand-
ing of how the dynamical environment shapes this Asian tropopause aerosol layer. The
motivating question for this work is: how might the aerosol layer reshape its environ-
ment? Aerosols can absorb and scatter sunlight, affecting both the amount of sunlight
transmitted through the layer and the magnitude of solar heating within the layer. These
effects depend on aerosol species and their vertical distribution within the layer, both
of which are highly variable. In this paper, we translate variations and uncertainties in
the amount, composition, and vertical distribution of aerosols near the Asian monsoon
tropopause into variations and uncertainties in the absorption and scattering of solar ra-
diation by the aerosol layer. We find that aerosols account for a substantial part (5-25%)
of heating by solar radiation near the tropopause. The vertical location and horizontal
extent of the aerosol effects are distinct from those of other radiative effects.

1 Introduction

Aerosol effects on radiative heating are among the most uncertain and complex chal-
lenges to understanding atmospheric variability at scales ranging from the development
of weather systems to the long-term evolution of climate (Ramaswamy et al., 2018; Szopa
et al., 2021). Different aerosol types have different direct effects on atmospheric radia-
tive transfer. Direct effects, also referred to as radiative forcing from aerosol-radiation
interactions, can be broadly classified into absorption and scattering by atmospheric aerosols.
For example, black carbon (BC), brown carbon (a form of organic carbon; OC), and some
mineral dust particles can directly absorb solar radiation (K.-M. Lau & Kim, 2006; Sam-
set et al., 2018), while sulfate, nitrate, and most dust and OC aerosols act mainly to scat-
ter solar radiation (Whitby, 1978; Kinne et al., 2006). In addition to these direct effects,
indirect radiative effects include, for example, aerosol-induced changes in the occurrence
frequencies, lifetimes, and optical properties of clouds (Twomey, 1977; Albrecht, 1989;
Lohmann, 2017; Kreidenweis et al., 2019). As a general rule, and with the exception of
very large aerosol particles, direct forcing by aerosol-radiation interactions mainly in-
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fluences the shortwave (solar) part of the spectrum, while indirect effects influence both
longwave (thermal) and shortwave radiative transfer (Charlson et al., 1992).

Aerosol distributions are highly variable in space and time owing to spatial gra-
dients in emissions, secondary formation processes, and spatiotemporal heterogeneity in
the efficiency of removal processes (Kreidenweis et al., 2019). The prevalence of inter-
nal mixing and large uncertainties in aerosol optical properties further complicate the
identification of aerosol types and their impacts on atmospheric radiation. As a conse-
quence, there remain substantial uncertainties in the magnitude of direct aerosol radia-
tive forcings at the surface and top-of-atmosphere (Ramaswamy et al., 2018; Kuniyal &
Guleria, 2018; Szopa et al., 2021), let alone in the vertical profile of radiative heating.
These challenges are especially acute with respect to the structure and radiative effects
of the Asian tropopause aerosol layer (ATAL; Vernier et al., 2011), which develops each
year during boreal summer in the upper troposphere and lower stratosphere (UTLS) above
the Asian summer monsoon (Vernier et al., 2015; Yu et al., 2015; Bian et al., 2020).

The Asian summer monsoon is among the most important sources of water vapor
and tropospheric pollutants to the global stratosphere (Fu et al., 2006; Randel et al., 2010;
Pan et al., 2016; Ploeger et al., 2017; Yu et al., 2017; Lelieveld et al., 2018). Strong deep
convection associated with the monsoon pumps moist, polluted air (Park et al., 2007;
Pan et al., 2016; Bian et al., 2020) upward into a vigorous upper-level anticyclone bounded

by the tropical easterly jet to the south and the subtropical westerly jet to the north (Hoskins

& Rodwell, 1995; Garny & Randel, 2013; Legras & Bucci, 2020). Much of the air within
this upper-level monsoon anticyclone traces back to the boundary layer over South and
East Asia (Bergman et al., 2013; Orbe et al., 2015; Vogel et al., 2016; Zhang et al., 2020),
where abundant emissions of aerosols and aerosol precursors contribute to ATAL forma-
tion (Neely et al., 2014; Yu et al., 2015; Vernier et al., 2017; Bian et al., 2020). Enhanced
aerosol concentrations in the UTLS alter radiative heating at the tropopause level both
directly (Toohey et al., 2014; Vernier et al., 2015; Yu et al., 2015; Fadnavis et al., 2017,
2019) and indirectly through their interactions with clouds (Su et al., 2011; Dong et al.,
2019; Fadnavis et al., 2019). However, the practical impacts of these aerosol effects de-
pend in large part on the composition and vertical structure of the aerosol layer, which
are highly variable (Hanumanthu et al., 2020) and poorly constrained (Bian et al., 2020).

Estimates of ATAL composition are based mainly on numerical models, some of
which indicate that sulfate aerosols originating from East Asia are the leading compo-
nent (Neely et al., 2014; Vernier et al., 2015; Yu et al., 2015), while others point to ni-
trate aerosols (Gu et al., 2016) and still others point to leading roles for organic aerosols
or dust (W. K. M. Lau et al., 2018; Ma et al., 2019; Bossolasco et al., 2021). Observa-
tional studies conducted on ATAL composition to date do not support large concentra-
tions of dust at the tropopause level (Vernier et al., 2017) and highlight a surprising abun-
dance of nitrate aerosols (Hopfner et al., 2019), which are still not represented in many
models (Kreidenweis et al., 2019; Bossolasco et al., 2021). Other observational studies,
while unable to measure aerosol composition, have emphasized large variations in ATAL
amplitude and vertical structure at daily time scales (Brunamonti et al., 2018; Zhang
et al., 2020; Hanumanthu et al., 2020; Mahnke et al., 2021). These variations and asso-
ciated uncertainties complicate efforts to constrain the radiative effects of the ATAL.

