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Abstract. A layer of aerosols has been identified in the upper
troposphere and lower stratosphere above the Asian summer
monsoon (ASM) region, typically referred to as the Asian
Tropopause Aerosol Layer (ATAL). This layer is fed by at-
mospheric pollutants over southern and eastern Asia lifted to
the upper troposphere by deep convection in summer. The
radiative effects of this aerosol layer change local temper-
ature, influence thermodynamic stability, and modulate the
efficiency of air mass vertical transport near the tropopause.
However, quantitative understanding of these effects is still
very poor. To estimate aerosol radiative effects in the up-
per troposphere and above, a set of radiative kernels is con-
structed for the tropical upper troposphere and stratosphere
to reduce the computational expense of decomposing the dif-
ferent contributions of atmospheric components to anomalies
in radiative fluxes. The prototype aerosol kernels in this work
are among the first to target vertically resolved heating rates,
motivated by the linearity and separability of scattering and
absorbing aerosol effects in the ATAL. Observationally de-
rived lower boundary conditions and satellite observations of
cloud ice within the upper troposphere and stratosphere are
included and simplified in our Tropical Upper Troposphere—
Stratosphere Model (TUTSM). Separate sets of kernels are
derived and tested for the effects of absorbing aerosols, scat-
tering aerosols, and cloud ice particles on both shortwave
(solar) and longwave (thermal) radiative fluxes and heating
rates. The results indicate that the kernels can reproduce

aerosol radiative effects in the ATAL well. Similarly, these
aerosol kernels could be used to simulate radiative effects
of biomass burning and volcanic eruption above the tropo-
sphere. This approach substantially reduces computational
expense while achieving good consistency with direct radia-
tive transfer model calculations, and it can be applied to mod-
els that do not require high precision but have strict require-
ments for computing speed and storage space.

1 Introduction

As one of the most uncertain and complicated factors in at-
mospheric simulation and climate projection, aerosol plays
an important role in the atmospheric radiation budget (Ku-
niyal and Guleria, 2019; IPCC, 2021). To analyze heat bal-
ance and temperature changes, researchers often need to sim-
ulate the radiation effects of aerosols (Briihl et al., 2018; Ge
etal., 2022). A radiative kernel approach (Soden et al., 2008;
Shell et al., 2008; Zelinka et al., 2012; Sanderson and Shell,
2012; Huang et al., 2017, 2024) could help to facilitate sen-
sitivity studies on the direct radiative effects of aerosols.
Soden and Held (2006) defined a radiative kernel method
that relates the expected changes in radiative fluxes to stan-
dardized changes in a radiatively relevant constituent or
property. Radiative kernels thus represent the leading term
or terms in a Taylor series expansion of the radiative re-
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sponse to a perturbation from a given reference state. They
have been demonstrated to be useful for understanding the
sensitivity of the Earth’s radiative balance to changes in at-
mospheric composition and other radiative forcing factors,
including aerosols. Kernels consist of precomputed sensi-
tivities that relate changes in atmospheric constituents to
changes in radiative fluxes. Assuming these radiatively rele-
vant factors are mutually independent, radiative kernels make
it possible to separate the total climate feedback into distinct
components (e.g., Zelinka et al., 2012). This decomposition
approach provides a powerful framework for identifying the
spatiotemporal characteristics of climate feedbacks and di-
agnosing the reasons for intermodel discrepancies in feed-
back strength (Soden et al., 2008). With these usages, radia-
tive kernels are often used to calculate climate feedbacks in
coupled model simulations, under the assumption that the ra-
diative response to changes in the variable of interest is linear
(Sanderson et al., 2009; Jonko et al., 2012). When aggregated
globally, these radiative effects of different factors can be ap-
proximated by radiative kernel functions with an accuracy
of £5% at greatly reduced computational costs relative to
direct radiative transfer calculations (Soden and Held, 2006;
Soden et al., 2008).

Matus et al. (2019) used aerosol radiative kernels based
on observations to estimate anthropogenic aerosol radiative
forcing. Their aerosol kernels, which assumed a simple lin-
ear relationship between changes in aerosols and changes in
radiative flux, produced results in reasonably good agree-
ment with CMIP5 simulations. Thorsen et al. (2020) pro-
posed a set of top-of-atmosphere (TOA) shortwave aerosol
radiative kernels to reduce uncertainty in remote sensing cal-
culations. They calculated kernels based on aerosol extinc-
tion coefficient, single-scattering albedo (SSA), and asym-
metry factor, under the assumption that aerosol direct radia-
tive effects are linear and can be approximated without ad-
ditional radiative transfer calculations. The aerosol radiative
kernels are calculated by perturbing each variable to validate
the linear assumption. After simplifying the vertical struc-
ture of aerosol scattering properties, they estimated the devia-
tion of clear-sky aerosol radiative kernels to be —0.06 W m—?
globally, increasing to —0.22Wm™2 under all-sky condi-
tions. The radiative kernel based on extinction coefficient
was more than 30 times larger than those based on single-
scattering albedo or asymmetry factor. Moreover, thin cloud
layers were found to have larger influences on aerosol ra-
diative effects than thick cloud layers. Aerosol kernels cal-
culated from the Modern-Era Retrospective analysis for Re-
search and Applications, Version 2 (MERRA-2), were also
compared with observations of Clouds and the Earth’s Radi-
ant Energy System (CERES) by Kramer et al. (2021). The
results showed similar spatial patterns, with differences re-
sulting mainly from different trends in aerosol optical depth
(AOD). These results establish the viability of aerosol radia-
tive kernels for TOA fluxes under the linear assumption.
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Previous applications of the radiative kernel method have
focused almost exclusively on TOA and surface radiative
fluxes, ignoring aerosol radiative effects in the upper tropo-
sphere and stratosphere, which can be important in some re-
gions. The upper troposphere and lower stratosphere above
the Asian summer monsoon (ASM) contain higher concen-
trations of aerosols and other tropospheric pollutants com-
pared with other regions at similar latitudes (Dethof et al.,
1999; Randel and Park, 2006; Park et al., 2007; Brunamonti
et al.,, 2018). Much of the air within this region can be
traced back to the boundary layer over southern and east-
ern 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 the formation
of an Asian Tropopause Aerosol Layer (ATAL) (Neely et al.,
2014; Yu et al., 2015; Vernier et al., 2018; Bian et al., 2020).
As an important pathway for air mass exchange between the
troposphere and stratosphere (Pan et al., 2016; Yan et al.,
2019; Bian et al., 2020), the ASM contributes up to 10 % of
annual global mass transport upward across the tropopause
(Ploeger et al., 2017; Shi et al., 2018; Yan et al., 2019). As
radiative heating contributes to variations in both local tem-
perature and vertical motion, accurate estimates of radiative
heating in the upper troposphere and stratosphere are essen-
tial to understand mass transport above the ASM. Enhanced
aerosol concentrations in the upper troposphere and lower
stratosphere can alter radiative heating at the tropopause level
both directly through their interactions with radiative fluxes
(Toohey et al., 2014; Vernier et al., 2015; Yu et al., 2015; Fad-
navis et al., 2017, 2019) and indirectly through their interac-
tions with clouds (Su et al., 2011; Dong et al., 2019; Fad-
navis et al., 2019). However, the practical impacts of these
aerosol effects depend in large part on the composition and
vertical structure of the aerosol layer (Gao et al., 2023), both
of which are highly variable (Hanumanthu et al., 2020) and
poorly constrained (Bian et al., 2020). A flexible method for
estimating aerosol effects on radiative heating in this region
is thus highly desirable.

