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Abstract Volcanic and wildfire events between 2014 and 2022 injected ~3.2 Tg of sulfur dioxide and 0.8
Tg of smoke aerosols into the stratosphere. With injections at higher altitudes and lower latitudes, the simulated
stratospheric lifetime of the 2014-2022 injections is about 50% longer than the volcanic 2005-2013 injections.
The simulated global mean effective radiative forcing (ERF) of 2014-2022 is —0.18 W m~2, ~40% of the ERF
of the period of 1991-1999 with a large-magnitude volcanic eruption (Pinatubo). Our climate model suggests
that the stratospheric smoke aerosols generate ~60% more negative ERF than volcanic sulfate per unit aerosol
optical depth. Studies that fail to account for the different radiative properties of wildfire smoke relative

to volcanic sulfate will likely underestimate the negative stratospheric forcings. Our analysis suggests that
stratospheric injections offset 20% of the increase in global mean surface temperature between 2014-2022 and
1999-2002.

Plain Language Summary Between 2014 and 2022, volcanic and wildfire events injected about
~3.2 Tg of sulfur dioxide and 0.8 Tg of smoke aerosols into the stratosphere, about 30%—40% of injected mass
of the 1991 Pinatubo eruption. Because the sulfur dioxide and smoke aerosols are injected at higher altitudes
and lower latitudes, the simulated aerosol lifetime is 50% longer than the volcanic injections between 2005 and
2013, which have been suggested to play a role in the global warming hiatus. Our climate model suggests that
smoke aerosol generates 60% more negative effective radiative forcing compared with volcanic sulfate aerosol
per unit change in aerosol optical depth. Our study underscores the distinct optical properties between the
wildfire smoke and sulfate aerosol. Our analysis finds that the trend of the global mean surface temperature in
the two decades would have been 24% larger without the stratospheric injections.

1. Introduction

Between 2014 and 2022, a number of volcanic eruptions and two extreme wildfire events injected a total of
~3.2 Tg of SO, and 0.8 Tg of smoke aerosols into the stratosphere. The injected mass is ~85% of that injected
between 2005 and 2013, and ~40% of that injected in 1991 from the Mt. Pinatubo eruption. Stratospheric sulfate
aerosols provide heterogeneous surfaces for N,O; hydrolysis and reactions that release reactive halogen species
(Solomon, 1999). The 2015 Calbuco volcanic eruption (41.3°S, 72.6°W) depleted the lower stratospheric ozone
of the Antarctic and mid-latitudes by 30%—60% (Ivy et al., 2017; Solomon et al., 2016; Stone et al., 2017; Zhu
et al., 2018). Recent satellite and modeling studies have shown that smoke aerosols provide surfaces for hetero-
geneous reactions that destroy ozone (Bernath et al., 2022; Santee et al., 2022; Solomon et al., 2022, 2023; Yu
et al., 2021).
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The persistently variable stratospheric aerosol causes negative radiative forcing at the top of the atmosphere and
partially offsets global warming, even in the absence of major volcanic eruptions (Solomon et al., 2011). Both
volcanic sulfate and smoke aerosols exert a cooling by scattering sunlight back to space, but each has distinct radi-
ative properties. Sulfate warms the stratosphere mainly through absorption of outgoing longwave radiation and
solar radiation in the near infrared. In contrast, smoke aerosols, consisting mostly of organics and black carbon,
absorb incoming solar radiation over a broad region of the solar spectrum and effectively warm the stratosphere
(Rieger et al., 2021; Santee et al., 2022; Yu et al., 2021).

Here, we examine the effective radiative forcing of these injections relative to the volcanic quiescent period of
1999-2002 and the period of 2005-2013 when it has been suggested that moderate volcanic emissions partially
offset the rate of increase of global temperature (Santer et al., 2014; A. Schmidt et al., 2018; G. A. Schmidt
et al., 2014; Solomon et al., 2011). We conduct numerical simulations of the chemical and radiative effects of
stratospheric aerosols. We compare the simulations with observational data on stratospheric aerosol abundance
and use the simulations to compute the relative contribution to the global mean effective radiative forcings (ERF)
by stratospheric volcanic and wildfire aerosols.