The ATAL is distinct from episodic volcanic aerosol loading of the lower stratosphere
in its composition, seasonality, vertical location, and longitudinal extent (Bian et al., 2020).
Although much progress has been made in evaluating the variability, formation mech-
anisms, and tropospheric sources of the ATAL, its effects on the energy budget and ther-
modynamic structure of the tropopause layer are not yet clear. Important steps in this
direction include the model-based analyses conducted by Yu et al. (2015) and Fadnavis
et al. (2017, 2019), along with a recent reanalysis-based dynamical assessment of ATAL
evolution as observed by satellite (He et al., 2021). However, given inter-model discrep-
ancies and observational uncertainties in the composition and structure of the ATAL,
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the extent to which the results of these studies can be generalized to other model sys-
tems or the natural atmosphere remains unclear.

As a step toward addressing this gap, we adopt an idealized framework to exam-
ine ATAL effects on radiative heating in the monsoon UTLS, focusing on clear-sky short-
wave heating. We focus on shortwave effects for three reasons. First, aerosol radiative
forcing are mainly confined to the shortwave part of the spectrum, especially for the rel-
atively small aerosol particles that predominate within the ATAL (Vernier et al., 2017;
Mahnke et al., 2021; Weigel et al., 2021). Second, the shortwave effects of aerosol per-
turbations in the UTLS can be treated as a diabatic forcing while longwave responses
are often dominated by thermal relaxation (Toohey et al., 2014). Third, convective ven-
tilation of the UTLS above the monsoon also creates regional-scale anomalies in ozone
and water vapor, both of which play important roles in shortwave radiative transfer near
the tropopause. These anomalies provide convenient comparison points for evaluating
the relative influences of ATAL on shortwave heating in the UTLS. Further restricting
our analysis to clear-sky conditions is motivated mainly by the ATAL being located above
the majority of convective anvil clouds (Vernier et al., 2015; Bian et al., 2020). Although
aerosols also have important impacts on the frequency, distribution, and optical prop-
erties of tropopause-level cirrus clouds (Su et al., 2011; Riuttanen et al., 2016; Fadnavis
et al., 2019), these interactions are poorly constrained. Accounting for aerosol effects on
cirrus clouds would thus compound already large uncertainties while requiring evalua-
tion of aerosol-cloud covariability, and is deferred to future work.

This paper is organized in five parts. In Section 2, we introduce the reanalysis and
forecast products and the libRadtran radiative transfer model. In Section 3, we exam-
ine the spatial and temporal distributions of aerosol in the Asian monsoon UTLS accord-
ing to the MERRA-2 reanalysis and describe a series of idealized sensitivity experiments
exploring the clear-sky shortwave effects of variations in the amplitude, composition, and
vertical structure of the ATAL. In Section 4, we contextualize the ATAL radiative ef-
fects by comparing their magnitudes and distributions to those of ozone, water vapor,
and clouds, as well as quantifying the impacts of uncertainties in ATAL composition and
structure across recent reanalysis and forecast products. In Section 5, we provide a short
summary of the conclusions and possible next steps.

2 Data and Methods
2.1 The MERRA-2 aerosol reanalysis

The primary dataset for this study is the Modern-Era Retrospective Analysis for
Research and Applications, version 2 (MERRA-2; Gelaro et al., 2017) for the 10-year pe-
riod 2011-2020. MERRA-2 is unique among current meteorological reanalyses (see Wright
et al., 2022, their Table 2.12) in that it includes an interactive aerosol analysis (Randles
et al., 2017). Aerosols are simulated via the Goddard Chemistry, Aerosol, Radiation, and
Transport (GOCART) model, which considers sources, sinks, and chemical properties
of 15 aerosol types and classes, including dust (five non-interacting size bins), sea salt
(five non-interacting size bins), sulfate, hydrophilic and hydrophobic BC, and hydrophilic
and hydrophobic OC (Chin et al., 2002; P. Colarco et al., 2010; P. R. Colarco et al., 2014;
Randles et al., 2017). Observations used in the data assimilation are limited to remote
sensing measurements of aerosol optical depth (AOD) and do not alter the composition
or relative vertical distribution of aerosols (Randles et al., 2017).

Although prescribed emissions to the aerosol model vary in time over much of the
1980-2010 period, most emissions sources use either constant or annually-repeating monthly
values over the analysis period 2011-2020 (Randles et al., 2017). This includes volcanic
emissions, which only include a repeating annual cycle of outgassing (omitting eruptions)
after 2010. Injections of sulfate to the stratosphere by volcanic eruptions can make it dif-
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ficult to distinguish the ATAL (Thomason & Vernier, 2013; Vernier et al., 2015). Lim-
iting our analysis to 20112020 essentially eliminates this potential confounding effect.
Biomass burning emissions are from version 2.4 of the Quick Fire Emissions Database (QFED;
Darmenov & da Silva, 2015). MERRA-2 has been shown to perform well with respect

to independent observations of AOD and fluxes (Randles et al., 2017), as well as absorb-
ing aerosol optical depth, ultraviolet index, and vertical structure (Buchard et al., 2017).
The ATAL in MERRA-2 has previously been examined by W. K. M. Lau et al. (2018),
who focused on carbonaceous aerosols and dust during the pre-monsoon and peak mon-
soon periods (May—August) of 2008. Their results showed that MERRA-2 produces a
well-defined ATAL fed mainly by deep convection over North India and the Sichuan Basin.
Further details on emissions, previous validation, and the rationale for using MERRA-

2 as the basis for this work are provided in Supporting Information (Text S1).