Assessments of troposphere-to-stratosphere mass ex-
change in the ASM region are typically based on Lagrangian
models driven by reanalysis products (Fueglistaler et al.,
2005; Wright et al., 2011; Ploeger et al., 2017; Niitzel et al.,
2019; Yan et al., 2019). However, even the few reanalysis
products that include interactive aerosols omit cloud—aerosol
interactions near the tropopause. Because kernel coefficients
are pre-calculated, aerosol radiative kernels would permit
rapid estimates of aerosol effects on radiative heating and
fluxes under different distributions and compositions of the
ATAL and would reduce reliance on the reanalysis products.
The main goal of this work is to construct a set of aerosol
radiative kernels focused on radiative heating in the upper
troposphere and stratosphere (UTS), which can quantify the
local radiative effects of the ATAL and other high-altitude
aerosol layers. Extension of the kernel framework to verti-
cally resolved radiative fluxes and heating rates is one of the
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main novelties of this work, requiring extensive validation
(see also Huang et al., 2024).

The data and the radiative and transfer model used in this
paper are introduced in Sect. 2. The development of the ker-
nels, including key assumptions and feasibility tests, is de-
scribed in Sect. 3. The reference state, kernel distributions,
and validation of both shortwave and longwave kernels are
presented in Sect. 4. The radiative kernels calculated in this
work are applied to the ATAL in Sect. 5, followed by a sum-
mary and discussion of the results in Sect. 6.

2 Data and model

The kernels are calculated by applying radiative transfer
model with reanalysis data as input. For feasibility testing,
input data are taken exclusively from the Modern-Era Ret-
rospective analysis for Research and Applications, Version
2 (MERRA-2), for convenience. However, when calculat-
ing the prototype kernels for application, several variables
are taken from Aura microwave limb sounder (MLS) obser-
vations and from the European Centre for Medium-Range
Weather Forecasts (ECMWF) Reanalysis v5 (ERAS) to ac-
count for known biases in MERRA-2 ozone, water vapor, and
temperature (Davis et al., 2017; Wright et al., 2020; Manney
et al., 2021; Fujiwara et al., 2022). For the final calculations,
we use aerosol concentrations from MERRA-2; water vapor,
ozone, and ice water content from the MLS; and temper-
ature and height from ERAS. Near-tropopause temperature
profiles from ERAS are in good agreement with radio occul-
tation measurements (Tegtmeier et al., 2020). All inputs to
the Rapid Radiative Transfer Model for General Circulation
Models (RRTMG) are interpolated to the MLS vertical levels
(Waters et al., 2006). The longwave and shortwave radiative
fluxes from Clouds and the Earth’s Radiant Energy System
(CERES) satellite data are also used for the validation test.
The datasets included in this work are listed in Table 1.

2.1 Reanalysis products

MERRA-2 is produced by the National Aeronautics and
Space Administration (NASA) Global Modeling and As-
similation Office (GMAO) to cover the satellite era (1980—
present) (Randles et al., 2017). The Goddard Chemistry
Aerosol Radiation and Transport (GOCART) model is used
to simulate aerosols in MERRA-2 by integrating meteorolog-
ical and aerosol observation data into the global assimilation
system (Randles et al., 2017). Aerosols in MERRA-2 are af-
fected by assimilating aerosol optical depth (AOD) from the
Advanced Very High Resolution Radiometer (AVHRR), the
Moderate Resolution Imaging Spectroradiometer (MODIS),
the multi-angle imaging spectroradiometer (MISR), and the
Aerosol Robotic Network (AERONET), but they are not di-
rectly coupled with cloud or convection parameterizations
(Buchard et al., 2015, 2017). Only two-dimensional AOD
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is assimilated in MERRA-2 so that the vertical profiles and
composition of aerosols are dominated by the model. To con-
struct the kernels, we use three-dimensional aerosol mixing
ratios with 14 aerosol type and size classes. We convert these
three-dimensional fields to vertical profiles of layer AOD
with the MERRA-2 lookup table to calculate vertically re-
solved radiative kernels. MERRA-2 is the only current me-
teorological reanalysis in which aerosols interact with radi-
ation calculations (other reanalyses prescribe climatological
distributions or omit aerosol entirely; Fujiwara et al., 2022),
providing an additional way to validate radiative transfer
model output.

The fifth-generation ECMWF atmospheric reanalysis
(ERAS) is a state-of-the-art global atmospheric reanaly-
sis produced by the European Centre for Medium-Range
Weather Forecasts (ECMWEF). It provides a comprehensive
view of the atmosphere by assimilating vast amounts of ob-
servations, including surface and satellite measurements, ra-
diosonde soundings, and aircraft measurements (Bell et al.,
2021). ERAS5 compares favorably with other recent reanaly-
ses, such as MERRA-2, ERA-Interim, and the Japanese 55-
year Reanalysis (JRA-55) (Hersbatch et al., 2020), better rep-
resenting the vertical structure of temperature, ozone, and
water vapor profiles near the tropopause relative to MERRA-
2 (Fujiwara et al., 2022). We therefore use ERAS to set the
atmospheric background state for kernel calculations.

2.2 Observations

The microwave limb sounder (MLS) is an instrument on
board the NASA Aura satellite that uses passive microwave
radiometry to measure the concentration of trace gases, such
as ozone, water vapor, and methane, along with temperature
and cloud ice (Waters et al., 2006). MLS data coverage ex-
tends from August 2004 to the present and spans the upper
troposphere, stratosphere, and mesosphere. The original ob-
jective of the MLS was to detect chlorine monoxide (ClO),
which is emitted by industrial activity and can contribute to
ozone loss (Manney et al., 2020), but the products have be-
come enormously valuable for studying chemical and physi-
cal processes in the middle and upper atmosphere.

The Clouds and the Earth’s Radiant Energy System
(CERES) instruments on the Terra and Aqua spacecraft have
provided measurements of global TOA fluxes since March
2000. Filtered broadband fluxes measured by CERES span
the spectral range from 0.3—11.8 um and include both short-
wave (0.3-5um) and window (8.1-11.8 um) regions. This
study uses version 4.3 of the CERES synoptic 1° (SYN1deg),
which uses calibrated TOA fluxes from geostationary satel-
lites and model simulations to fill gaps in the diurnal cy-
cle not measured by Terra or Aqua CERES instruments
(Doelling et al., 2016). The CERES SYNldeg product in-
cludes observed and simulated TOA fluxes, simulated sur-
face fluxes, and simulated fluxes at selected vertical levels,
along with cloud properties and aerosols from MODIS. The
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Table 1. Datasets used in RRTMG.

