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the kernels and validated against radiative transfer model-calculated results. The Hunga eruption induced a global mean cooling
forcing of -0.46 W/m? throughout 2022, while the Australia wildfire caused a warming forcing of +0.28 W/m? from January to
August. The kernel estimation can capture over 90% of the ADRE variance with relative error within 10%, in these assessments.
The results demonstrate the spectral dependencies of stratospheric ADRE and highlight the distinct radiative sensitivity of
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Key Points:

e A global dataset of radiative sensitivity kernels is developed to quantify stratospheric
aerosol direct radiative effect (ADRE).

e An analytical model is developed to emulate the kernel values from a handful of predictor
variables.

e The stratospheric aerosol kernels capture the spatiotemporally varying ADRE values of
volcanic eruptions and wildfire events well.
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Abstract

To facilitate the quantification of the stratospheric aerosol radiative effect, this study generates a
set of aerosol direct radiative effect (ADRE) kernels based on MERRA-2 reanalysis data. These
radiative kernels measure the sensitivities of ADRE to perturbations in scattering and absorbing
aerosol optical depth (AOD), respectively. Both broadband and band-by-band radiative kernels
are developed to account for the wavelength dependency of ADRE. The broadband kernels are
then emulated by a multivariate regression model, which predicts the kernel values from a
handful of predictors, including the top-of-atmosphere (TOA) insolation, TOA reflectance, and
stratospheric AOD. These kernels offer an efficient and versatile way to assess the ADRE of
stratospheric aerosols. The ADREs of the 2022 Hunga volcano eruption and the 2020 Australia
wildfire are estimated from the kernels and validated against radiative transfer model-calculated
results. The Hunga eruption induced a global mean cooling forcing of -0.46 W/m?2 throughout
2022, while the Australia wildfire caused a warming forcing of +0.28 W/m? from January to
August. The kernel estimation can capture over 90% of the ADRE variance with relative error
within 10%, in these assessments. The results demonstrate the spectral dependencies of
stratospheric ADRE and highlight the distinct radiative sensitivity of stratospheric aerosols,
which differs significantly from that of tropospheric aerosols.

Plain Language Summary

Stratospheric aerosols influence the Earth's energy balance by scattering and absorbing solar
radiation, making it crucial to accurately measure their radiative impact. However, quantifying
the aerosol radiative impact is computationally expensive if using radiative transfer models. In
this work, we develop a set of aerosol radiative kernels, which can provide a flexible and
efficient means for calculating the radiative effects of stratospheric aerosols. The kernels have
been demonstrated to effectively quantify the radiative impacts of stratospheric aerosols resulting
from wildfire and volcanic eruption events.

1 Introduction

Stratospheric aerosols influence the Earth’s radiative energy budget and have profound
climate impacts (Kremser et al., 2016). The largest contributor to stratospheric aerosols is
volcanic eruptions, which can inject a mixture of sulfur dioxide, sulfuric acid, and water directly
into the stratosphere, where they transform into stratospheric aerosols (Martinsson et al., 2019).
By increasing the reflection of solar radiation, those volcanic aerosols exert a negative radiative
forcing at the top-of-the-atmosphere (TOA), which can lead to pronounced surface cooling and
changes in atmospheric circulation and water cycle (Robock, 2000; Grinsted et al., 2007; Wu et
al., 2023; Gunther et al., 2024). Apart from volcanic eruptions, wildfires-induced
pyrocumulonimbus (PyroCb) events can also transport a significant amount of carbonaceous
aerosols into the lower stratosphere (Fromm et al., 2010; Ohneiser et al., 2020; Liu et al., 2022;
Damany-Pearce et al., 2022). Observation and model studies suggest that the absorptivity of
biomass-burning aerosols can warm the stratosphere, deplete the stratospheric ozone, and modify
vertical dynamics and horizontal dispersion (Damany-Pearce et al., 2022; Ohneiser et al., 2020,
2023).

Although the importance of stratospheric aerosols is well recognized, the quantification
of their radiative effect has not been an easy task, as it requires the consideration of multiple
factors, including aerosol types, height and size distributions, as well as the environmental
factors at their locations (Weisenstein et al., 2015; MacMartin et al., 2017; Q.-R. Yu et al., 2019;
Visioni et al., 2020; P. Yu et al., 2023; Q. Yu et al., 2024). The straightforward and most
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accurate way to quantify the aerosol direct radiative effect (ADRE) is the Partial Radiative
Perturbation (PRP) method, which requires running a radiative transfer model and differencing
the modeled radiative fluxes with and without aerosol perturbations, although this quantification
method is computationally expensive. Many studies used alternative approaches to estimate
ADRE, for example, by using an analytical relationship between the aerosol optical depth (AOD)
and the radiative effect. Hansen et al. (2005) estimated a radiative sensitivity of -22 W/m? per
unit AOD change, based on the simulation of the Pinatubo eruption case using a global climate
model. P. Yu et al. (2023) reported a similar scaling relation for stratospheric aerosols also based
on modeling experiments. (Schoeberl et al., 2023, 2024a) applied the radiative sensitivity kernels
of Q. Yu & Huang (2023b) to evaluate the climate impacts of the 2022 Hunga volcano eruption.
However, these kernels were derived based on the aerosol perturbations in the whole
atmospheric column, which is dominated by tropospheric, as opposed to stratospheric aerosols.

To the best of our knowledge, a global dataset of radiative sensitivity kernels specifically
developed for assessing the ADRE of stratospheric aerosols is still lacking. The existing global
aerosol kernels, including those of Q. Yu & Huang, (2023b) and Thorsen et al. (2020), were
developed with a focus on tropospheric aerosols, whose radiative sensitivity, as shown later in
this paper, differ markedly from stratospheric aerosols. A recent study by Gao et al. (2023) tested
the kernel quantification of the ADRE of tropopause aerosols, although the development was
limited to the East Asia region. A global kernel dataset, which can facilitate an efficient yet
accurate quantification of the spatiotemporally varying radiative impacts of stratospheric
aerosols, is expected to have a broad spectrum of applications. This is especially relevant given
the frequent occurrence of wildfires (Damany-Pearce et al., 2022), recent volcanic eruptions
(Taha et al., 2022), and the increasing discussions about stratospheric aerosol geoengineering
(Visioni et al., 2020).

It is well recognized that the aerosol optical properties, radiative transfer, and the
resulting aerosol radiative effects, all have a strong spectral dependence. For example, the
spectral dependence of AOD is often approximated using the Angstrom relationship (Angstrém,
1929), although the Angstrom exponent (AE) may vary with wavelength (Schuster et al., 2006)
and height (Chen et al., 2020). Incorporating spectrally measured aerosol optical properties can
reduce uncertainty in the ADRE quantification (Chauvigné et al., 2021). Thorsen et al. (2020)
found that distinguishing column-integrated aerosol optical properties in the mid-visible and
near-infrared wavelengths can help constrain ADRE, pointing to the potential benefits of
developing band-by-band kernels. In addition, spectral kernels may take advantage of the
spectral AOD information, which is available from many state-of-the-art climate models as well
as satellite and ground-based measurements. Therefore, in addition to a set of broadband
stratospheric aerosol kernels, we also aim to produce an accompanying set of spectrally
decomposed, band-by-band kernels, to facilitate the use of spectral information in the ADRE
quantification.