MERRA-2 products used in this work include daily-mean vertical profiles of tem-
perature, specific humidity, mass mixing ratios of ozone and aerosol species, pressure,
and geopotential height; temperature tendencies due to clear-sky radiative heating on
model levels for the analysis window 04:30-07:30 UTC (corresponding to mid-day in our
core analysis region); and hourly surface albedo (Table S1 in Supporting Information).
To capture the largest concentrations of aerosol in the ATAL, we focus mainly on mean
distributions and profiles from MERRA-2 for July—September 2011-2020. Daily-mean
data from May—September are used to illustrate the seasonal evolution of the MERRA-
2 ATAL and its effects on clear-sky shortwave heating in the tropopause layer during 2011-
2020, and daily means for July—September are used to assess variability. Regional selec-
tions are used to show variations in ATAL properties and radiative effects as functions
of longitude (50°E-120°E, meridionally averaged over 22.5°N-25°N) and latitude (18°N—
42°N, zonally averaged over 87.5°E-90°E) across the monsoon anticyclone. These two
vertical cross-sections intersect at 22.5°N-25°N and 87.5°E-90°E, north of the Bay of Ben-
gal. This 2.5°x2.5° grid cell is designated the ‘core’ region and is used to define the base-
line for idealized radiative transfer calculations.

2.2 Radiative transfer model

Offline radiative transfer calculations to quantify ATAL effects on clear-sky short-
wave radiative heating are conducted using version 2.0.3 of the libRadtran radiative trans-
fer model (Mayer & Kylling, 2005; Emde et al., 2016), a multi-layer model developed to
support flexible representation of absorption and scattering in the atmosphere. libRad-
tran is centered around the uvspec radiative transfer code, which can simulate radiative
transfer across the solar and thermal spectra at a range of spectral resolutions (Mayer
& Kylling, 2005; Emde et al., 2016). Default aerosol optical properties are from the Op-
tical Properties of Aerosols and Clouds (OPAC) database (Hess et al., 1998), including
radiative interactions of ten species of aerosols over wavelengths ranging from 250 nm
to 40 pm across eight grades of relative humidity. OPAC also serves as the basis for aerosol
optical properties in MERRA-2 (Chin et al., 2002; Randles et al., 2017; Buchard et al.,
2017). Applications of libRadtran to shortwave radiative transfer and aerosol effects near
the tropopause include development of remote sensing retrieval algorithms (Theys et al.,
2007; Chen et al., 2020), assessments of the climate impacts of aviation (D. Lee et al.,
2010; Schumann et al., 2021), evaluations of radiative transfer in chemistry—climate mod-
els (Forster et al., 2011), and cloud clearing for volcanic plumes (Kylling et al., 2015).

Our radiative transfer simulations use the DISORT (discrete ordinate) solver (Stamnes
et al., 1988, 2000), which adopts a one-dimensional geometry under the plane parallel
approximation to calculate radiative transfer across the solar spectrum. Reptran absorp-
tion parameterizations (Gasteiger et al., 2014) are used in the ‘coarse’ configuration, which
corresponds to a spectral range of 240 nm—5 pm and a spectral resolution of 15cm~! (Emde
et al., 2016), with approximately 5000 bands and 7500 wavelengths represented. Atmo-
spheric background data include height, pressure, temperature, air density, ozone, oxy-
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gen, water vapor, and COs. All data inputs are based on MERRA-2 model-level fields
except for oxygen, which is taken from the libRadtran tropical default profile, and aerosol
profiles from other products as indicated in section 4.2. Unless otherwise specified, so-

lar zenith angle for radiative heating calculations is set to 0° for idealized simulations and
the daily minimum at the corresponding latitude for geolocated simulations, while sur-
face albedo is set to the local mean from MERRA-2 (0.15 for most calculations). These
settings are both simple and helpful for emphasizing ATAL effects on radiative heating,
which, as shown below, are largely insensitive to these two parameters. ATAL effects on
TOA and surface fluxes are sensitive to these parameters, and are therefore computed

in most scenarios by integrating over a representative diurnal cycle for Dhaka, Bangladesh.

Aerosol are specified according to OPAC as insoluble (INSO: hydrophobic organic
carbon), water soluble (WASO: sulfate, nitrate, ammonium, hydrophilic black carbon,
and hydrophilic organic carbon), or soot (SOOT: hydrophobic black carbon). To eval-
uate the impacts of including dust in the calculations, the accumulation and coarse modes
of mineral dust (MIAM and MICM) are used according to the size bins simulated by MERRA-
2. The benchmark profile for the control, or ‘base’, simulation is taken from mean con-
ditions for July—September 2011-2020 within 22.5°N-25°N and 87.5°E-90°E, and excludes
dust. Idealized simulations are then conducted to evaluate the impacts of changing the
amplitude, composition, or peak height of the ATAL on clear-sky shortwave surface fluxes,
TOA fluxes, and heating rates around the tropopause. We also evaluate changes in the
solar zenith angle and surface albedo in an idealized setting and over typical diurnal and
seasonal cycles. All idealized simulations, including the base case, only consider aerosol
within the 60-180 hPa layer. This layer definition is based on many previous observa-
tions of ATAL aerosol loading, which place the ATAL between about 13-18 km (360—420K
potential temperature Vernier et al., 2011, 2017; Brunamonti et al., 2018; Hanumanthu
et al., 2020; Zhang et al., 2020).