Aerosol

Atmospheric component

Validation

MERRA-2 (dust, organic carbon,
black carbon, sulfate)

MLS (cloud ice, water vapor, ozone)
ERAS (height, temperature)

CERES (shortwave and longwave
radiative flux)

data are provided on a 1° x 1° horizontal grid at temporal
resolutions ranging from hourly to monthly.

2.3 Radiation model

We adopt the Rapid Radiative Transfer Model for GCMs
(RRTMG) to calculate the radiative kernels. RRTMG uses
a correlated-k approach to calculate radiative fluxes and
heating rates (Mlawer et al., 1997). Shortwave and long-
wave radiative transfer are simulated using two separate
tools, RRTMG_SW and RRTMG_LW, with respective spec-
tral ranges of 825-50000cm~! (0.2-12.2um for wave-
length) and 10-3250cm™" (3.08-1000 um for wavelength).
The models account for absorption, emission, and scattering
of radiation by atmospheric gases, aerosols, and clouds, in-
cluding water vapor, CO,, ozone, N>O, methane, and some
common halocarbons (Mlawer et al., 1997).

RRTMG has been implemented in a variety of atmo-
spheric models, including the GEOS-Chem chemical trans-
port model (Heald et al., 2014), the Weather Research and
Forecasting (WRF) Model (Skamarock and Klemp, 2008),
and the Community Earth System Model (CESM; Hurrell
et al., 2013). As a result, RRTMG is a well-validated radia-
tive transfer model that has contributed significantly to our
understanding of the Earth’s energy balance and climate sys-
tem. Input data required by RRTMG include basic conditions
(such as solar zenith angle, insolation, surface emissivity, and
temperature), concentrations of some atmospheric compo-
nents (such as CO,, H,O, O3, and N,0O), aerosol and cloud
concentrations, and optical properties.

In addition to aerosols, cloud ice also has important im-
pacts on the radiative balance near the tropopause. Ice clouds
that form in the upper troposphere due to convective detrain-
ment or cooling during slow ascent impact the upward fluxes
of shortwave and longwave radiation in the stratosphere. We
therefore evaluate the potential for cirrus cloud radiative ker-
nels to represent the radiative effects of cloud ice near the
tropopause in comparison to aerosols. To do this, we describe
cirrus cloud ice using an aerosol-type input file that specifies
optical depth, single-scattering albedo, and asymmetry fac-
tor. These optical properties of cirrus cloud ice are parame-
terized following the equations suggested by Fu (1996) and
Fu et al. (1998).

Geosci. Model Dev., 18, 2569-2586, 2025

3 Kernel feasibility and testing
3.1 Linearity assumptions

Radiative kernels can be regarded as sensitivity parameters
or functions that encode the response of radiative fluxes
to a standardized perturbation of a specific radiatively ac-
tive component relative to a reference condition. Although
nonlinear kernels can be constructed (Bani Shahabadi and
Huang, 2014; Huang and Huang, 2021), most kernels assume
that the perturbations of interest can be linearized (Soden and
Held, 2006; Soden et al., 2008; Shell et al., 2008; Kramer
et al., 2019). Linear kernels have previously been used to
represent the sensitivity of radiative fluxes to aerosol types
and concentrations (Thorsen et al., 2020). Key motivations
for using the linear assumption include simplicity and con-
venience, as well as reduced computational cost. Moreover,
linear kernels have proven to be accurate across many appli-
cations.

The aerosol radiative kernels proposed in this work are cal-
culated based on the following equation (Huang et al., 2017):

oR
T ooax
in which k, is the precomputed kernel sensitivity parameter
for the radiative component x and R is the radiative flux or
radiative heating rate. In this work, x represents aerosol op-
tical depth (AOD). It should be noted that aerosol radiative
kernels defined in this way only encode the direct radiative
forcing due to aerosol and that they do not include any corre-
sponding variations in clouds or albedo. Kernels are used to
estimate changes in radiative forcing relative to a reference
state. The perturbed radiative flux or heating rate can be cal-
culated by the linear kernel as k, Ax, where Ax represents
the difference in variable x relative to the reference state.

To evaluate the linearity of aerosol radiative effects, we
test the sensitivity by increasing the total column aerosol op-
tical depth in the core region of the ATAL (20-25°N, 85—
90°E), where the aerosol concentration is large, incremen-
tally from its average value to 10 times its average value.
The corresponding variations in net flux at the TOA, net flux
at the surface, and heating rate at the tropopause above the
ASM are shown for clear-sky conditions in Fig. 1 and all-sky
conditions in Fig. S1 in the Supplement. The solar zenith an-
gle has a large impact on aerosol radiative effects on fluxes
at the surface and TOA (Gao et al., 2023). We therefore eval-
uate shortwave aerosol radiative effects at eight times of day
separated by 3 h intervals. The hours listed in Figs. 1 and S1

ky 6]
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Figure 1. Variations in clear-sky shortwave aerosol radiative effects based on different amplitudes of total AOD (100 %—-1000 %) at 22.5—
25°N, 87.5-90°E for (a) TOA flux, (b) surface flux, and (c¢) heating rate at the tropopause (100 hPa) at eight times of day (time in UTC).
Dotted lines show linear trends extrapolated from the 10 % change between 100 % and 110 % of total AOD. Perturbations to AOD are

uniform within the column.

are reported as UTC times, which are 6h earlier than lo-
cal solar times (UTC+-6). Under clear-sky conditions, radia-
tive effects are strong only at 03:00 UTC (obscured by the
result for 09:00 UTC), 06:00 UTC, and 09:00 UTC (09:00,
12:00, and 15:00 local time). However, the aerosol effects
on TOA and surface radiative fluxes are not well represented
by linear extrapolation when the radiative effects are large.
Aerosol radiative effects on TOA and surface fluxes during
midday hours with small solar zenith angles fit the linear
model only when AOD is within a factor of 2 (at 03:00 UTC
and 09:00 UTC) or 4 (at 06:00 UTC) of its reference state.
When AOD is increased beyond this threshold, the linear as-
sumption results in large overestimates of the radiative effect
because the shading effect of aerosols is close to saturation.
Essentially, most radiation that can be scattered or absorbed
has already been affected by existing aerosol particles, di-
minishing the intensity of SW radiation available for newly
added aerosol particles to attenuate. As a result, aerosol ef-
fects on radiative fluxes no longer follow a linear relationship
with AOD. Similar results are found for all-sky TOA and sur-
face fluxes, where large AOD can even reverse the sign of the
surface flux (Fig. S1). By contrast, aerosol effects on heating
near the tropopause are well represented by a linear model
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throughout the range of AOD tested in these simulations, up
to 10 times the average value.

In summary, the linearity assumption breaks down for
aerosol effects on surface and TOA fluxes when AOD per-
turbations exceed twice the reference value. Therefore, linear
kernels are unsuitable for reconstructing these effects when
perturbations are large. By contrast, linear kernels show ex-
cellent potential for representing aerosol effects on heating at
the tropopause even when perturbations are very large.