Observational and modeling studies have shown that ADRE sensitivity is strongly
influenced by environmental conditions such as clouds, relative humidity, and surface albedo
(McComiskey et al., 2008; Loeb et al., 2019; Schoeberl et al., 2023; Q. Yu & Huang, 2023a,
2023b). However, the primary environmental factors affecting stratospheric ADRE sensitivity
and their underlying physics remain to be elucidated. Another objective of our study is to
investigate this environmental dependence. Integrating a physical model with statistical analyses,
we experiment with sorting the global aerosol kernels, which are conventionally computed on
geographic grids (latitude, longitude, and calendar month), based on the geophysical variables



108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123

124
125

126
127

128

129

130
131
132
133
134
135
136
137
138
139
140
141
142
143
144

145
146
147

manuscript submitted to Journal of Geophysical Research: Atmosphere

that govern the kernel values according to radiative transfer physics. We aim to establish an
analytical equation to capture the spatiotemporal variations of the kernel values. Such an
analytical relation can be considered a physical (as opposed to geographical) kernel dataset and
can be used for the ADRE quantification under arbitrary situations regardless of the geographic
location, which potentially makes the kernels suitable for broader applications.

In summary, in this study, we aim to develop a set of radiative sensitivity kernels that are
specifically designed for quantifying the stratospheric ADRE. The kernels developed here
include both broadband and spectral band-by-band TOA flux kernels provided on conventional
latitude-longitude-month grids, as well as physically sorted broadband kernels whose values are
determined from analytical equations. The structure of this paper is as follows. Section 2 details
the methods used to calculate both broadband and band-by-band kernels. Section 3 describes the
development of physically sorted kernels. These aerosol kernels constitute a versatile means to
quantify the stratospheric ADRE. We demonstrate the use and performance of these kernels by
applying them to two cases: the 2022 Hunga volcanic eruption (Bourassa et al., 2023; Kloss et al.,
2022; Taha et al., 2022) and the 2020 Australia wildfire (Ohneiser et al., 2020; Damany-Pearce
et al., 2022; Sellitto et al., 2022) in Section 4. A summary is provided in Section 5.

2 Data and Methods
2.1 Stratospheric Aerosol Direct Radiative Effect

The stratospheric ADRE is calculated as the difference in net radiative fluxes at TOA
with and without stratospheric aerosols:

Stratos ADRE = F”et(all aerosols) - F”et(no stratos aerosols) Q)

where F™¢t = F' — F' with the downward flux F* being positive.

In this study, we focus on the shortwave stratospheric ADRE at the TOA under the all-
sky condition. This is because the longwave ADRE is orders of magnitude smaller (Reddy et al.,
2005; Heald et al., 2014; Balmes & Fu, 2021), and aerosol scattering is often neglected in the
longwave schemes of radiative transfer models (Mlawer et al., 1997, 2016), despite stratospheric
aerosols being primarily scattering particles. However, the method described here can also be
used to calculate aerosol kernels in the longwave spectrum, at the surface, or for atmospheric
heating rate. Radiative fluxes are computed using the Rapid Radiative Transfer Model (RRTMG)
(Mlawer et al., 1997, 2016). The required inputs for these calculations are obtained from the
Modern-Era Retrospective Analysis for Research and Applications, Version 2 (MERRA-2)
dataset (Gelaro et al., 2017). We use instantaneous atmospheric and cloud profiles, including air
temperature and pressure, surface temperature, surface albedo, water vapor, ozone, specific
humidity, cloud fraction, and the mass fraction of cloud liquid and ice water. The tropopause is
defined according to the criterion of the World Meteorological Organization (WMO, 1957) as
the lowest level where the temperature lapse rate decreases to 2 K/km or less, and the average
lapse rate from this level to any level within the next 2 km does not exceed 2 K/km.

Aerosol optical properties are calculated based on the MERRA-2’s instantaneous aerosol
mixing ratio profiles, which include 72 layers. MERRA-2 provides 15 externally mixed aerosol
tracers: hydrophobic and hydrophilic black and organic carbon, sulfate, dust (five size bins), and
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sea salt (five size bins) (Randles et al., 2017). Aerosol optical properties vary with relative
humidity to account for hygroscopic growth. For computational efficiency, the 3-hourly
MERRA-2 inputs are resampled into a 2.5° x 2.5° grid box. Our goal is to replicate the aerosol
radiative transfer calculations from the MERRA-2 dataset and isolate the impact of stratospheric
aerosols to study the stratospheric ADRE. Validations of aerosol optical property inputs and total
ADRE calculations against MERRA-2 diagnostic aerosol and radiation products are provided in
the Supporting Information (Figures S1-S3).

2.2 Computation of Stratospheric Aerosol Kernels

Aerosol radiative kernels (a(A;; RE)) are the partial derivative of the ADRE to an aerosol-

related property x such as AOD and single scattering albedo. These kernels represent how
ADRE responds to atmospheric aerosol perturbations. By multiplying the radiative kernels with
the changes in x, we can approximate the resulting change in ADRE, which provides a
convenient means for estimating the radiative impact of aerosols.

In this study, we develop kernels for both stratospheric scattering aerosol optical depth
(AODg.4) and absorbing aerosol optical depth (AODgs). For each type of kernel, radiative
transfer calculations are performed twice: one with background aerosols and one with
perturbations in the stratospheric aerosols. The sizes of the perturbation are 0.1 for AODsc,: and
0.01 for AOD,ps at 550 nm. The perturbation magnitude differs between stratospheric AODgcat
and AOD,ps due to the smaller background stratospheric AODg,s compared to AODgcq. We use
absolute perturbation values instead of relative ones (such as 1%) to minimize noise from
numerical errors caused by very small background AOD values. We have verified that the
radiative flux changes respond linearly to the AOD perturbations within the typical magnitudes
of stratospheric aerosol perturbations (AAODs ranging from 107 to 1 and AAOD s ranging
from 10* to 1, respectively). The sum of the AODy.,: and AODy, effects can also be linearly
added to determine the total stratospheric ADRE. Sensitivity tests have also been conducted to
determine the impacts of perturbation height on the aerosol kernels. Results indicate minimal
difference between perturbing a single layer at random altitudes versus the entire stratosphere.
Therefore, for our perturbation runs, we assume a conserved vertical profile shape of
stratospheric aerosols. Details about sensitivity tests of linear scaling, linear additivity, and
height dependency of stratospheric aerosol kernels are provided in the Supporting Information
(Figures S4-S6).