3 Aerosol layer description and idealized shortwave effects
3.1 ATAL distribution and composition in MERRA-2

Figure 1 shows distributions of sulfate, organic carbon, and black carbon within
the UTLS (300 hPa—-55hPa) above the Asian monsoon region. Although dust accounts
for the largest fraction by mass in the MERRA-2 UTLS (see also W. K. M. Lau et al.,
2018), dust concentrations are weighted toward lower altitudes and the northern part
of the anticyclone (Fig. S1 in Supporting information). The distribution of dust during
July—September is consistent with dust transport from source regions in North Africa,
the Middle East, and Central Asia in the subtropical westerly jet being entrained into
the monsoon anticyclone and then lifted isentropically around the eastern flank of the
anticyclone. Comparison with observational estimates (e.g., Vernier et al., 2017) and other
datasets (Fig. S2 in Supporting Information) suggests that MERRA-2 overestimates dust
concentrations at these levels. Moreover, our offline radiative transfer calculations (Fig. 5a)
show that including dust at ATAL altitudes (60-180hPa) has little impact on clear-sky
shortwave heating rates. We therefore omit it from most of the following analysis.

ATAL aerosols are spread throughout the upper-level monsoon anticyclone at 100 hPa
(Fig. 1a), with the largest concentrations along the southern flank near 370 K-375K po-
tential temperature (~110hPa; Fig. la—c). This distribution can be attributed to two
key factors. First, the main convective sources of the ATAL as identified for MERRA-
2 by W. K. M. Lau et al. (2018) are located upstream of the elongated maximum along
the southern flank. Second, strong baroclinicity across the northern part of the anticy-
clone (the subtropical westerly jet) locates potential temperature surfaces at higher pres-
sures (lower altitudes) in the north than in the south, while mean diabatic heating is pos-
itive but weak outside of deep convection (~0.5 K day~!; Tegtmeier et al., 2022, their
Figs. 8.59-8.60). Transport within the anticyclone is mostly quasi-isentropic, with ascent
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a JAS-mean 100 hPa aerosol mass mixing ratio (BC+OC+S04)

b JAS-mean slice 87.5°-90°E
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Figure 1. Distributions of sulfate, organic carbon, and black carbon aerosol mass mixing
ratios based on the MERRA-2 aerosol reanalysis (a) as a function of latitude and longitude

on the 100 hPa isobaric surface, (b) as a function of latitude and pressure along the 87.5°E—
90°E longitude band, (c) as a function of longitude and pressure along the 22.5°N-25°N latitude
band, and (d) as an area-average profile within 87.5°E-90°E and 22.5°N-25°N for July, August,
and September 2011-2020. (e) Mean evolution of aerosol profile (lower panel) and partial col-
umn (vertically-integrated over 180-60 hPa; upper panel) within 87.5°E-90°E and 22.5°N-25°N
from 1 May to 30 September 2011-2020. Streamlines in (a) show the upper-level anticyclone at
100 hPa based on MERRA-2. Contours in (b), (c), and (e) show potential temperature surfaces
spanning the upper troposphere and lower stratosphere. Dashed line in (d) represents sum of
sulfate, black carbon and organic carbon in December 2007 — January 2008. Shaded regions in
(d) and (e) illustrate the relative abundances of black carbon (brown), organic carbon (green),

and sulfate (purple) aerosol.
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upward along isentropes in the east (where flow is north-to-south) and descent in the west
(where flow is south-to-north). The isobaric aerosol distribution therefore shows larger
values where the 370 K-375 K isentropic layer outcrops.

Cross-sections of mean ATAL vertical structure over July—September 2011-2020
are shown for the north-south (averaged zonally across 87.5°E-90°E; Fig. 1b) and east-
west (averaged meridionally across 22.5°N-25°N) directions. The north-south cross-section
cuts across the nominal center of the anticyclone above the eastern Tibetan Plateau, while

the east-west cross-section slices eastward along the southern flank of the anticyclone (Fig. 1a).

These cross-sections show a clearly defined ATAL peaking near the 370 K potential tem-
perature surface (~110 hPa along the east-west cross-section). This enhanced aerosol layer
is fed by convective uplift between 20°N and 30°N with centers within 70°E-90°E (North
India) and 105°E-115°E (Sichuan Basin and southern China; Fig. 1c). The aerosol max-
imum in the north-south cross-section largely follows isentropic contours (Fig. 1b) de-
spite long transport distances around the anticyclone from the convective source regions.
Enhanced aerosol loading in this altitude range develops mainly from the beginning of
June and persists through the end of September, with the largest values in late August
and early September.