3.2 Kernel calculation methodology

Having established the linearity of the aerosol effects and its
limits, there remain many other parameters that can influence
the accuracy of the kernels. We calculate shortwave clear-
sky kernels under different aerosol settings to evaluate these
sensitivities. The ASM core region (22.5-25° N, 87.5-90° E)
is chosen as the reference. The atmospheric reference state
is taken as the July 2019 average from MERRA-2, and the
target state is taken as the July 2020 average.

To separate the radiative effects of absorbing and scat-
tering aerosols, Thorsen et al. (2020) proposed that aerosol
direct radiative effects could be reconstructed using sepa-
rate kernels for AOD, SSA, and asymmetry factor. However,

Geosci. Model Dev., 18, 2569-2586, 2025
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Figure 2. The shortwave radiative effects of aerosol on (a) TOA shortwave radiative flux, (b) surface shortwave radiative flux, and (c) heating
rate at the tropopause attributed to absorbing aerosol optical depth (AAOD; dashed green lines), scattering aerosol optical depth (SAOD;
dashed orange lines), absorbing and scattering aerosol optical depth (total; solid blue lines), and the sum of AAOD and SAOD radiative
effects (dotted red lines). Panel (d) shows time series of the vertically integrated AAOD, SAOD, and total AOD. All panels are based on

3 hourly data from July 2019 in the ASM core region.

SSA and asymmetry factor are less widely used than AOD,
and their results indicated that the influences of these pa-
rameters are relatively small. We therefore test a different
approach, constructing kernels based on absorbing aerosol
optical depth (AAOD) and scattering aerosol optical depth
(SAOD). To test the linear separability of the total AOD ef-
fect into AAOD and SAOD components, changes in TOA
radiative fluxes, surface fluxes, and tropopause heating asso-
ciated with differences in AAOD, SAOD, and total AOD in
July 2019 are plotted in Fig. 2. Because variations in the rel-
ative ratio of AAOD, SAOD, and cloud optical depth (COD)
are small within individual months (Figs. S2-S4), results are
similar for other months. Although AAOD accounts for a
small proportion of the total AOD, it contributes almost all of
the aerosol effect on radiative heating at the tropopause and
makes substantial contributions to aerosol effects on TOA
and surface fluxes as well. Changes in SAOD, which ac-

Geosci. Model Dev., 18, 2569-2586, 2025

counts for 90 % of total AOD, exert substantial effects on
TOA and surface fluxes; however, these effects are similar
in both sign and magnitude. SAOD has little impact on heat-
ing at the tropopause. The significant difference in the impact
of absorbing and scattering aerosols on the radiative heating
rate results from the ability of absorbing aerosols to directly
absorb radiation and convert that absorption into thermal en-
ergy, thereby heating the surrounding atmosphere. While ab-
sorption increases the convergence of radiant energy, scatter-
ing only changes the direction of radiation propagation and
thus contributes little to local radiative heating. The aerosol
effect on downward TOA radiative flux represents a competi-
tion between the positive effect of absorbing aerosol and the
negative effect of scattering aerosol, as illustrated in Fig. S1a.
The sum of AAOD and SAOD radiative effects is in good
agreement with the radiative effect of total AOD, indicating
that it is feasible to reconstruct the total radiative effect from

https://doi.org/10.5194/gmd-18-2569-2025
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Figure 3. The left column shows time series of the sum of absorbing and scattering aerosol radiative effects on (a) TOA radiative fluxes
(positive upward), (b) surface radiative fluxes (positive downward), and (c) tropopause heating. Dashed orange lines are for aerosol radiative
fluxes calculated directly from model outputs, and solid blue lines are for aerosol radiative fluxes calculated using diurnal resolved monthly
aerosol kernels based on AAOD and SAOD as in Eq. (3). The right column shows scatter plots of direct (x axis) and kernel-based (y axis)
aerosol radiative effects on (d) TOA fluxes, (e) surface fluxes, and (f) tropopause heating.

separate kernel representations of AAOD and SAOD effects.
Since our formulation regards cirrus ice particles as aerosols,
the radiative effects of cirrus clouds also conform to this con-
clusion.

For convenience, aerosols are perturbed by increasing con-
centrations by 10 % at each level simultaneously when test-
ing the accuracy of various kernel methods. We change
the timescale and independent variables to calculate kernel;
therefore the parameters of the fitting line in the scatter plot
with original values on the x axis and the calculated kernel
values on the y axis are changed (e.g., Fig. 3d-f), as shown
in Table 2. The closer the slope is to 1, the better the ker-
nel method is. We first calculate monthly kernels of AOD but
find they have a low consistency with direct model output.
As shortwave radiation is largely influenced by insolation
and solar zenith angle, kernels for each time step are needed,
but that method can easily be influenced by specific features
of the reference state. It is therefore necessary to refine the
shortwave kernel calculation method, such as by using care-
fully selected time or spatial averages to set the reference
state.

In Fig. 3, we apply monthly mean AAOD and SAOD ker-
nels to calculate the total radiative effect. Each kernel is cal-
culated as

https://doi.org/10.5194/gmd-18-2569-2025

kr,t _ Rl.lr,t,ref - Rr,t,ref 7 (2)
Tiref X 10%

in which the subscript t indicates the 3 h time step relative
to OUTC and the subscript ref indicates the reference state
(i.e., years 2011-2020). 7 ret is the integrated aerosol optical
depth and may be either AAOD or SAOD. k. is the radia-
tive kernel for AOD, R; i is the radiative flux following a
10 % increase in AOD, and R; is the radiative flux for the
reference state AOD. The kernel for each time step is first
calculated and then averaged monthly, but diurnal variation
remains. Noting that we use i ef X 10% in the denomina-
tor, the total radiative effect at the target time can be recon-
structed as

Rr,t = (TA,t - TA,t,ref) X kA,t + RA,ref + (TS,t - TS,t,ref)

- (3)
X kS,t + RS,ref s

in which ks and kg are the monthly AAOD and SAOD ker-
nels, respectively, and R ref and Rs rer are the monthly av-
eraged AAOD and SAOD radiative effects for the reference
state relative to no-aerosol conditions.

The shortwave kernel and reference aerosol radiative ef-
fects are averaged across different days but retain variations
associated with the diurnal cycle. The 3 h resolution of the
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Table 2. Summary of the shortwave kernel method.