The perturbation computations produce both broadband and band-by-band stratospheric
aerosol kernels. To account for the diurnal cycle, the 3-hourly kernels are averaged into monthly
mean values. These aerosol kernels are computed for an El Nifio-Southern Oscillation (ENSO)
neutral year, 2022. The impact of interannual variability on aerosol kernels is small, as
demonstrated by the comparisons of monthly mean kernels between 2020 and 2022. The R-
squared values and Root Mean Squared Errors (RMSE) between the monthly mean AODxgcat
kernels in those two years are 92% and 3.62, respectively, while for the AOD,ps kernels, they are
97% and 46.90, respectively. Detailed comparisons are provided in the Supporting Information
(Figure S7), showing consistency in both spatial distributions and global mean values.
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2.2.1 Broadband Aerosol Kernels

Given that solar energy peaks in the mid-visible bands and that aerosol optical properties
are commonly observed in this range, we use the 550 nm AOD as the perturbation variable. The
stratospheric AODscq: and AODgs kernels are defined as follows:

O(ADRE) _ F™'(AODscqt+AAODscqr, AODgps, SSA', 8)—F™ (AODscqr, AODgps, SSA, g)

2
d(AODscqr) AAODGD: @)
d(ADRE) _ F™'(AODscq, AODgps+AAOD gps, SSA', g)—F™t(AODscqt, AODgps, SSA, g) (3)

d(AOD gps) AAODZ3?

In the unperturbed runs, the background aerosol profiles of AOD, single scattering albedo
(SSA), and asymmetry factor (g) are taken from reconstructed MERRA-2 aerosol optical
property profiles. In the perturbation runs, an aerosol layer representing the stratospheric aerosol
perturbations is added to the background aerosol profile. This added aerosol layer has the
scattering or absorbing AOD values at 550 nm of 0.1 and 0.01, respectively, and the incremental
AOD values (AAOD,.,; and AAOD,,;) at other wavelengths are prescribed according to the
Angstrom relationship (with the AE being 1). For the scattering AOD perturbation, the SSA and
g values of this added layer are assumed to be 1 and 0.7. The g value is based on annual and
global mean asymmetry factor values reported by Ayash et al. (2008) as well as the background
upper troposphere and lower stratosphere aerosol configurations in Sellitto et al. (2022).
Weighted averaging is used to calculate the values of these aerosol properties in the perturbation
runs. For AODq.,; perturbation runs,

SSA55040D5504+1+AA0D3S

0
scat 4
AODS559+AA0D220, ( )

SSA" =

g = g°°055455040D550+0.7+1+AAODSS%, ©)

SSA55040D550+1+xAAODSSY,

For AODgps perturbation runs, the SSA and g values are

$SA55940D559+0+A40D 330
SSA' = abs ()

AODS5°+AA0D 7Y

g =g

To use the aerosol kernels derived here to calculate ADRE, users simply need to obtain
stratospheric AAODSSY, and AAODZ3? values appropriate to the case of interest, and then
multiply these with broadband kernel values.

O(ADRE) 40 p550  O(ADRE)

AADRE - a(AODscat) scat + a(AODabs)

-AAOD}? (8)

Figure 1 shows the global distribution of annual mean stratospheric AODscy: and AOD g5
kernels, in the units of W/m? per unit change in stratospheric AOD. Both AODsca and AOD s
kernels exhibit strong atmosphere dependencies. In cloudy regions (e.g., the Intertropical
Convergence Zone, tropical eastern Atlantic, northwest Pacific Ocean, and Southern Ocean), the
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sensitivity of stratospheric ADRE to stratospheric AOD; is relatively lower due to the presence
of underlying clouds, while the sensitivity to AODgs is relatively higher, compared to other
regions. This is because in the case of the scattering effect, clouds already brighten the
atmosphere and make the TOA radiation less sensitive to scattering aerosols and in the case of
the absorbing effect, clouds increase the solar radiation reflected into the stratosphere, thereby
amplifying the absorption by the stratospheric aerosols. Similar patterns are observed over the
polar and desert regions with high surface albedo. Because of their scattering or absorbing nature,
AODx,: kernels are always negative, while AODg,s kernels are always positive. In terms of
global means, a 0.1 increase in stratospheric AOD35Y, results in a -2.65 W/m?2 cooling, while a 0.1
increase in AODZ2? results in a +41.95 W/m2 warming at the TOA. Note that these sensitivity
values are larger than those reported by Q. Yu & Huang (2023b), particularly for absorbing
aerosols. This is because the kernels developed in this study focus exclusively on stratospheric
aerosols. These aerosols interact with a larger proportion of photons that have not been
attenuated by clouds or tropospheric absorbers. Additionally, underlying clouds enhance the
brightness of the troposphere, which further intensify the sensitivity of stratospheric ADRE to
AOD .
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Stratospheric Aerosol Radiative Kernels (broadband)

(a) Strato Scat AOD kernel -26.45
90NI..I..I..I..I..I..I..l,.l..l..l..l..l

Wm™?Strato Scat AOD"
60N
-8
-13
-18
23
28
-33
-38
-43
-48

30N

30S

60S

90S

180 150W 120W 90W 60W  30W 0 30E 60E 90E 120E 150E 180
(b) Strato Abs AOD kernel 419.54

90N

WmStrato Abs AOD™'
60N

680
640
600
560
520
480
440

30N

30S 400
360
60S -
240
90S
180 150W 120W 90W 60W  30W 0 30E 60E 90E 120E 150E 180
236
237 Figure 1. Spatial distributions of annual mean broadband aerosol kernels (a) for stratospheric
238  AODs and (b) for stratospheric AODgps. The global mean and annual mean values are indicated
239 in the upper right corner of each subplot. Kernels are shown in units of watts per square meter

240 per unit change in stratospheric AOD at 550 nm.
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Figure 2. Temporal variations of zonal mean broadband stratospheric aerosol kernels (a)
for stratospheric AODgc,t and (b) for stratospheric AOD gps.

Apart from the spatial inhomogeneity, stratospheric aerosol kernels also display strong
temporal variations. Figure 2 displays the temporal variations in zonal mean stratospheric
broadband AODs,: and AODgys kernels. The pronounced latitudinal differences in aerosol
kernels reflect patterns of solar insolation. In tropical regions, the sensitivity of ADRE to
stratospheric aerosols remains high throughout the year, while polar regions show notable
seasonal variations.

2.2.2 Band-by-band Aerosol Kernels

While broadband aerosol kernels are convenient to use, they rely on assumptions about
the wavelength dependency of aerosol optical properties, which may not always be accurate. To
facilitate a more flexible and accurate ADRE quantification, we leverage the band configuration
of the RRTMG maodel to calculate a set of band-by-band stratospheric aerosol kernels. The
RRTMG shortwave bands, detailed in Table 1, cover a spectrum from 0.2 um to 12.2 pm across
14 bands.
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Table 1. RRTMG shortwave bands.