2. Methods
2.1. Emissions of Volcanoes and Wildfire Events

A number of volcanic eruptions perturbed the stratospheric chemistry and dynamics between 2014 and 2022.
The volcanic emission database is described in previous studies (Mills et al., 2016; Neely III & Schmidt, 2016)
and listed in Table S1 in Supporting Information S1. During 2014-2022, two major wildfire events perturbed the
stratospheric chemistry and aerosol budget. One major event happened in the Pacific Northwest near 52°N (PNE
fire) on August 12 of 2017, and the estimated particulate emissions were ~0.3 Tg of organics with 0.006 Tg of
black carbon (BC) according to a modeling study (Yu et al., 2019). The other major event happened over several
days around New Year's Eve 2020 in Australia near 40°S which we refer to as ANY fires. The fire plumes quickly
rose to 12 km in a few hours to days, and the estimated emissions at 12 km were about 0.9 Tg of organics with
0.023 Tg of BC, about 3 times the emissions of the 2017 PNE fire (Yu et al., 2021). Wildfire smoke particles
absorb solar energy and are self-lofted into the stratosphere. Simulations using CESM-CARMA (Yu et al., 2021)
suggest that about two-thirds of the injected smoke particles mass (i.e., 0.9 Tg) at ~13 km rose into the lower
and middle stratosphere during the first 2 months, and the remaining third was lost through transport and dry
deposition out of the stratosphere or upper troposphere.

2.2. CESM-CARMA Aerosol Model

We use a sectional aerosol model, the Community Aerosol and Radiation Model for Atmospheres (CARMA),
coupled with the Community Earth System Model (CESM-CARMA) (Bardeen et al., 2008; Toon et al., 1988;
Yu et al., 2015), to simulate the volcanic and wildfire smoke aerosols in the upper troposphere and stratosphere.
The model has 56 vertical layers from the surface up to 45 km with a vertical resolution of about 1 km in the
upper troposphere and lower stratosphere (UTLS), and simulations are run on a grid of 1.9° latitude x 2.5° longi-
tude. The model winds and temperatures are nudged to the ModernEra Retrospective Analysis for Research and
Applications-2 (MERRA?2) version of the Goddard Earth Observing System5 (GEOS-5) atmospheric general
circulation model (AGCM) (Molod et al., 2015). The CESM-CARMA aerosol model tracks two groups of aero-
sols in 20 discrete size bins each: the first group is composed of pure sulfate and the other is composed of internal
mixtures of various aerosol components including sulfate, organics, black carbon, dust, and salt. The radius of
the pure sulfate particles ranges from 0.2 nm to 1.3 pm, and the radius of the mixed particles ranges from 0.05 to
8.7 pm (Yu et al., 2015).

CARMA calculates aerosol optical properties (extinction, absorption coefficients and single scattering albedo)
for each particle size bin and 30 light wavelengths ranging from 0.23 to 55 pm. These optical properties are
passed to the CESM1's radiation model (RRTMG) (Iacono et al., 2008) for online radiative calculation of forcing
and heating rates. Details on the radiative coupling in CESM-CARMA is described in Yu et al. (2015).

We run the CESM-CARMA aerosol model from 2014 to 2022 with and without the volcanic and wildfire emis-
sions. The difference between the two runs provides the aerosol anomalies due to these emissions. The wildfire
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plume absorbs sunlight and rises rapidly from the troposphere to the stratosphere during the first 2 months
(Kablick III et al., 2020; Khaykin et al., 2020; Yu et al., 2019, 2021). To simulate the self-rising of the wildfire
smoke plume, the model is switched to the free-running mode for 2 months after the two pyroCb events start (i.e.,
the 2017 Pacific Northwest fire event, and the 2019-2020 Australian fire event). After 2 months for each wildfire
event, we switch the model back to the nudging mode.

2.3. Balloon-Borne Optical Particle Spectrometers

Portable optical particle spectrometers (POPS) are lightweight and low power-consumption, which makes them
easily deployable on weather balloons (Gao et al., 2016; Todt et al., 2023). Each particle passing through the
laser beam creates a signal, which is used to calculate particle size assuming a spherical shape and an index of
refraction. POPS counts particles between 70 nm and 1.25 pm in radius.