J. Gao et al.: Estimation of aerosol and cloud radiative heating rate in the tropical stratosphere

Timescale Kernel variables Samples in  Slope/RMSE Slope/RMSE  Slope/RMSE
kernel calculation ~ of TOA flux  of surface flux  of heating rate

Monthly AOD 248  0.609/5.161 0.656/12.821 0.952/0.026
Monthly AAOD, SAOD 248  0.693/4.764 0.628/13.068 1.004/0.025
Monthly, diurnal cycle ~AOD 31  0.739/2.611 0.968/7.123 0.907/0.020
Monthly, diurnal cycle  AOD, SSA 31 0.771/2.498 0.946/7.090  0.928/0.017
Monthly, diurnal cycle ~AAOD, SAOD 31 0.914/2.415 0.883/6.819 0.971/0.015

reference state thus yields eight sets of kernels per month e ® o . .

and the requirement that values during local night be manu- ®e® % e® o o

ally set to zero. The agreement in radiative fluxes using this - e e

method is high, and the agreement in heating rate is the best,

with the strong agreement indicated by a regression slope of troposphere

0.971 and a small root-mean-square error (RMSE) of 0.015.
However, for longwave aerosol kernel, scattering aerosol is
not included in RRTMG, so only AAOD kernel is calculated.

4 Kernel in Tropical Upper Troposphere—Stratosphere
Model (TUTSM)

4.1 Assumptions

The reference state of our upper troposphere—stratosphere
aerosol kernel is based on monthly zonal-mean profiles of
atmospheric temperature and trace gases. These choices are
justified by relatively small zonal variations in the mean state
and a weak sensitivity of aerosol effects to background con-
ditions. As outlined in Sect. 2, aerosol concentrations are
from MERRA-2; temperature, height, and surface albedo are
from ERAS; and ozone, water vapor, and cloud ice water
content within the UTS are from the Aura MLS. The monthly
diurnal cycle is resolved at 3 h intervals when computing the
shortwave kernels. The diurnal cycle is not considered when
computing the longwave kernels.

Kernels are constructed for latitude bands at 5° inter-
vals in the tropics (30° S—30° N), with 200 hPa as the lower
boundary when running RRTMG. This Tropical Upper
Troposphere—Stratosphere Model (TUTSM) is schematically
illustrated in Fig. 4. The troposphere is regarded as an en-
tirety responsible only for setting the albedo and longwave
upward radiative flux at the 200 hPa lower boundary (orange
band and red arrows in Fig. 4). Cirrus cloud ice in the UTS
(gray dots) is treated as a separate class of aerosol (brown
dots).

With these assumptions, it is necessary to define the
200 hPa albedo for shortwave radiation along with an effec-
tive tropospheric emission temperature based on the upward
flux of longwave radiation at that level. The albedo at 200 hPa
is calculated as the ratio of shortwave upward flux to down-
ward flux at 200 hPa, written as

Geosci. Model Dev., 18, 2569-2586, 2025

Figure 4. Diagram of the UTS domain for which kernels are con-
structed. The troposphere (blue box) is considered only with respect
to setting the lower boundary conditions at 200 hPa (orange band
above troposphere). Red arrows indicate upward fluxes of reflected
shortwave or emitted longwave radiation from the troposphere. Or-
ange and gray dots represent aerosols and cloud ice in the UTS, and
the latter is also treated as aerosol when running the model.

_ EEsw,up,zoOhPa . @
SW,down,200 hPa

Because of the small optical depth for reflected shortwave ra-
diation in the stratosphere, the albedo calculated at 200 hPa
is almost the same as that calculated at the TOA, as shown
in Fig. S5. Therefore, the TOA albedo can be roughly used
instead of 200 hPa albedo in applications. The emission tem-
perature is calculated from longwave upward fluxes accord-
ing to the Stefan—Boltzmann law:

Te = / ELW,up.2000Pa/0 &)

where T is the emission temperature, Epw,up200hpa 1S
the upward longwave flux at 200hPa, and o =5.67 x
1078 Wm~=2 K2 is the Stefan-Boltzmann constant.

By analyzing joint plots of shortwave and longwave radia-
tive flux at 200 hPa within 30° S-30° N (only Fig. S6 shown
here as a 30°S example), we identify four representative
points with relatively high frequency between 30° S-30° N
(four red stars in Fig. S6). The albedo and emission tem-
peratures calculated from 200 hPa radiative flux are listed in
Table 3 and can be regarded as four reference-state bound-
ary conditions. Four different albedos could broadly rep-
resent four different types of cloud cover in the underly-
ing troposphere, namely clear sky, low cloud, middle cloud,
and high cloud. The upper troposphere—lower stratosphere
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Table 3. 200 hPa boundary conditions for the four representative
tropospheric scenarios.

Albedo  Longwave Emission Scenario
upward flux  temperature

0.1 300 269.7 Clear sky

0.25 290 267.4 Low cloud

0.45 200 243.7 Middle cloud

0.65 140 222.9 High cloud

aerosol kernels are based on these four scenarios, with the
frequency decreasing sequentially.

It should be noted that the shortwave radiation is largely
influenced by time and latitude because of different insola-
tion and solar zenith angle. However, the longwave upward
radiation is independent of those factors. The radiative flux
above 200 hPa is strongly positively correlated with bound-
ary conditions, namely emission temperature at 200 hPa for
longwave, and the correlation coefficients calculated from
CERES are all beyond 0.99 between 30°S-30°N, which
highlights the latitude independence of UTS longwave ra-
diation. Based on this analysis, differently to shortwave, the
longwave kernels are calculated without distinguishing be-
tween time and location.

In summary, the assumptions of the kernel calculations
and applications include the following:

1. The aerosol radiative effect varies linearly within a
range of aerosol optical depth.

2. Due to the fact that the changes in radiatively active
components like water vapor and ozone do not signif-
icantly affect aerosol radiative effects, they are assumed
to have no large variations in UTS.

3. The total radiative effect of aerosols at each level can
be represented as a linear sum of radiative effects as-
sociated with absorbing aerosol optical depth (AAOD),
scattering aerosol optical depth (SAOD), and cloud op-
tical depth (COD).

4. Cirrus cloud ice above the lower boundary (200 hPa)
can be represented as aerosol for radiation calculation.

5. Stratospheric components can be well represented by
their zonal and monthly means.

6. Tropospheric radiative effects can be represented as a
boundary condition.

7. The selected value pairs of 200 hPa albedo and emission
temperature can adequately represent clear-sky, low-
cloud, middle-cloud, and high-cloud tropospheric sce-
narios.
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8. Time and location have no influence on longwave radi-
ation above 200 hPa.

4.2 Validations

To validate the assumption of the TUTSM, we compare
the UTS simulation results with adjusted CERES fluxes at
200hPa and TOA and the results from radiative transfer
model simulations that include the troposphere. The radia-
tive transfer simulations are conducted assuming a clear,
clean troposphere (no aerosol and no cloud) to reduce the
confounding influence of inhomogeneities in aerosols and
clouds. To account for longitudinal differences in atmo-
spheric components and their impacts on radiation, we ex-
tract the CERES radiative fluxes at the 10th, 50th, and 90th
percentiles for the corresponding latitude and time of day.