Compared with W. K. M. Lau et al. (2018), our results suggest an additional ‘chim-
ney’ over southern China (~110°E; Fig. 1c), which is broader and shifted to the south-
east relative to the Sichuan Basin source highlighted in their results. This peak could
indicate persistent southeastward transport from the Sichuan Basin; however, the mean
upper-level flow from the Sichuan Basin is southwestward (see also K.-O. Lee et al., 2021).
We note further that W. K. M. Lau et al. (2018) analyzed only one monsoon season (May—
August 2008) and did not include sulfate. There are thus several possible reasons for the
difference between our results and theirs. First, it could be due to interannual variabil-
ity in convective sources over East Asia (e.g., strong influences of convection over south-
ern China during summer 2017; Bucci et al., 2020). Second, although local maxima in
OC and BC are evident in that region (Figs. S3 and S4 in Supporting Information), they
are much weaker than those over South Asia, and the chimney-like connection to the tro-
posphere as in Fig. 1 appears only for sulfate (Fig. S5 in Supporting Information). Fi-
nally, the mean seasonal cycle in our core region, downstream of convection over south-
ern China, suggests that sulfate loading in the ATAL is relatively small through most
of July before increasing in August and peaking in early September (Fig. Sbe in Sup-
porting Information). This seasonality may reflect a strengthening convective source over
southern China as the Fast Asian monsoon rainband retreats, changes in the efficiency
of sulfate removal by deep convection over the Bay of Bengal (which starts early and peaks
in July), or some combination of the two.

Within the MERRA-2 ATAL as defined in this work (60-180hPa), sulfate is the
largest component by mass fraction (43-61% for the ATAL column over the seasonal cy-
cle; upper part of Fig. le). OC is next largest (28%-48%), with BC mass fractions smaller
than OC by about a factor three (9%—16%). Notably, the hydrophilic component of OC
is approximately in steady state through the monsoon development cycle (Fig. Sde), with
the OC column almost completely hydrophilic in May and subsequent changes dominated
by changes in the hydrophobic component. Here the ATAL column is obtained by in-
tegrating across the depth of the layer in pressure coordinates:

1 Pt
CataL = — / Gaerdp (1)
9 Py

where ¢ = 9.8ms~? is the gravitational acceleration, p, = 180 hPa is the base of the
layer, p; = 60 hPa is the top of the layer, and g, is the aerosol mass mixing ratio. The
OC and BC column masses calculated in this way are highly correlated (r = 0.75) but
the majority of this is in the spatial dimension (r = 0.88), with much smaller covari-
ability in time (r = 0.59). OC and sulfate are also highly correlated (r = 0.64), with



320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

339

340

341

2000

- 566860680000004.,

ATAL [pg m™2] o
w
o
o

o

=
o o]
o o

-
N
o

Pressure [hPa] T

140

10°N 15°N 20°N 25°N 30°N 35°N 40°N 45°N 50°N

10°N 15°N 20°N 25°N 30°N 35°N 40°N 45°N 50°N

Figure 2. Variations in latitude of (a) distributions of daily-mean vertically-integrated aerosol
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sure) defined as the daily-mean center-of-mass (50% of ATAL mass both above and below); and
(c) the soot (grey), water soluble (blue), and insoluble (purple) fractions of ATAL aerosol in 2.5°
latitude bins along the 87.5°E-90°E longitude band. Minimum and maximum soot and insoluble
fractions are indicated by thin grey and purple bars, respectively. Pink contours in (b) show po-

tential temperature surfaces.

roughly equal correlations in space and time, while BC and sulfate are only weakly cor-
related (r = 0.36), especially in time (r = 0.22). Similar ranges of relative concentra-

tion are obtained for the mean vertical profile over July—September (Fig. 1d), with sul-
fate ratios ranging from 50% near the base of the layer at 180 hPa to 60% near the top

of the layer at 60 hPa. OC mass fractions are consistently around 30% (28-33%) through
the depth of the ATAL, while BC mass fractions decrease by half from the base of the
layer (16%) to the top of the layer (8%). Given the weak temporal correlations and dif-
ferent vertical distributions of BC and sulfate within the ATAL, we treat these two species
as nominally independent in setting up the idealized simulations below.

Figure 2 displays summary information about variations in selected ATAL prop-
erties by latitude along the same north-south cross-section as Fig. 1b. ATAL amplitude
(Fig. 2a), calculated daily according to equation 1, peaks along the southern flank of the
anticyclone around 20°N-25°N (Fig. 2a). The largest variations in daily-mean amplitude
are located slightly south of the peak values (15°N-22.5°N) where, despite smaller me-
dian values, large outliers on the high end indicate episodes of strong convective uplift
of polluted air. Variance reduces sharply with latitude northward of 35°N.

We estimate the daily height of the aerosol layer as its ‘center of mass’. This is cal-
culated by first integrating aerosol partial columns:

C(p) = ; / " duerdp @)

for pp < p < py, then calculating the ratio of C(p) relative to Carar, (equation 1), and
finally linearly interpolating the ratio in In(p) to find the pressure associated with the
ratio 0.5 (pecom). The results are not qualitatively sensitive to ratios between 0.25 and
0.75. Defined in this way, ATAL height decreases (pcom increases) from south to north,
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Figure 3. Asin Fig. 2 but for variations in longitude within the 22.5°N-25°N latitude band.

with the largest variability at low latitudes. Daily-mean heights frequently lie above 370 K
at all latitudes, with a few examples even reaching 400 K. ATAL heights are very con-
sistent across the southern part of the anticyclone (20°N-30°N). Lower heights north of
30°N can be explained at least in part by the northward decline of isentropic surfaces
toward higher pressures.