2.4. Estimation of Global Mean Surface Temperature (GMST) From ERF

The ERF is calculated within the climate model using fixed sea surface temperature (Hansen et al., 2005). The
GMST response to the moderate volcanic and wildfire events is expected to be small compared with variability
and thus difficult to diagnose by the climate model with a coupled ocean. Therefore, we estimate the change of
GMST in response to the stratospheric ERF due to volcanic and wildfire events based on the temporal kernel
method developed by Good et al. (2011). The GMST kernel time series is from the abrupt step-change experiment
(4xCO,) from CMIP5 models. The GMST mean kernel is derived from 27 CMIP5 models, which are fit with
the function presented in Equation 7 of Larson and Portmann (2016). The GMST anomaly is then derived using
Equation 1 of Good et al. (2011).

3. Results
3.1. Stratospheric Injections Between 2014 and 2022

Aerosol surface area density (SAD) is one of the key parameters to quantify the heterogeneous reaction rates
and radiative effects of stratospheric aerosols. Long-term in-situ observations of SAD are available from
balloon-borne POPS (Gao et al., 2016) launched in Boulder, Colorado (40°N, 105°W), and in cities on the
Tibetan Plateau including Lhasa (30°N, 91°E), Golmud (36.4°N, 94.9°E), and Kunming (25°N, 102°E). As
shown in Figures 1a and 1b, the simulated and observed background SAD averaged between 30°N and 40°N are
about 1 pm?%cm? and 2 pm?/cm? at 18.5 km (lower stratosphere) and 15.5 km (upper troposphere), respectively.
Simulated SAD at 15.5 km is elevated in summer each year due to aerosol enhancement near the tropopause over
the Tibetan Plateau, associated with the Asian summer monsoon (Vernier et al., 2015; Yu et al., 2017). Simulated
SAD in the Northern Hemisphere (NH) mid-latitudes is significantly perturbed after 2017 at both altitudes, while
significant SAD anomalies at lower altitudes in the upper troposphere are simulated before 2017. This indicates
that the volcanic plumes in NH and tropics after 2017 reach higher altitudes than those of events between 2014
and 2017. Figure S1 in Supporting Information S1 compares the observed satellite and simulated aerosol extinc-
tion coefficients at mid-visible wavelengths from 2014 to 2021 at multiple altitudes. A substantial increase in the
aerosol extinction is found in both model simulations and satellites data after volcanic eruptions (e.g., Kelut 2014,
Calbuco 2015, Ambae 2018 and Taal 2020), as well as after the Australian wildfire in 2019-2020. Simulated
SAD anomalies at 100 mb are elevated in both hemispheres, with larger perturbation in the SH (Figure S2A in
Supporting Information S1). The 2015 Calbuco eruption and the 2019-2020 Australian wildfire each contribute
about 10% of the simulated global mean SAD anomalies between 2014 and 2022, with 80% contributed mostly
by other volcanic eruptions (Figure S2B in Supporting Information S1). Shown in Figure 1, POPS launched in
July-December of 2019 in Boulder measured a large enhancement of SAD at 18 km inside of the Raikoke plume
(Todt et al., 2023). Neither the model simulations (Figure 1) nor the satellite data (Figure S1 in Supporting Infor-
mation S1) captured the large enhancement. It is difficult for climate models and satellites with relatively coarse
sampling resolutions to capture the localized plumes.

The total injected SO, and wildfire biomass burning aerosol mass in the two 8-year periods (2005-2013 and
2014-2022) was roughly one-third of those between 1991 and 1999. From 2014 to 2022, 1.5 Tg of the total 4
Tg (~38%) was injected above 20 km and at low and mid-latitudes in the upwelling region of Brewer Dobson
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Figure 1. (a) Simulated aerosol surface area density (SAD) at 18.5 km from 2014 to 2022 averaged between 30°N and 40°N is denoted by solid lines. Error bars
denote the latitudinal variability (one standard deviation) of the modeled SAD. Observations from portable optical particle spectrometers (POPS) launched in Boulder,
Colorado, and the Tibetan Plateau (TP) are denoted by the open triangles and filled circles, respectively; Selected volcanic and wildfire events with the emission greater
than 0.3 Tg are marked; (b) same as (a) but for altitude of 15.5 km. The gray shadings denote the seasons of Asian summer monsoon (July-August-September).