Figures 5 and 6 show comparisons of 200 hPa upward and
downward shortwave fluxes for all-sky conditions in CERES
(gray lines), for whole-column simulations (purple lines),
and for the four UTS scenarios at three different local so-
lar times. We choose the local solar times with the largest
fluxes, between 09:00-15:00 LT. During this period, the up-
ward flux for simulations that resolve the clear, clean tro-
posphere (purple lines) falls between the UTS simulations
with albedo values of 0.1 (blue lines) and 0.45 (green lines)
of stratospheric simulation. The CERES upward fluxes are
also broadly consistent, generally falling within the range
of albedo we defined. The highest albedo scenario (0.65)
falls outside the 90th percentile, as may be expected given
the relative rarity of deep convection. The 200 hPa albedo is
smaller at 12:00LT, and the CERES data are mostly within
0.1-0.45, meaning that 0.65 is not needed for this time. Devi-
ations in these simulations with CERES scenarios occur near
15°N-30° N, which represents zonal-mean surface albedo
being larger at those latitudes. Our assumptions for the repre-
sentative scenarios are therefore reasonable in the sense that
these four reference states span the range of possible bound-
ary conditions.

Unlike the large differences in upward flux at 200 hPa
between the different scenarios of upward flux, the tropo-
spheric state has little impact on downward shortwave flux
at 200 hPa. The total column simulation results are almost
identical to the albedo = 0.1 TUTSM scenario, consistent
with this scenario representing a clear, clean troposphere.
The model simulations are within the range of CERES data
at 12:00 LT but smaller than CERES-based fluxes at 09:00
and 15:00LT.

For validation of the longwave reference states, we ig-
nore time of day and show both clear-sky and all-sky up-
ward and downward longwave fluxes at 200 hPa. Results are
shown in Fig. 7. As we use the same four 200 hPa effective
emission temperatures at all latitudes, the set of reference
longwave upward fluxes in the UTS simulations is the same
for each latitude, while the CERES-based and total column
simulations show variations across latitudes. Under clear-
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Figure 5. Upward shortwave fluxes at (a) 09:00, (b) 12:00, and (c) 15:00 local solar time from all-sky UTS simulations (with AAOD, SAOD,
and COD) for 200 hPa albedo equal to 0.1 (blue lines), 0.25 (yellow lines), 0.45 (green lines), and 0.65 (red lines). Purple lines show the
200 hPa upward flux from atmospheric simulations that resolve a clear, clean troposphere; gray lines are the 10th (light-gray lines), 50th
(medium-gray lines), and 90th (dark-gray lines) percentiles of 200 hPa upward fluxes from CERES SYN1deg for the corresponding latitude
and approximate local solar time. The simulated results are based on monthly zonal-mean reference states for January 2011-2020. The

CERES data are from January 2011-2020.
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Figure 6. Same as Fig. 5 but for downward flux.

sky conditions, the total column results and CERES data
are close to the scenarios with 269.7 and 267.4 K emission
temperatures, consistent with the lack of clouds. For all-sky
upward fluxes, these results fall mainly between the 267.4
and 243.7K emission temperature scenarios, rarely consis-
tent with deep convection (222.9 K emission temperature).
For the all-sky downward flux, the CERES fluxes are much
smaller than the simulations between 30° S—15° N. The sim-
ulations use the zonal-mean MLS to define trace gases and
cloud fields for input to RRTMG_LW above 200 hPa. The
use of zonal-mean cloud fields means that the simulations
are more representative of clear-sky than all-sky conditions.

In conclusion, differences between the UTS-only simula-
tions and CERES-based estimates or total atmosphere sim-
ulations are generally small. Even in situations where dif-
ferences are not small, it meets expectations. These results
therefore support the use of 200 hPa albedo (or planetary
albedo, as they are almost the same in Fig. S5) and 200 hPa
emission temperature as a simplification of the tropospheric
lower boundary conditions. This simplification ensures re-
producibility while greatly reducing the number of compu-
tations required to produce a representative set of kernels.
However, it also eliminates any band or wavelength depen-
dence of upward fluxes on conditions in the troposphere and
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may therefore alter the simulated influences of aerosols and
trace gases and radiative fluxes at the TOA and radiative heat-
ing in the UTS.

4.3 Description of TUTSM radiation
4.3.1 Shortwave radiation

Based on the structure and assumptions in Sect. 4.1, we
conduct radiative transfer simulations for UTS aerosols and
cloud ice under the four representative scenarios (Table 3).
We then use the results of these simulations to construct
aerosol and cloud kernels at each level for the UTS region.
Distributions of optical depth, shortwave net flux, and short-
wave heating at 12:00 UTC in August are shown in Fig. S7
under the scenario corresponding to a cloud-free tropo-
sphere (i.e., 200 hPa albedo of 0.1). In August, deep convec-
tion associated with the ASM and the northward-shifted In-
tertropical Convergence Zone (ITCZ) injects relatively large
amounts of aerosol and cloud ice in the northern part of the
tropical UTS. The absorbing component of this aerosol leads
to negative effects on shortwave net flux at altitudes with high
concentrations and positive effects on net flux above these
aerosol layers. By contrast, the effects of scattering aerosols
and cloud ice on shortwave net flux have almost no vertical
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Figure 7. (a) Upward longwave fluxes at 200 hPa for clear-sky and (c) all-sky conditions based on UTS simulations, with 200 hPa emis-
sion temperatures equal to 269.7 K (blue lines), 267.4 K (yellow lines), 243.7 K (green lines), and 222.9K (red lines); whole-atmosphere
simulations (including the troposphere; purple lines); and the 10th (light-gray lines), 50th (medium-gray lines), and 90th (dark-gray lines)
percentiles of CERES SYNI1deg data. (b, d) Same as the left-hand panels but for downward longwave fluxes at 200 hPa. All results are for

January 2011-2020.

variations. Scattering aerosol produces positive upward per-
turbations in shortwave flux above layers with high concen-
trations of scattering aerosols while reducing the downward
flux below (not shown). This compensation between changes
in upward and downward flux induced by scattering aerosols
results in a near-constant vertical distribution. The effects of
cirrus cloud ice are similar. Compared with the strong radia-
tive heating effect of absorbing aerosol, the effects of scatter-
ing aerosols on radiative heating can be ignored. However,
cloud effects on heating can be substantial in the upper tro-
posphere when optical depths are relatively large. Cloud ice
also induces a secondary effect on heating in the upper strato-
sphere due to absorption of reflected shortwave radiation by
ozone.

For perturbing aerosols in each layer, we originally
planned to use 10 % increments in average optical depth at
each level as in the illustrations above; however, 10 % of the
mean values of AAOD (at all levels) and SAOD (at high lev-
els) are smaller than the accuracy limit (107°) in RRTMG.
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We therefore perturb the optical depth by 10~ for those lev-
els, so the T x 10% in Eq. (2) should be changed to 107 for
the situations above.