SW band | Wavenumber | Wavelength AOD
v[em™1] A[nm] wavelength
[nm]
Band 29 | 820-2600 12195- 3846 7082.2
Band 16 | 2600-3250 3846-3077 3444.7
Band 17 3250-4000 3077-2500 2777
Band 18 4000-4650 2500-2151 2320.2
Band 19 4650-5150 2151-1942 2044.2
Band 20 5150-6150 1942-1626 1778.4
Band 21 6150-7700 1626-1299 1455.2
Band 22 7700-8050 1299-1242 1270
Band 23 8050-12850 1242-778 944.3
Band 24 12850-16000 778-625 693.5
Band 25 16000-22650 625-442 527.1
Band 26 | 22650-29000 | 442-345 399.8
Band 27 29000-38000 345-263 320.1
Band 28 | 38000-50000 | 263-200 229.8
258 The stratospheric aerosol band-by-band kernels for AODsc,: and AOD,ps are expressed as:
959 9ADRE! _ F€t(A0DL 0 +DAODE gy, AODY ¢, SSA', 8")—F™€t(AODL 4p, AODL g, SSAL, gb) )

dAOD! 4, AAODcq;
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QADRE' _ F"°™(AODicqr, AODL,+AAOD} ., SSA', g' )—F™et(A0DL 4y, AODY ., SSA', g")

dAOD} AAOD}

(10)

In the equations above, i represents the i" band in RRTMG. AAOD(,,, and AAOD., . are the
added AOD perturbation at the i band, which vary with wavelength according to the Angstrom
relation in our calculation.

i -1
AAODcqe = 0.1 % (*22208) (1)

i -1
AAODLy; = 0.01 % (“Z22200)  (12)
Note that for each band, perturbed AOD is calculated at the central wavelength following
RRTMG configuration as listed in Table 1. The SSA and g calculations in the perturbation runs
are similar to those in the broadband kernel calculation.

To use the band-by-band kernels, users need to obtain the AAOD!,,, and AAOD},; for
each band, multiply them by band-by-band kernels, and sum over the 14 bands.

dADRE!

dADRE!
7
dAODL ¢

AADRE = 5216(5 00—

- AAOD ) + T2 6( -AAODL,,) (13)
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Figure 3. Global mean annual mean stratospheric aerosol band-by-band kernels for (a) AODs4
and (b) AODgys. For demonstration purposes, kernels are normalized by the corresponding
bandwidth. The normalized kernel unit is watts per meter squared per unit change in the
respective stratospheric AOD per wavenumber. (¢c) Normalized spectral solar radiation.

Figure 3 presents the global mean band-by-band stratospheric AODscat and AOD ps
kernels. For comparison purposes, the spectral kernels are normalized by the bandwidth. The
results indicate that the spectral signatures of the band-by-band aerosol kernels are primarily
dominated by the strength of incoming solar radiation. The aerosol radiative sensitivity peaks
from the near-ultraviolet band (~22650 cm™) to the near-infrared band (~8080 cm™), which
corresponds to band 23 to 25 (442 nm-1242 nm) in RRTMG as indicated in Table 1. Accurately
determining aerosol optical properties in these bands can help constrain the ADRE without
needing the aerosol information across the full spectrum. Most aerosol retrieval products provide
optical properties at a few discrete wavelengths ranging from near-ultraviolet to near-infrared.
For example, the AErosol RObotic NETwork (AERONET) provides AOD products at 340, 380,
440, 500, 675, 870, and 1020 nm (Giles et al., 2019). By interpolating observed AOD values at
the central AOD wavelengths in the RRTMG configuration for relevant bands and assuming
spectral dependence of optical properties for the remaining bands, users can calculate
stratospheric ADRE more accurately than using broadband kernels. In the following section, we
will use the spectral AOD observations to compare the ADRE values computed from the
broadband and band-by-band stratospheric aerosol kernels.
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2.3 OMPS Aerosol Data and Quality Control

To quantify the stratospheric ADRE, we utilize the aerosol extinction coefficient profiles
from the OMPS-LP Level 2 daily product. The Ozone Mapping and Profiler Suite (OMPS)
measures limb scattering of sunlight at tangent altitudes from ground level up to approximately
100 km with a vertical resolution of 1km (Flynn et al., 2006). The aerosol product from OMPS
has been widely used to study the stratospheric ADRE (Damany-Pearce et al., 2022; Bourassa et
al., 2023; Schoeberl et al., 2023, 2024). This study uses aerosol extinction coefficient retrievals
along the center slit (aligned with the orbital track) of the OMPS-LP. The retrieved extinction
profiles extend up to 40km, and quality control procedures are applied before the analysis
following Damany-Pearce et al. (2022). Only data with ResidualFlag = 0, SingleScatteringAngle
< 145°, and SwathLevelQualityFlags with bits 0, 1, and 7 = 0 are considered valid. The
tropopause definition is consistent with that used in the kernel calculation. We integrate the
extinction coefficient throughout the stratosphere to calculate the stratospheric AOD. To
facilitate kernel application, we average the AOD data onto the same 2.5° x 2.5° latitude-
longitude grid.

For using the broadband aerosol kernels, we choose the 869 nm extinction coefficient
from OMPS and scale it to 550 nm, assuming an AE value of 1. This AE value is chosen because
it represents the background stratospheric aerosol conditions and the specific conditions of the
Hunga aerosols, and has been applied in other similar studies (Schoeberl et al., 2023; Sellitto et
al., 2024). The 869 nm wavelength is chosen over other channels closer to 550 nm because
OMPS aerosol products have performance issues at shorter wavelengths in the southern
hemisphere (Taha et al., 2021).

For the band-by-band kernel application, we utilize extinction coefficients measured at
510 nm, 600 nm, 675 nm, 745 nm, 869 nm, and 997 nm, and interpolate extinction values to
527.1 nm, 693.5 nm, and 944.3 nm using measurements from the nearest wavelengths as
required by the aerosol kernels. For the remaining bands, we scale the extinction coefficient from
869 nm to the corresponding central AOD wavelength, assuming an AE of 1. In the following
section, we use the OMPS spectral AODs as an example to demonstrate the usage of our kernels.

Our goal is to estimate the changes in stratospheric ADRE (AADRE) due to the 2022
Hunga volcanic eruption and the 2020 Australia wildfires using our aerosol kernels. We consider
the MERRA-2 stratospheric AOD as the background aerosol states because no eruptive
volcanoes are included in MERRA-2 after 2010 (Randal et al., 2016). Therefore, the
stratospheric AOD anomaly is calculated by subtracting the background stratospheric AOD
values given by MERRA-2 from OMPS stratospheric AOD. For the kernel application, the AOD
values in Equations (8) and (13) are the differences between OMPS and MERRA-2 stratospheric
AOD. To validate the performance of our aerosol kernels, we use the same AOD anomalies as
input to the RRMTG model to calculate the "truth" values of stratospheric ADRE for comparison.

3 Physically Sorted Aerosol Kernels

As shown in the previous section (e.g., Figures 1 and 2), there are strong spatial and
temporal variabilities in the kernel values. It is thus important to understand how the aerosol
properties and environmental variables (e.g., surface albedo and clouds) interact with each other
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to influence the radiative sensitivity. To address this question, we follow a widely used
conceptual model of ADRE (Chlek & Coakley Jr, 1974; Haywood & Shine, 1995) to identify the
key factors and their expressions to use in an analytical model to predict the kernel values. We
then determine the coefficient values statistically using a multivariable regression method
following (Q. Yu & Huang, 2023a, 2023b). Different from the geographically gridded kernels
presented in the previous section, the physically sorted kernels developed here are not
constrained by space and time, allowing one to more flexibly estimate the stratospheric ADRE.