circulation (BDC) (Figure 2). In contrast, ~74% of the volcanic SO, between 2005 and 2013 was injected at
12-17 km in NH mid- to high-latitudes, where sulfate aerosols are subject to fast sedimentation and poleward and
downward transport through the BDC. Consequently, the simulated aerosol optical depth anomaly and aerosol
lifetime in 2014-2022 is ~50% higher than those in 2005-2013 (Table S2 in Supporting Information S1). In the
lower stratosphere, the simulated SAD anomalies in the two 8-year periods are distributed in different hemi-
spheres (Figure 2). The SAD anomalies in the lower stratosphere between 2014 and 2022 occur predominantly in
the tropics and SH middle and high latitudes, which can influence the Antarctic lower stratospheric ozone budget,
while the 2005-2013 anomalies are at NH mid-high latitudes.

3.2. Effective Radiative Forcing Between 2014 and 2022

Effective radiative forcing (ERF) at the top of the atmosphere (TOA) is a climate metric which considers
rapid adjustments to atmospheric temperature changes (Larson & Portmann, 2016). A previous study (Hansen
et al., 2005) reported a linear relationship between the global stratospheric AOD (SAOD) anomaly at mid-visible
and the global mean ERF at TOA with a slope () of =23 W m~2 per unit SAOD anomaly (range from —21 to
—30). Our estimated slope () is —22.5 W m~2 per unit sAOD anomaly averaged between 1991.6 and 1992.6
following the Pinatubo eruption. A similar slope was found in previous studies (Larson & Portmann, 2016; A.
Schmidt et al., 2018). The calculated ERF between simulations with and without emissions is —0.11 W m~2 for
the period of 2005-2013 and —0.45 W m~2 for the period of 1991-1999, respectively (Figure 3).

Tropospheric black carbon warms the atmosphere, resulting in a positive ERF at TOA, while stratospheric black
carbon cools the atmosphere, resulting in a negative ERF (Ban-Weiss et al., 2012; Yu et al., 2016). A large amount
of the ERF is in the rapid longwave (LW) adjustment term for a stratospheric warming agent (Shine et al., 2022).
The calculated slopes (Q) are around —37 W m~2 per unit SAOD change in one simulation of the ANY wildfire
smoke and another sensitivity simulation with half of the ANY smoke emission (half-ANY). A similar slope
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Figure 2. (a) Latitudinal and vertical distribution of the volcanic injected mass from the upper troposphere (2 km below the

tropopause) to 30 km between 2005 and 2013; (b) same as (a) but for the injected mass from the volcanic and wildfire events
between 2014 and 2022; (c) Simulated multi-annual and zonal averaged SAD anomalies due to volcanic injections from 2005
to 2013; (d) same as (c) but for volcanic and pyroCb SAD anomalies from 2014 to 2022.
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(L) is found when we replace the 1991 Mt. Pinatubo emission with the smoke emissions (Figure 3). When we
replace the smoke with sulfate in the ANY and half-ANY simulations instead, a less negative slope (£2) of about
—22.5 W m~2 per unit SAOD anomaly is simulated. Volcanic sulfate aerosol primarily scatters visible light with
a portion of light scattered forward. Smoke particles absorb solar energy, thereby reducing the amount that
reaches the troposphere. Absorption generates more negative instantaneous radiative forcing at the tropopause
and surface than scattering. In addition, the temperature-adjusted stratosphere in response to smoke particles'
absorption and heating emits LW radiation back to space and generates more negative ERF at TOA than volcanic
sulfate aerosol. The positive change in the shortwave (SW) forcing at TOA (i.e., less outgoing SW) is overcome
by the negative change of the LW radiative forcing (i.e., more outgoing LW) when we replace Mt. Pinatubo sulfur
emission with the wildfire smoke (Figure 3; Table S3 in Supporting Information S1). The opposite changes occur
when we replace ANY smoke emission with sulfate. Our study suggests that the stratospheric wildfire smoke
absorbs the solar radiation, warms the stratosphere, and produces about 60% more negative ERF at the TOA
per unit SAOD change than volcanic aerosols. Our study underscores that studies which fail to separate wildfire
smoke from the volcanic sulfate might underestimate the negative stratospheric forcings in a warming climate.