4.3.2 Longwave radiation

We plot the optical depth at 10 um in Fig. S8 as represen-
tative of aerosol and cloud interactions with longwave radi-
ation. Only the absorption effects of aerosols and cloud ice
are considered in RRTMG_LW, as aerosol scattering effects
are ignored in this model and cloud ice is treated as a sep-
arate aerosol type. Compared with the 550 nm optical depth
in Fig. S7, the absorbing aerosol optical depth at 10 um is
smaller by about a factor of 2. Decreases in cloud optical
depth relative to the shortwave result from both spectral vari-
ations and the omission of longwave scattering by cloud ice.
Although cloud longwave effects are similar to cloud short-
wave effects, the effects of absorbing aerosols on net flux
are quite different. Aerosols only induce negative changes in
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fluxes above the perturbation layer, and the absorbing aerosol
effect on longwave heating is about 1 order of magnitude
smaller than that on shortwave heating, affirming the rela-
tive weakness of aerosol effects in the longwave part of the
spectrum.

5 Applications of the UTS aerosol kernels

Kernels serve the purpose of estimating radiative effects at a
reduced computational cost in a simple way, as outlined by
Huang et al. (2007). When employing kernels, the initial step
involves calculating the differences between the target status
and reference state, denoted as At. A new reference state
can also be defined with the difference in aerosol concentra-
tions. Additionally, it is essential to consider either assuming
a 200 hPa albedo (or utilizing TOA albedo instead) or deter-
mining the tropospheric cloud coverage to select the appro-
priate kernel set, as detailed in Table 2. Similarly to Eq. (3),
the aerosol (or cloud) radiative effect can then be calculated
as follows:

R=7" (At xk)+Rer, 6)

where [ is the atmospheric level. A vertical one-dimensional
kernel is calculated for the disturbance of aerosol at each
layer, and the total aerosol radiative effect is the sum of that
at each layer. If only radiation increments (reductions) are
needed, just ignore the last term of Eq. (6).

With the application method, there are some potential ap-
plications for our UTS aerosol kernels, including aerosol ef-
fects associated with the ATAL, deep smoke plumes associ-
ated with biomass burning, volcanic eruptions, and geoengi-
neering.

5.1 ATAL effects

The radiative effects of ATAL aerosols can be reconstructed
by combining the AAOD and SAOD radiative kernels de-
rived using Eq. (3). The kernels further allow the added con-
text of aerosol longwave radiative effects based only on ab-
sorbing aerosol and under different tropospheric scenarios.
The results are shown in Fig. 8. To facilitate comparison with
the largest aerosol radiative effect of the ATAL, the short-
wave aerosol optical depth and kernel for 12:00 local solar
time in August are selected.

The left panel of Fig. 8 shows AAOD profiles for the
zonal-mean reference state (orange line) and in the ASM core
region (22.5-25°N, 87.5-90° E; blue line) in August. Below
80hPa, AAOD concentration is about 2 times larger in the
core region than the zonal mean. Figure 8 also shows aerosol
effects on shortwave and longwave radiative heating in the
core region under different tropospheric scenarios. The short-
wave aerosol heating rate computed for clear-sky conditions
(Gao et al., 2023; Fig. 5) is therefore best compared with the
kernel for a 200 hPa albedo of 0.1. Between 110—180 hPa,
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the kernel indicates an aerosol effect of about 0.15Kd™1!,
quite similar to that result; however, the shortwave heating
effect above 80hPa is close to 0, smaller than the previous
result. This difference may be explained by a combination
of the difference in reference states (zonal mean as opposed
to pristine) and radiative transfer models (RRTMG as op-
posed to libRadtran; Fig. S9). The aerosol effect on long-
wave heating weakens with decreasing emission temperature
and even becomes negative for the smallest 200 hPa emission
temperature of 222.9 K. A similar effect has been found for
thin cirrus overlying deep convection (Hartmann et al., 2001;
Fueglistaler and Fu, 2006). The time-mean 200 hPa albedo in
the core region is about 0.24, so the 200 hPa albedo of 0.25
can roughly represent the all-sky scenario. When considering
typical tropospheric cloud cover, the ATAL aerosol effect on
shortwave radiative heating in this region is about 0.03 Kd~!
larger than the estimates for clear-sky conditions.

5.2 Other potential applications

It is difficult to draw firm conclusions about radiative forcing
by stratospheric aerosols associated with extreme events or
contingency plans. The uncertain duration and composition,
fragmented distribution, complex characteristics, and broad
spatial distributions of aerosols during those events increase
the difficulty and computational cost of simulating aerosol
radiative effects directly using radiative transfer models. Ra-
diative kernels provide a convenient and flexible alternative
to estimating these effects, their impacts, and associated un-
certainties. This is particularly helpful for the understanding
of emergent extreme events (e.g., extreme wildfires).

For example, the large wildfires that occurred in southeast-
ern Australia during 2019-2020 resulted in a near-tripling
of the maximum AOD and substantially larger aerosol con-
centrations in the stratosphere (Khaykin et al., 2020; van der
Velde et al., 2021). In MERRA-2, only the aerosol data from
10 January show this event, on which the 550 nm AOD at
200 hPa reached 0.005, plotted in Fig. 9a. The SW aerosol
radiative effect caused by wildfire is about 10 times larger
than that of LW both for radiative flux and radiative heating
rate. This wildfire event caused the radiative flux decrease
from 0.1 to —0.1 W m™2 but also caused the radiative heating
rate increase to 0.1 Kd~! near tropopause. Smoke aerosols
associated with large and persistent fires can reach high al-
titudes with large fractions of carbonaceous aerosols (Yang
et al., 2021). Volcanic eruptions can also inject aerosols and
aerosol precursors directly into the stratosphere. In addition
to natural events, certain geoengineering strategies for so-
lar radiation management are based on injecting aerosols or
aerosol precursors into the stratosphere. Intended to mitigate
global warming, proposals for stratospheric aerosol geoengi-
neering (SAG; MacMartin et al., 2016) include the Strato-
spheric Particle Injection for Climate Engineering (SPICE;
Pidgeon et al., 2013). The possible side effects of such strate-
gies are not yet fully resolved.

https://doi.org/10.5194/gmd-18-2569-2025



J. Gao et al.: Estimation of aerosol and cloud radiative heating rate in the tropical stratosphere

0 (a) ATAL AAOD in Aug at 22.5°N87.5°E

0 (b) SW ATAL aer RHR at 22.5°N87.5°E

2581

(c) LW ATAL aer RHR at 22.5°N87.5°E

6 - 60
\ —— ATAL —— alb0.1 —— emisT269.7
80 N\ —— reference 80 alb0.25 80 emisT267.4
N —— alb0.45 emisT243.7
—— alb0.65 emisT222.9
100 1001 100
g 20 20 20
£ 1 1 1
140 140 140
160 160 160
180 — T 18 T T T T T 180 T T T T
0.0000 0.0005 0.0010 0.0015 0.00 0.05 0.10 0.15 0.20 0.25 —0.002 0.000 0.002 0.004 0.006
[K/d] [K/d]

Figure 8. (a) 550 nm AAOD in the zonal-mean reference profile (orange) and at 22.5° N, 50-120° E (blue) within 180-60 hPa, both averaged
for August 2011-2020. (b) The ATAL aerosol effect on shortwave heating at 22.5° N, 87.5°E with 200 hPa albedo set to 0.1 (blue), 0.25
(orange), 0.45 (green), and 0.65 (red) in August at 12:00 local solar time. (¢) The ATAL aerosol effect on longwave heating at the same
location with 200 hPa emission temperature set to 269.7 K (blue), 267.4 K (orange), 243.7 K (green), and 222.9 K (red).
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Figure 9. (a) 550 nm AOD averaged at 25-30° S, 150-155°E during 31 December 2019-14 January 2020. (b) The radiative flux effect of
shortwave (solid red line with y axis on the left), longwave (solid blue line with y axis on the right), and net (dashed yellow line with y axis
on the left) around 200 hPa at 25-30° S, 150-155°E during 31 December 2019-14 January 2020. (¢) Same as panel (b) but for radiative

heating rate.