3.1 Physical Model

We follow the formulation of Haywood & Shine (1995), but consider the stratospheric
aerosols as a scattering layer and represent the troposphere-surface system as a whole with a
reflectance parameter at the tropopause. The all-sky stratospheric ADRE at the TOA can be
expressed as follows:
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(1-Ry)? - BCO 280D _reco(26-1)

ADRE = —STABwTtsec (14)

1-R;BwTtsecH
The environment-related variables are solar insolation (S), atmospheric transmittance (T,.) above
the aerosol layer, the solar zenith angle (6), and tropopause reflectance (R;). The aerosol-related
variables are the aerosol backscattering ratio ([3), aerosol single scattering albedo (w), and
aerosol optical depth (t). The stratospheric ADRE is further expanded as:

ADRE = —STZBwtsecO(1 + Ry tsecOBw){(1 — R,)? — Fellz®) [2-tsecd

— 1secf(2B8 — 1)]}

B
(15)
The sensitivity of stratospheric ADRE to T is
OADRE _
at
—STZBw(1 — Ry)?(1 + 2BwR,tsech) + STZBw(1 + 2BwR,Tsech) RS“B‘“’) == -
tsecO (2 — 1)] + STZBw(tsecd + BQ)RSTSGCQZ)[—%I_T(D — 2B+ 1] (16)

Neglecting higher-order terms, Equation (16) is approximated as

PADRE _ T2 (B> + Ry (2B + 2 — 30) — RZBe + Rytsecd(—2 + 30 — 20 — 0?) +

BwtsecO] (17)

This equation suggests that stratospheric aerosol kernels are influenced by these terms: R, R,
T, and R2. The combination terms arise from the coupling effects between the stratospheric
aerosol layer and the underlying troposphere-surface system. In the following section, we will
use these terms as predictors to reproduce the spatiotemporally varying stratospheric aerosol
kernels. The goal is to capture the physical processes governing ADRE sensitivity, which should
be independent from geographic locations.

3.2 Statistical Model

Regression models have been a useful tool in predicting radiative forcing and capturing
nonlinear radiative interactions in many studies (Huang et al., 2016; Datseris et al., 2022; Q. Yu
& Huang, 2023b, 2023a). In this work, we built a multi-variable regression model to represent
the annual mean global stratospheric aerosol kernels following Q. Yu & Huang (2023b, 2023a).
The model is expressed as:

Y)Y X (i) —Xr
D = Ty A (18)

Here, X are predictors (e.g., Ry, R,T) at latitude i and longitude j. Y is either the broadband
aerosol kernels for stratospheric AODgcyt or AODgps. Ay IS the regression coefficient and n is the
number of predictors. Note that the global field of Y is predicted by one uniform set of A;values.

Both predictors and predictands are normalized by their global mean values, denoted by a bar.
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Following the physical model derived above, we select R,, R, T, and R? as predictors.
As TOA reflectance (R) is more easily obtained, we use it as a proxy for the tropopause
reflectance. To accurately represent global aerosol kernels using as few predictors as possible,
we have tested the performance of all possible combinations of predictors (listed in Supporting
Information Table 1&2). Results suggest that the four predictors are sufficient to capture almost
all main features of stratospheric aerosol kernels.

The physically sorted broadband aerosol kernels for stratospheric AODsc,: is given by

9(ADRE)
F(A0Dsoqp)
——ab_(-0.076) _ R-0.413

S —
(-0.076) = —2.264-

0184+0671T 0002_03186RT 0.001

+0.753% (19)

The physically sorted broadband aerosol kernels for stratospheric AODgs is given by

a?(ADRE))
AOD ;ps _
—  — 1323 R-0.413 -0.184

=—0313 - +0696 7—0.002 R7-0.001

—0175 +0.258

(20)

1.323

The comparison of statlstlcally fltted broadband aerosol kernels for stratospherlc AODscat and
AODgs against benchmark RRTMG calculations is shown in the Supporting Information
(Figures S8). Results suggest that more than 94% of the spatial variance in aerosol kernels is
captured by the regression model, indicating its effectiveness in predicting the variability of
aerosol kernels.

Figure 4 displays the impact of environmental variables (TOA insolation S and
reflectance R) on the distributions of annual mean global aerosol kernels. Generally speaking, an
increase in solar insolation results in a larger magnitude of aerosol kernels, while a more
reflective underlying "surface"” (due to clouds or Earth’s surface) leads to a less cooling or more
warming impact on net TOA fluxes. The physically sorted aerosol kernels can well capture their
sensitivity to those environmental variables. More importantly, they can estimate stratospheric
ADRE sensitivity in idealized conditions where actual observations are lacking.
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Figure 4. Distributions of broadband stratospheric AODgc,: and AOD,ps kernels as a function of
TOA reflectance and TOA insolation. Left column: RRTMG-calculated stratospheric aerosol
kernels; Right column: the physically sorted aerosol kernels predicted by the regression model.

4 Stratospheric Aerosol Kernel Applications

Multiplying aerosol radiative kernels by changes in stratospheric AOD from specific
events (e.g., volcanic eruptions) provides estimates of the corresponding ADRE. In this section,
we examine the radiative effects of the volcanic ash plume from the 2022 Hunga eruption and
the biomass-burning aerosols from the 2020 Australia wildfires to demonstrate the application of
stratospheric aerosol kernels. We compare the results of broadband, band-by-band, and
physically sorted kernels.

4.1 Aerosol Radiative Kernel Comparisons

Given the kernels here are developed specifically for stratospheric aerosols, it is of
interest to compare them with other kernels not designed this way. Besides the simple scaling
relations given in the literature (e.g., Hansen et al. 2005; P. Yu et al. 2021), Q. Yu & Huang,
(2023Db, denoted as YH23 from here on) derived a set of global ADRE sensitivity kernels mainly
for tropospheric aerosols and validated against the independent results of Thorsen et al. (2020).
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Schoeberl et al. (2023, 2024) used the YH23 kernels to estimate the radiative impact of the
Hunga eruption. We include the YH23 kernels for comparison in the following.

In Figure 5, we compare the zonal mean AODxsg,: and AOD,ps Sensitivity in YH23 with
the broadband stratospheric aerosol kernels calculated by RRTMG and the statistical regression
model. Results show that the aerosol kernels display significant latitudinal differences. For all-
sky stratospheric AODsc kernels, the magnitude peaks in the subtropical regions because the
relative brightness of aerosols is reduced above the tropical cloudy regions. The physically sorted
kernels closely match the RRTMG results, indicating a good performance of the physical sorting
method. Interestingly, the clear-sky, as opposed to the all-sky, AODsc,: kernels given by YH23
render more similar magnitudes to the all-sky stratospheric AOD,: kernels developed here,
especially in the mid-latitudes. This is because the stratospheric aerosols are located above
tropospheric clouds, which suppress the radiative sensitivity to tropospheric AOD perturbations
but do not strongly affect the radiative effect of stratospheric aerosols. Compared to the AODgps
kernels in YH23, the stratospheric AODqs kernels developed here are much larger due to the
enhanced ADRE sensitivity to AODg,s above bright underlying clouds.