Relative composition of the mean ATAL layer is shown in Fig. 2¢, here converted
from the MERRA-2 species classification (sulfate, OC, BC) to the OPAC optical prop-
erties classification (WASO, INSO, SOOT). WASO is the largest fraction through the
entire domain, consisting of sulfate and the hydrophilic components of OC and BC. SOOT
(hydrophobic BC) and INSO (hydrophobic OC) fractions increase northward from low
latitudes to 27.5°N, above the south slope of the Himalayas, and then decrease north-
ward to the northern flank of the anticyclone around 40°N (the subtropical westerly jet).
Distributions north of 40°N show little variability and are almost completely composed
of sulfate. We therefore assume these distributions to be representative of extratropi-
cal stratospheric background aerosol and omit them from further analysis.

Average ATAL amplitude is fairly consistent as a function of longitude within the
22.5°N-25°N latitude band (Fig. 3a), although peaks in variance are evident around the
two convective centers over North India (80°E-85°E) and southern China (105°E-115°E).
Variance is especially large over the latter region, where the largest values of daily-mean
Catar exceed 2000 pgm~—2. Variations in ATAL height across longitudes (Fig. 3b) ap-
pear to be linked mainly to dilution and enhanced removal of the lower part of the layer
by strong convection over the Bay of Bengal (near 90°E) and South China Sea (near 120°E).
Composition fractions are consistent with the hypothesis that convection over North In-
dia (and the Sichuan Basin upstream) represent the main sources of carbonaceous aerosols,
as the INSO and SOQOT fractions are largest westward of 100°E. By contrast, the con-
vective source over southern China has little impact on the relative concentrations of INSO
and SOOT, consistent with this source providing mainly water soluble aerosols to the
ATAL as represented in MERRA-2.
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Figure 4. Mean seasonal evolution of (a) clear-sky shortwave heating and (b) the ATAL effect
on clear-sky shortwave heating based on the MERRA-2 aerosol reanalysis. Radiative heating

is calculated using offline radiative transfer simulations that account for seasonal changes in
temperature, water vapor, ozone, ATAL aerosol (within 60-180hPa), surface albedo, and the
daily minimum solar zenith angle during 1 May—-30 September 2011-2020. Heating rates have
been divided by the Exner function to convert 97/t to 6 for ease of comparison to potential

temperature contours.

3.2 Idealized simulations of ATAL effects on radiative heating

In this section, we summarize the results of offline radiative transfer calculations
targeting different properties of the ATAL (Table 1). For context, Figure 4 shows the
mean seasonal cycle of simulated shortwave heating for a clear-sky atmosphere with aerosol
above the core region (22.5°N-25°N, 87.5°N-90°N), along with the aerosol contribution
to this heating based on the evolution of ATAL aerosols shown in Fig. le. The ATAL
radiative effect on clear-sky shortwave heating in this region grows slowly from mid-May
before increasing sharply in mid-June (Fig. 4b). Aerosol effects on clear-sky shortwave
heating persist at comparable levels until late September. These effects are strongest be-
tween 360 K and 400 K potential temperature, where clear-sky shortwave heating is at
a minimum (Fig. 4a) Overall, the magnitude of the aerosol effect adds an additional heat-
ing of roughly 10% to clear-sky shortwave heating in the 100-150 hPa layer during the
peak monsoon season. Evaluating ATAL effects relative to a wintertime aerosol profile
rather than the no-aerosol profile reduces radiative heating effects by about half (Fig. S6).

Figure 5 shows aerosol effects on the surface flux, TOA flux, and radiative heat-
ing in the UTLS from the perspectives of ATAL amplitude, surface albedo, and solar zenith
angle. The offline calculation for the base profile (i.e., adopting mean conditions for the
core region) is compared to an offline calculation without aerosol and the online calcu-
lation from MERRA-2 in Figure 5a. The general structure of the profile is consistent with
that from MERRA-2, but values are slightly smaller through most of the UTLS. These
differences could result from nonlinearities in how the effects of shortwave absorbers scale;
i.e., comparing an offline radiative calculation based on mean conditions (for which the
cold point, hygropause, and ozone gradient are fixed in the vertical) to a mean of online
profiles calculated from instantaneous conditions (for which the cold point, hygropause,
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Table 1. Summary description of idealized radiative transfer calculations. All simulations

use the same July—September (JAS) 2011-2020 mean atmospheric profile for 22.5°N-25°N

and 87.5°E-90°E from MERRA-2. The base aerosol profile is similarly defined as JAS-mean
BC+0C+S04 within 60-180 hPa. Carar refers to aerosol column mass (eq. 1); Prfarar to the
variation of aerosol type mass fractions with height; WASO, INSO, and SOOT to mass fractions
of each aerosol type; SZA to solar zenith angle; and ALB to surface albedo.

Experiment CATAL PrfaTar WASO INSO SOOT SZA® ALB? Figure

amplitude nxbaseb base base base base 0° 0.15 Fig. 5b
solar base base base base base 0-80° 0-0.25 Fig. 5¢c
diurnal nxbase? base base base base 15 Aug® 15 Aug® Fig. 6
composition base constant 0.6-1 0-0.4 0-0.2 0° 0.15 Fig. 7
height selected® base selected  selected  selected 0° 0.15 Fig. 8
validation product product  product product product 0° 0.15 Fig. 12

@ Solar parameters for TOA and surface fluxes specified as for Dhaka, Bangladesh on 15 August.
b n is a multiplier between 0.1 and 4.

¢ Daily mean profiles in each height bin are randomly selected from July—September 2011-2020.

and ozone gradient may vary in the vertical). They may also result from different assump-
tions about aerosol optical properties, as our conservative approach (assigning hydropho-
bic OC to INSO and hydrophilic OC and BC to WASO) minimizes the absorbing aerosol
fraction. As ATAL effects scale linearly with amplitude and the relative composition of
absorbing versus scattering aerosols (see below), we take the simulated aerosol effect from
libRadtran as representative while accounting for these possible biases when computing
relative effects.