6 Summary and discussion

As previous studies have demonstrated the feasibility of sim-
ulating aerosol effects on radiative fluxes by using radiative
kernels (Matus et al., 2019; Thorsen et al., 2020; Kramer
etal., 2021), we extend this approach to aerosol effects on ra-
diative heating. Tests indicate that linear kernels can be used
to represent aerosol effects on radiative fluxes for changes
in aerosol optical depth (AOD) up to twice the reference
state AOD. Aerosol effects on radiative heating can be rep-
resented by linear kernels for the full range of tested per-
turbations, up to at least 10 times the reference state AOD.
For the sake of data availability, convenience, and accuracy,
we construct kernels based on absorbing AOD (AAOD) and
scattering AOD (SAOD). Separate sets of shortwave kernels
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are constructed for each month and retain diurnal variations
at 3-hourly intervals; longwave kernels are independent with
time.

To simplify the model, we construct UTS aerosol and
cloud ice kernels in latitude bands relative to zonal-mean
reference states. The lower boundary conditions of the ra-
diative transfer model are set at 200 hPa to roughly represent
the state of the underlying troposphere. The radiative impact
of the tropospheric state is represented by 200 hPa albedo
in shortwave simulations and emission temperature in long-
wave simulations, with kernels calculated for four scenarios:
clear sky, low cloud, middle cloud, and high cloud. Cirrus
clouds in the UTS (p < 200hPa) are treated as aerosols. Our
calculations produce AAOD, SAOD, and cloud optical depth
(COD) shortwave kernels and AOD and COD longwave ker-
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nels (RRTMG_LW does not include aerosol scattering ef-
fects).

The absorbing aerosol shortwave net flux kernel is positive
above the perturbed layer and negative below. As 200 hPa
albedo increases, the positive kernel above strengthens and
the negative kernel below weakens. The scattering aerosol
and cloud shortwave net flux have no vertical variations be-
cause of competing effects on upward and downward fluxes,
but their negative kernels weaken as albedo increases be-
cause the effects of scattering saturate. The absorbing aerosol
shortwave radiative heating kernel is much larger than those
for scattering aerosol or cloud because the small concentra-
tions of absorbing aerosol are small. Given the same size
of perturbation, the aerosol radiative kernels are stronger for
perturbations at higher altitudes.

The aerosol net longwave flux kernels are uniformly neg-
ative, with larger values above the perturbation level and
smaller values below. These effects weaken as the 200 hPa
emission temperature decreases. Cloud ice kernels likewise
show smaller negative impacts on fluxes below and larger
negative impacts on fluxes above. Unlike the shortwave ker-
nels, the longwave radiative heating kernels are not always
positive. Effects on heating weaken when the upward long-
wave flux from the troposphere decreases and change sign to
local cooling for the smallest upward fluxes (corresponding
to a 200 hPa emission temperature of 222.9 K). As the preci-
sion of AOD in RRTMG_SW and RRTMG_LW is 1073 , the
small amount of stratospheric aerosol means that its repre-
sentation in models is limited by numerical accuracy, an im-
portant source of uncertainty in these and other simulations
based on RRTMG.

Inclusion of a clear, clean troposphere in the model sim-
ulations results in 200 hPa fluxes that fall within the four
scenarios used for the simulations bounded by 200 hPa.
Our results match CERES-based fluxes at 200 hPa well for
both longwave and shortwave within 09:00-15:00 local so-
lar time. Estimated high cloud fractions are larger in CERES
than indicated by the MLS, causing our simulations of all-
sky 200 hPa downward flux to exceed that based on CERES.

Our tropical kernels are intended to reconstruct the ra-
diative effects of aerosol events in the upper troposphere
and stratosphere. In particular, we show that the kernels can
reliably reproduce the ATAL aerosol effects on clear-sky
shortwave heating, thus providing an initial validation of the
proposed kernels. These kernels can provide a more flexi-
ble and less computationally expensive means of estimat-
ing the radiative effects of the ATAL and other sources of
UTS aerosols, including volcanic eruptions, smoke plumes
from large fires, and possible strategies for geoengineer-
ing through solar radiation management. Datasets includ-
ing three-dimensional aerosol concentration or cloud optical
depth data could use this radiative kernel, choosing the cor-
responding month and local time to estimate stratospheric
radiative effects.

Geosci. Model Dev., 18, 2569-2586, 2025

J. Gao et al.: Estimation of aerosol and cloud radiative heating rate in the tropical stratosphere

However, many aspects of the tropical stratospheric
aerosol radiative kernels remain to be improved. Firstly, large
variations in stratospheric aerosol loading can influence the
accuracy of the kernel. For example, the kernels overestimate
aerosol effects on radiative fluxes for values of AOD more
than 2 times larger than the reference AOD. Kernel-based es-
timates of radiative heating are much less sensitive to this
problem. Secondly, there are uncertainties associated with
our selection of representative lower boundary conditions,
particularly in the distribution of the net longwave flux across
individual bands. For example, while a real-world clear-sky
scenario would involve a larger effective emission tempera-
ture in the window region than in the CO, or water vapor
bands, we assume a single effective emission temperature
across all bands. These limitations will be addressed in fu-
ture versions of the kernels.

Code and data availability. Both MERRA-2 reanaly-
sis data and MLS observation data are available and
can be accessed through the NASA Goddard Earth Sci-
ences Data and Information Services Center (GES DISC):
https://doi.org/10.5067/LTVB4GPCOTK2 (GMAO, 2023). The
ERAS5 products are publicly provided by ECMWEF: https:
/lcds.climate.copernicus.eu/#!/search?text=ERA5 & type=dataset
(C3S, 2023). The CERES data used in this study can be found in
the NASA Langley Research Center CERES Data and Information
Archive: https://ceres.larc.nasa.gov/data (NASA, 2025). RRTMG
is available at https://doi.org/10.5281/zenodo.14357597 (AER,
2016) (official website http://rtweb.aer.com/rrtm_frame.html, AER,
2025); the license can be found at the beginning of the instruction
file.

The codes for running RRTMG and calculating radiative kernels
are available at https://doi.org/10.5281/zenodo.14359763 (Gao,
2024a). The calculated aerosol and cirrus cloud radiative kernels
are available at https://doi.org/10.5281/zenodo.14913495 (Gao,
2024b).
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