(a()) Strato Scat AOD kernel (broadband) 68%) Strato Abs AOD kernel (broadband)
kernel
— kernel-phys
YH23-clr 500 L
Q O YH23-all Q
S Q
?é T 400 |
L =
CQU -10 <
) QS
3 = 300 t
5 5 == kernel
n -20 i m— kernel-phys
s o YH23-clr
g g YH23-all
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-30 4
- Lf/
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Figure 5. Annual mean and zonal mean broadband stratospheric (a) AODscat and (b) AODaps
radiative kernels. YH23-clr and YH23-all represent the clear-sky and all-sky scattering AOD
radiative sensitivity quantified in Q. Yu & Huang (2023b) for tropospheric aerosols. Kernel and
Kernel-phys indicate the broadband kernels calculated from RRTMG and emulated by a
regression model, respectively.

4.2 2022 Hunga Volcanic Eruption

On January 15, 2022, the Hunga Tonga volcano (20.57°S, 175.38°W) erupted violently,
releasing sulfur compounds and other aerosols into the atmosphere (Kloss et al., 2022; Taha et
al., 2022; Schoeberl et al., 2023, 2024). To assess the corresponding ADRE, we first calculate
the stratospheric AOD anomaly following Section 2.3.
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Figure 6a-6d shows the evolution of the zonal mean stratospheric AOD anomaly relative
to the background at different wavelengths throughout 2022. Although the Hunga eruption
occurred in late January, the OMPS product showed little AOD signal initially because the
extinction retrieval becomes unreliable in the presence of clouds and optically thick aerosol
plumes (Taha et al., 2021). Over time, the aerosol plume descented to the lower stratosphere and
dispersed horizontally. Within four months after the eruption, the aerosols primarily remained in
tropical latitudes with some northward spread. This led to an initial AOD peak in the tropical
regions due to the immediate formation and accumulation of aerosols, as reported by other
studies (Schoeberl et al., 2023; Taha et al., 2022). As the southern hemisphere approached
winter, a meridional circulation developed between the tropics and subtropics to maintain the
thermal wind balance, known as the QBO direct, meridional, or secondary circulation (Strahan et
al., 2015). This circulation transported stratospheric aerosols into the mid-latitudes. Meanwhile,
the polar vortex acted as a barrier, causing the accumulated aerosols in the subtropics to create a
second AOD peak during July-September. The double peak features shown here were also
reported in other observations and model simulations (Wang et al., 2023; Schoeberl et al., 2024).
Gaps in the data are caused by spacecraft anomalies or failures to meet the data screening
criteria.

Figure 6e also suggests that the zonal average stratospheric AOD anomaly varies
significantly with wavelength, indicating that assuming a simple Angstrom exponent cannot fully
represent the wavelength dependency of AOD. Therefore, it is important to incorporate the band-
by-band kernels with AOD observations to accurately calculate the stratospheric ADRE.
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Figure 6. Latitude-time plots of the zonal mean stratospheric AOD anomaly at (a) 600 nm, (b)
745 nm, (c) 869 nm, and (d) 997 nm from OMPS-LP in 2022, with the x-axis in (a)-(d)
representing corresponding months. (e) Zonal and annual mean aerosol extinction coefficient at -
25S and 17.5 km. The red dots represent OMPS observations, while the blue line shows the
wavelength dependency assuming an AE of 1.

In the ADRE calculation, we assume the AOD anomaly with SSA = 1 because
observations suggest that the absorbing particles in the volcanic ashes are of small amounts and
do not significantly impact the radiative properties (Kloss et al., 2022). We also assume the
stratospheric AOD anomalies from OMPS at a discrete set of wavelengths represent the
observational truth. Figure 7a displays the global mean stratospheric AOD anomaly as calculated
in Section 2.3 throughout 2022. We have listed the spectral AOD anomaly at RRTMG mid-
visible bands (bands 23-25). These values are interpolated from the nearby wavelengths from
OMPS. For the broadband AOD anomaly, we calculate the AOD using OMPS 869 nm, assuming
an AE of 1. This way, we can estimate the relative errors of the broadband kernel method when
there are observation uncertainties in AE. Results indicate distinct features in the spectra AOD,
suggesting a peak in global mean AOD values around June.

We further calculated the stratospheric ADRE using both the stratospheric kernels
developed here and the kernels from YH23. The YH23 kernels, although based on total column
aerosols, have been used in stratospheric ADRE quantifications in Schoeberl et al. (2023, 2024).
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By including YH23 kernels in the comparison, we show the discrepancies that would be caused
by kernels not specifically made for stratospheric aerosols. Figure 7b shows the stratospheric
ADRE from the Hunga Eruption in 2022. For comparison, the RRTMG-calculated results based
on the band-by-band AOD inputs are indicated by the red line. In general, the ADRE peaks with
AOD near June, and using the band-by-band aerosol kernels can quantify it most accurately. The
performance of broadband and physically sorted stratospheric aerosol kernels is slightly worse
than that of the band-by-band kernels, as they fail to capture the wavelength dependency
information and the Angstrom exponent assumption may be inadequate. In terms of global mean
values, using the YH23 clear-sky kernel overestimates the cooling effect of the Hunga eruption,
while using the YH23 all-sky kernel underestimates it.
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Figure 7. Time series of the global mean (a) stratospheric AOD anomaly from OMPS-LP
following the Hunga Eruption in 2022 and (b) stratospheric ADRE from Hunga Eruption in 2022.
YH23-clr and YH23-all represent the clear-sky and all-sky scattering AOD radiative sensitivity
quantified in Q. Yu & Huang (2023b), respectively. Kernel, kernel-phys, and kernel-byb indicate
the broadband kernels calculated from RRTMG, broadband kernels from the regression model,
and the band-by-band kernels, respectively.
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501 Figure 8. Annual mean stratospheric ADRE from the Hunga eruption in 2022, with global mean
502  values indicated in the top right of each subplot. (a) RRTMG benchmark calculations; (b) Band-
503 by-band kernel quantifications; (c) Broadband kernel quantifications; (d) Physically sorted kernel

504 quantifications; (e) YH23 clear-sky kernel quantifications; (f) YH23 all-sky kernel
505 quantifications. Global mean values are shown in the top right of each subplot.
506 Apart from the time evolution, we also compare the spatial patterns of stratospheric

507 ADRE using different kernel schemes. Figure 8 displays the annual mean stratospheric ADRE
508 from the Hunga eruption calculated from RRTMG as well as the kernels developed in this work.
509  Results show that the volcanic eruption caused a uniform cooling in the southern hemisphere’s
510 tropical and subtropical regions due to the dispersion of aerosols described before. In terms of
511  global mean ADRE, the Hunga eruption induced a cooling of -0.46 W/m?. All stratospheric
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kernels developed in this work can reproduce the spatial features of ADRE relatively well, with
the band-by-band kernels performing the best. Although the YH23 clear-sky scheme can
approximately reproduce the global mean stratospheric ADRE values, it fails to capture the
spatial patterns, especially over the cloudy regions.