Increasing the solar zenith angle from 0° to 40° has little impact on the ATAL ef-
fect on shortwave heating (Fig. 5¢) owing to compensating effects between decreases in
TOA insolation (proportional to the cosine of solar zenith angle) and increases in path
length (inversely proportional to the cosine) as solar zenith angle increases. The heat-
ing effect weakens substantially as the solar zenith angle approaches 90°. Increasing sur-
face albedo increases the ATAL effect on clear-sky shortwave heating, but these differ-
ences are small and require relatively large changes in the albedo. This sensitivity can
be safely ignored for the clear-sky case in our core region as variations in surface albedo
are small, but may be influential when the aerosol layer overlies thick anvil clouds or land
ice, which are both present in abundance within the Asian monsoon domain. Changes
in the no-aerosol radiative heating rates associated with changes in albedo and solar zenith
angle are not shown, but are accounted for when computing the ATAL radiative effects.

Further context is provided by evaluating ATAL radiative effects across a repre-
sentative diurnal cycle (Fig. 6). Integrated over the day, the upward flux at the nom-
inal top-of-atmosphere (TOA) increases by about 0.04 Wm =2, while the net downward
(absorbed) flux of solar radiation at the surface decreases by about 0.32 Wm~2 (Fig. 6a-
b). The TOA radiative effect is about one third of that reported by Vernier et al. (2015),
who estimated this effect to 0.12 Wm™2. The difference between our estimate and theirs
is further enhanced if we follow their approach and adopt a representative winter aerosol
profile (dashed line in Fig. 1d) as the baseline in place of the no-aerosol case. With the
same diurnal cycle of solar parameters, the decrease in surface absorption is reduced to
0.19 Wm~2 while the change in the upward flux at TOA reverses sign to —~0.04 Wm™2.
The larger decrease in the surface effect relative to TOA implies a reduction in the ATAL
heating, as seen also in Fig. S6 in comparison to Fig. 4. The difference in TOA effect in
our calculations relative to that reported by Vernier et al. (2015) can be largely attributed
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Figure 5. Radiative heating profiles calculated for (a) the no-aerosol (blue), base (purple;
ATAL aerosol as in Fig. 1d within 60-180 hPa only), and base+dust (grey dash-dot line) profiles;
(b) different ATAL amplitudes ranging from 0.5Xxbase to 4xbase without changing relative com-
position; and (c¢) for the base profile at selected values of solar zenith angle (SZA) and albedo
(a); profiles in panels a and b are based on SZA =0 and a=0.15. MERRA-2 clear-sky shortwave
heating for local mid-day (04:30-07:30 UTC) is shown in c for comparison. Input data other than
aerosols are specified as mean values for JAS 2011-2020 in 22.5°N-25°N and 87.5°E-90°E.

to the inclusion of BC (only OC and sulfate were considered in the calculations by Vernier
et al., 2015), which enhances atmospheric absorption. We can retrieve a TOA effect of
0.12W m~2 by raising the WASO fraction to 96% or higher (Fig. 7a), lowering the SOOT
fraction to less than 2% (Fig. 7¢), or increasing the base ATAL amplitude by a factor

3 (Fig. 6a). This last result underscores the linearity of the ATAL effect at both TOA
and surface. Moreover, it highlights the relatively weak radiative impacts of dust within
the ATAL. Including dust within the ATAL as represented by MERRA-2 for the core
region increases the amplitude (i.e., the column mass per unit area) by a factor of 2.8,

but only alters the TOA and surface effects by ~10%, far less than scaling the base am-
plitude by a similar amount. As the additional decrease in surface absorption due to dust
(~0.03 Wm~2) is partially compensated by increased upward flux at TOA (~0.01 Wm~2),
its effect on radiative heating within the ATAL vertical range is very weak (Fig. 5a).

Diurnal variations in the ATAL effect on clear-sky shortwave heating are small over
daylight hours (Fig. 6d). The largest sensitivities are found for the middle of the day,
but effects are comparable in magnitude during the daytime except just after sunrise and
just before sunset. Accordingly, given ~13 hours of daylight, the mean ATAL effect on
clear-sky shortwave heating integrated over 24 h is approximately half of that calculated
for mid-day. To better emphasize the ATAL forcing on shortwave heating during day-
light hours, we adopt a solar zenith angle of 0° for all further calculations and compar-
isons of radiative heating. By contrast, flux effects at TOA and surface are all integrated
over 24 h to facilitate comparison with previous work.

We evaluate the effects of ATAL composition by holding the total concentration
of anthropogenic aerosols fixed while changing the proportions of different species (Fig. 7).
The ratios of all three species are vertically homogeneous in each experiment included
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Diurnal variations of ATAL effects on clear-sky shortwave fluxes at (a) the top-

of-atmosphere (TOA) and (b) clear-sky shortwave fluxes at the surface for ATAL amplitudes

ranging from 0.1xbase to 4xbase; (c¢) diurnal variations in albedo (line) and solar zenith angle
(bars), and (d) diurnal variations in ATAL effects on clear-sky shortwave heating for the ATAL
base profile (aerosol within 60-180 hPa distributed as in Fig. 1d). All effects are calculated rel-

ative to no-aerosol simulations with matching solar parameters. Daily-mean values for ATAL

effects on TOA flux, surface flux, and radiative heating are shown along the right margins of the
corresponding panels, with values for the base profile highlighted. The 10*" and 90" percentiles
of ATAL column mass (eq. 1) for the core region in MERRA-2 are marked, as are the TOA and
surface effects of including dust in addition to the base ATAL (grey stars).
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Figure 7. Variations in (a)—(c) top-of-atmosphere (TOA) shortwave flux anomalies, (d)—(f)

vertical profiles of shortwave radiative heating in the tropopause layer, and (h)—(j) net surface

shortwave flux anomalies under clear-sky conditions as a function of variations in the fractions of