Table 2 listed the R* and RMSE values comparing the ADRE induced by the Hunga
eruption, calculated using different kernel schemes and the RRTMG model. Globally, the band-
by-band, broadband, and physically sorted aerosol kernels capture 98.89%, 93.83%, and 94.33%
of the variance in RRTMG-calculated ADRE, with RMSEs less than 0.04 W/m2 (approximately
8.7% relative to the global mean values). Using YH23 kernels results in RMSEs greater than
0.11 W/mz, which is 23.91% relative to the global mean.

Table 2. Performance of stratospheric kernels calculated in this study and kernels from YH23 in
quantifying the ADRE of the 2022 Hunga volcanic eruption and 2020 Australia wildfire. R?
represents the coefficient of determination, and RMSE is the Root Mean Squared Error. Relative
errors are calculated by dividing the RMSE by the global mean values. Broadband and
physically sorted kernels are used under the assumption of AE being 1.

2022 Hunga volcanic eruption 2020 Australia wildfire
R RMSE | Relative R? RMSE(W/m?) | Relative
(W/m?) errors errors
Band-by- 98.89% 0.02 4.35% 99.02% 0.01 3.57%
band kernels
Broadband 93.83% 0.04 8.70% 94.75% 0.04 14.29%
kernels
Physically 94.33% 0.04 8.70% 83.19% 0.08 28.57%
sorted
kernels
YH23-clr 95.11% 0.11 23.91% | 83.59% 0.37 132.14%
YH23-all 91.88% 0.17 36.96% | 51.32% 0.31 110.71%

4.3 2020 Australia Wildfire

In late December 2019, massive bushfires occurred in southeastern Australia and lifted a
considerable amount of smoke into the stratosphere via pyrocumulonimbus clouds. Unlike the
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volcanic eruption case, we apply both the AODgc; and AODgps kernels to study the stratospheric
ADRE of the black-carbon-containing smoke particles as they are partly absorbing.
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Figure 9. Same as Figure 6, but for the year 2020.

Figure 9 shows the zonal mean stratospheric AOD anomaly at different wavelengths,
over 8 months starting in January 2020. After several periods of intense fires in early January
2020, the stratospheric AOD reached a maximum in early February and decayed afterward. The
delay in reaching the AOD peaks might be due to the subsequent self-lofting of upper
tropospheric aerosols, caused by buoyancy changes from the aerosols absorbing solar radiation
(Ohneiser et al., 2020). After being lifted, aerosols spread equatorward and dilute significantly,
leading to a decrease in the stratospheric AOD anomaly which lasts around eight months. Same
as Figure 6e, Figure 9e also suggests that the AOD wavelength dependency relationship is
complex, and assuming a certain Angstrom exponent may not be sufficient to represent the band-
by-band AOD.

To investigate the performance of kernels in quantifying wildfire-related events, we
assume the stratospheric aerosol anomaly consists of aged biomass burning aerosols with a
single scattering albedo at 550 nm of 0.86 as suggested by recent studies (Damany-Pearce et al.,
2022; Ohneiser et al., 2020). Figure 10a shows the global mean stratospheric AOD anomaly in
the mid-visible bands in 2020. The interpolated AOD at RRTMG bands shows distinct
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differences compared to the broadband AOD, especially in February. Broadband AOD is
calculated from scaling 869 nm to 550 nm assuming an AE of 1. Stratospheric ADRE is further
calculated with known AOD and SSA. Figure 10b shows ADRE calculated from the RRTMG as
well as kernel methods. Results show that using YH23 kernel schemes significantly
underestimates the warming effect of stratospheric aerosols. This is because the stratospheric
AOD,ps kernels are nearly twice as large as the YH-clearsky AODgps kernels, whereas the
AODyg, kernels show similar magnitudes compared with the YH-clearsky values (Figure 5b and
Figure S9 in the Supporting Information). These results further emphasize the need to use
kernels specifically designed for stratospheric aerosols to accurately quantify ADRE. As a
comparison, using the stratospheric aerosol kernels captures wildfire-induced ADRE relatively
well. The agreements in ADRE calculations indicate that our stratospheric aerosol kernel dataset
is applicable for quantifying ADRE regardless of aerosol types (either scattering or absorbing).
For the Australia wildfire, the carbonaceous aerosols led to a peak global mean warming of over
+0.4 W/m? in mid-February 2020.
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Figure 11 shows the comparison of the spatial distributions of ADRE calculated by
different kernel schemes. Similar to the Hunga volcanic eruption case, the band-by-band kernel
quantifications align most closely with the RRTMG-calculated results, with the R being 99.02%
(Table 2). Both the broadband and the physically sorted kernels slightly overestimate the aerosol
warming, especially in the high-latitude regions. The slightly lower performance of broadband
and physically sorted kernels in capturing the spatial patterns of ADRE might come from the
bias in AODsso, as using a uniform AE value for AOD wavelength conversion across the globe
may not be representative. This aligns with other studies indicating that the Angstrom exponent
can vary significantly (Malinina et al., 2019), particularly during wildfire events when the
inclusion of organics can complicate the particle size distribution interpretation (Bourassa et al.,
2019). Overall, the stratospheric kernels can capture more than 83.19% of the variance in the
Australia wildfire-induced ADRE, with the RMSES less than 0.08 W/m? (i.e. 28.57% relative to
the global mean). Both Figure 11 and Table 2 suggest that YH23 kernel schemes are not suitable
for quantifying the wildfire-dominated stratospheric ADRE because of its significant
underestimation of AODgps kernels.
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Figure 10. Same as Figure 7 but for the 2020 Australia wildfire.
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Stratospheric ADRE from Australia Wildfire
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584 Figure 11. Same as Figure 8 but for the 2020 Australia wildfire.
585 5 Conclusions
586 This paper provides, for the first time, a comprehensive set of radiative kernels for

587  stratospheric aerosols. The kernels are derived for the scattering and absorbing aerosol optical
588  depth, respectively, based on partial radiative perturbation (PRP) computations using one year of
589  3-hourly MERRA-2 data. We analyzed the spatial variability of broadband aerosol kernels,

590 demonstrating that they can be emulated as a joint function of solar insolation, TOA reflectance,
591 and stratospheric aerosol optical depth. The developed aerosol radiative kernels provide a

592  versatile tool for assessing the stratospheric ADRE of different aerosol types.
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Stratospheric aerosol kernels exhibit significant spatial, temporal, and spectral variability
(Figures 1-3). Validation tests have been done to evaluate the aerosol height dependency, linear
scaling, and linear additivity of the kernels (Figures S4-S6). On a global scale, a 0.1 increase in
stratospheric AOD33Y, leads to a cooling effect of -2.65 W/m? at the TOA, while a similar
increase in AODZ3? results in a warming effect of +41.95 W/m? (Figure 1). The magnitude of
stratospheric aerosol kernels is greater than that for tropospheric aerosols (e.g., Thorsen et al.,
2020; Q. Yu & Huang, 2023b), particularly for absorbing aerosols. This is due to the higher
placement of aerosols, which interact with radiation less attenuated by clouds or tropospheric
absorbers. Additionally, underlying clouds enhance the brightness of dark surfaces, thus
amplifying the sensitivity of stratospheric ADRE to absorbing aerosols. Band-by-band aerosol
kernels were calculated for the 14 bands in RRTMG SW, with spectral signatures indicating
peak sensitivity from the near ultraviolet to the near-infrared (bands 23 to 25, 442 nm-1242 nm)
(Figure 3). Using discrete AOD observations at these wavelengths allows for a more accurate
constraint on ADRE.

From the single-layer aerosol analytical model, we identified that broadband aerosol
kernels are related to TOA insolation, tropospheric reflectance, and stratospheric aerosol optical
depth. We proposed a physically sorted set of aerosol kernels using a multivariate regression
model, which can effectively reproduce the RRTMG-calculated broadband kernels (Figure 4 &
S8). These physically sorted kernels are independent from geophysical location and can provide
first-order estimations of stratospheric ADRE using satellite measurements.

The kernels were applied to calculate the ADRE for two stratospheric aerosol injection
events: the 2022 Hunga volcanic eruption and the 2020 Australia wildfire. There is overall good
agreement between the RRTMG-calculated results and those obtained using the kernels (Figures
7-8, Figures 10-11, Table 2). Band-by-band kernels perform best by constraining the wavelength
dependency of AOD. Using band-by-band kernels can reproduce 99% of the ADRE variance
with relative errors of less than 4%. Using other stratospheric kernels can capture more than 90%
of the variance with relative errors of less than 10% (Table 2), despite the uncertainty in AE. The
stratospheric ADRE from the 2022 Hunga eruption peaked six months after the event, inducing a
global mean cooling of -0.46 W/m? (Figures 7-8). For the 2020 Australia wildfire, the
stratospheric ADRE peaks one month after the event and results in a global mean warming of
+0.28 W/m? from January to August (Figures 10-11).

To accurately calculate stratospheric ADRE, users are recommended to use the band-by-
band kernels when reliable spectral AOD data is available. If such information is unavailable, the
broadband aerosol kernels can be used alternatively, although the results should be used with
caution as the broadband kernels are calculated based on an assumed Angstrom Exponent of 1.
The physically sorted kernels have the advantage of not being restricted to specific geographical
locations. With climate change, the aerosol-related and environmental conditions at a location
may change. In such cases, physically sorted kernels may have an advantage for the ADRE
quantification. Considering that there may be rapid stratospheric temperature adjustments in
response to the instantaneous perturbations of the aerosols, the kernels developed in this work
can be extended to include the radiative effects of such adjustments in future work, to provide an
estimation of the effective (adjusted) radiative effect of the stratospheric aerosols.
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Figure S1. Validation of total column aerosol optical depth (AOD) reconstructed from MERRA-2 aerosol
mixing ratio data for black carbon (BC), dust (DU), sea salt (SS), organic carbon (OC), and sulfate (SU)
aerosols. The validation is conducted for Beijing, China, in January 2020.
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Figure S2. The same as Figure S1 but for total column scattering aerosol optical depth.



Allsky TOA ADRE (2020.0101)
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Figure S3. Validation of all-sky total column ADRE calculations using RRMTG for January 1%, 2020. Upper:
ADRE from MERRA2; Middle: RRTMG-calculated ADRE; Bottom: Bias.
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Figure S4. Linear scaling test for broadband Top-Of-Atmosphere (TOA) flux changes (AR) in response to

perturbations in stratospheric scattering and absorbing AOD. Aerosols are placed at the 1st layer above

tropopause. The scattering AOD perturbations are 0.1 and 0.01, while the absorbing AOD perturbations
are 0.01 and 0.001, respectively.
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Figure S5. linear additivity test for broadband TOA flux changes (AR) in response to perturbations in
both stratospheric scattering and absorbing AOD. Aerosols are positioned at the 1st, 5th, and 10th layer
above the tropopause, respectivly. The perturbations are set to 0.1 for scattering AOD and 0.01 for
absorbing AOD. The summed AR for scattering and absorbing AOD perturbations shows good agreement
with the results from total AOD perturbations.
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Figure S6. height dependency test for broadband TOA flux changes (AR) in response to aerosol

perturbation layer height. The ADRE results from perturbing AOD at a single radom layer (e.g., 1st, 5th,
10th above the tropopause) are similar to those obtained from perturbing the entire stratospheric

aerosol profiles.



Stratospheric Aerosol Radiative Kernels (broadband)
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Figure S7. Comparisons between the annual mean stratospheric AODsct and AODaps kernels for the years
2020 and 2022. First row: 2020; Middle row: 2022; Bottom row: differences (2020-2022).
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Figure S8. Validations of the physically sorted broadband aerosol kernels for stratospheric AODsct and
AOD,ps against benchmark RRTMG calculations.

ADRE Kernel Comparison
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Figure $9. Comparisons between the stratospheric ADRE kernels developed in this work and the YH23
clear-sky kernels for total column aerosols. Left column: kernels for AODscat; Right column: kernels for
AODabs



laADRE). Ris
S dSAOD
the TOA reflectance and T is the stratospheric aerosol optical depth. R? represents the coefficient of

Table 1 Evaluation of predictor performance for SAOD kernels normalized by insolation (

determination, and RMSE is the Root Mean Squared Error.

1 predictor Ry R? T Rgt - -

R2 86.04% 84.21% 69.82% 73.18% - -

RMSE 3.40 3.63 4.75 4,51 - -

2 (Rs T& (R) | (RsT& (T (RsT& (Rs) | (RF) & (T (Rs) & (T (RZ) & (Ry)
predictors

R2 92.50% 83.87% 92.50% 91.72% 93.91% 87.30%
RMSE 2.27 3.55 2.27 244 2.02 3.15

3 (RZ)&(Rs) | (R &(R) | (RD)& (1) &

predictors | & (T) & (R T) (Rs T)

R? 94.01% 93.55% 92.50% - - -

RMSE rmse=2.99 rmse=3.06 rmse=3.26 - - -

4 (1) & RZ & - - - - -
predictors | (Rs) & (R T)

R2 94.08% - - - - -

RMSE 2.38 - - - - -
Table 2 Evaluations of predictor performances for AAOD kernels normalized by insolation (égii;i). Ris

the TOA reflectance and t is the stratospheric aerosol optical depth.

1 predictor R, R? T Rg T - -

R2 74.03% 87.49% 1.97% 50.86% - -
RMSE 45.45 29.54 83.21 52.46 - -

2 (Rs T) & (RF) | (Ry T) & (1) (RsT) & (Rg) | (RZ) & (1) (Rs) & (RZ) &
predictors (1) (Rg)
R? 90.43% 86.32% 82.59% 88.64% 76.37% 89.89%
RMSE 23.96 27.55 32.37 26.59 39.53 25.57
3 (R2) & (R) & | (RZ)&(Ry)& | (RZ)& (1) &

predictors | (t) (Rs T) (Rs T)

R2 90.43% 86.32% 82.59% - - -
RMSE 23.96 27.55 32.37 - - -

4 (t) & R? & - - - - -
predictors | (Rs) & (R T)

R2 95.30% - - - - -
RMSE 17.99 - - - - -
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