(a,d,h) water-soluble, (b,e,i) insoluble, and (c,f,j) soot relative to total aerosol. Mass fractions of

each aerosol type are constant in height for each experiment. Heating rate profiles are calculated

assuming a solar zenith angle of zero and a surface albedo of 0.15; TOA and surface fluxes are

daily-mean values as in Fig. 6. Differences in heating relative to the no-aerosol case are shown
as shaded regions on the left of panels d—f. The 10" and 90*" percentiles of daily-mean ATAL

column mass in the core region are marked as grey dashed vertical lines in panels 1-c and h—j,

along with the base column mass (vertical purple line) and the TOA (a—c) or surface (h—j) flux

effect calculated for base (dashed horizontal purple line).
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in Fig. 7, resulting in different vertical structures relative to the base profile. Among the
three OPAC aerosol types (WASO, INSO, SOOT), SOOT has the largest impact on ra-
diative heating despite its small proportion (Fig. 7c). This large effect on clear-sky short-
wave heating is consistent with its large capacity to absorb solar radiation (Samset et

al., 2018). Compared to the other two types, SOOT has larger extinction coefficients across
the solar spectrum and a consistently small single-scattering albedo, averaging ~0.2 for
wavelengths less than 1 um (Hess et al., 1998). Extinction coefficients for WASO are ap-
proximately half of those for SOOT but with single-scattering albedos close to 1, while
extinction coefficients for INSO are small by comparison (~10% of those for WASO) with
single-scattering albedos of approximately 0.8. The sensitivities in Fig. 7 may thus be
understood as resulting largely from competition between a large fraction of scattering
aerosols with moderate extinction coefficients and a small fraction of absorbing aerosols
with large extinction coefficients. Increases in the former result in larger backscattering
to the TOA (Fig. 7a), reduced ATAL heating near the tropopause (Fig. 7d), and a weaker
reduction of net downward flux at the surface (Fig. 7h). Increases in the latter result in
smaller backscattering (Fig. 7c¢), enhanced ATAL heating near the tropopause (Fig. 7f),
and a stronger reduction of net downward flux at the surface (Fig. 7j). Although the INSO
component is about twice as large as that for SOOT, small extinction coefficients mean
that its impact in these scenarios is mainly to proportionately reduce both the absorb-
ing and scattering effects while having little radiative impact itself. Note that brown car-
bon, as the absorbing component of OC (Samset et al., 2018), is not considered in these
simulations, and hydrophilic BC is apportioned to WASO. Increasing the SOOT frac-
tion as in Fig. 7f may thus be considered as a crude approximation to partitioning part

of the hydrophobic OC to SOOT rather than INSO, or as retaining the hydrophilic frac-
tion of BC in SOOT (Rémy et al., 2019).

Figure 8 shows results from sensitivity experiments evaluating the effects of vary-
ing the ATAL height. Here, height is defined as the ‘center-of-mass’ pressure level (pcom)
for which 50% of the ATAL column by mass is located both between 60 hPa and peom
and between peom, and 180 hPa. For reference, peom for the base profile is 112 hPa (Fig. 8c).
Six height bins are defined, each with ten randomly selected daily-mean profiles for which
Peom is within £0.5 hPa of the specified level. Although total aerosol mass is the same
in all simulations (Table 1), ATAL vertical structure (Fig. 8c) and composition (Fig. 8a-
b) show substantial differences even within individual bins. These differences illustrate
the scale of day-to-day variability in the ATAL as represented by MERRA-2. No clear
dependence on ATAL height is evident in effects on either the TOA and surface fluxes
or the tropopause-layer radiative heating. Instead, the results highlight the crucial in-
fluence of aerosol composition. Height bins for which a greater number of profiles have
large SOOT mass fractions and small WASO mass fractions show a weaker enhancement
of upward flux at the TOA, a stronger reduction in downward flux at the surface, and
a larger influence on radiative heating near the tropopause. These relationships are repli-
cated within each individual height bin (Fig. 8a-b).

The results shown in Fig. 8 exclude interdependence of height and amplitude by
design. These two variables are significantly correlated in this region (r = 0.62) so that,
on average, lower heights (larger peom) are associated with a larger aerosol mass per unit
area. We have previously shown that higher ATAL heights are mainly found where mar-
itime deep convection may dilute or wash out the lower part of the aerosol layer (Fig. 1c;
Fig. 3b). The relationships shown in Fig. 5b thus imply that aerosol effects on shortwave
fluxes and heating rates are likely overestimated for height bins with pcom < 112hPa
and underestimated for height bins with pcom > 112hPa in Fig. 8. Simulations based
on varying the height of the peak aerosol concentration with composition fixed as in the
base profile show a weak dependence on height (Fig. S7 in Supporting Information), with
lower peaks associated with a weaker enhancement in upward flux at the TOA, a stronger
reduction of downward shortwave flux, and an increase and downward shift of the max-
imum response in shortwave heating. However, these results also contain the influence
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