The simulated mean sAOD anomaly is 0.0074 for the 2014-2022 period with ~10% of that contributed by the
wildfire smoke. Assuming the stratospheric smoke (€ = —37) and volcanic sulfate (Q = —22.5) are independent
in terms of the radiative properties, the estimated 8-year averaged ERF from 2014 to 2022 is —0.18 W m™2. Note,
the 1991 Mt. Pinatubo eruption represents the largest event in terms of mass of SO, emitted in the satellite era. The
simulated ERF from the moderate volcanic and wildfire events in the period of 20142022 is ~40% of the period of
1991-1999. The carbon dioxide (CO,) forcing increased by about 0.52 W m~2 from the volcanic quiescent period
of 1999-2002 to 2014-2022; the estimated stratospheric volcanic ERF of 19992002 is —0.04 W m~2 (A. Schmidt
et al., 2018); therefore, the estimated change in stratospheric volcanic and wildfire ERF between the same two
periods is —0.14 W m~2, which offsets about 26% of the increase in CO, forcing from 1999-2002 to 2014-2022.

4. Discussions

Volcanic eruptions were suggested to have contributed to the slowing of the rate of change in the global mean
surface temperature (GMST) during the so called “hiatus” between 2000 and 2013 with a mean volcanic ERF
of —=0.1 W m~2 (A. Schmidt et al., 2018). Our study shows that the volcanic and wildfire activities during 2014—
2022 generates 80% more ERF than the “hiatus” period. Figure 4a shows that the observed GMST of 2014-2022
increased by 0.38 K relative to the volcanic quiescent period (1999-2002) (https://www.ncdc.noaa.gov/cag/).
GMST anomaly of 2014-2022 is a convolution of responses to all previous forcing changes including greenhouse
gases, stratospheric and tropospheric aerosols, ocean heat content and internal variability. Based on a simple
step response model (Good et al., 2011) with the mean kernel of GMST derived from the 5th Climate Model
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Intercomparison Project (CMIPS5), the 2014-2022 and 2005-2013 stratospheric injections decreased the GMST
of 2014-2022 by 0.06 and 0.02 K, respectively (Figure 4a). The total offsets ~20% of the observed GMST anom-
aly of 2014-2022 relative to 1999-2002. The increase rate of GMST from 2000 to 2022 would have been ~24%
larger without the stratospheric injections after 2005. This simple method of computing GMST changes brings
large uncertainties like the choice of GMST kernels (see Larson & Portmann, 2016).

The estimated ERF is 80% larger in 2014-2022 than in 2005-2013 because the 2014-2022 emissions were
injected at higher altitudes and lower latitudes and smoke provided more negative ERF than sulfate. Our study
suggests that the stratospheric injections of 20142022 offset about 15% of the observed GMST increase between
2014-2022 and 1999-2002, while the 2005-2013 injections offset 38% of the observed GMST increase between
2005-2013 and 1999-2002 (Figure 4b). This reduced fractional impact of the aerosols on GMST, despite their
larger ERF in 2014-2022, is due to the rapid increase in greenhouse gas forcing over the time periods considered.
In the not-too-distant future, aerosols forcing of climate will no longer be competitive with greenhouse gas forc-
ing and will no longer offset a significant portion of it.

5. Summary

We performed numerical simulations of the stratospheric volcanic and wildfire events between year 2014 and
2022. Simulated stratospheric aerosol surface area density (SAD) is compared against long-term in-situ observa-
tions from balloon-borne POPS (Gao et al., 2016; Todt et al., 2023) launched in Boulder, Colorado (40°N, 105°W),
and in cities on the Tibetan Plateau. Both model and POPS suggest that the SAD in the Northern Hemispheric
mid-latitudes is around 1-2 pm?/cm? in the upper troposphere and lower stratosphere (15.5-18.5 km). The model
captures the SAD enhancement and transport from the major volcanic and wildfire events, and suggests that the
2019-2020 Australian wildfire event and 2015 Calbuco eruption each contribute to about 10% of the simulated
SAD anomalies between 2014 and 2022. Compared with the period of 2005-2013, stratospheric aerosols between
2014 and 2022 are injected at higher altitudes and lower latitudes with about 50% longer lifetime. Consequently, the
simulated ERF change of the 20142022 injections is 80% more negative than the period of 2005-2013.

Wildfire organics and black carbon aerosols warm the stratosphere and produced more outgoing long-wave radi-
ation to the space through stratospheric fast temperature adjustment (Shine et al., 2022). Our model simulations
suggest that the effective radiative forcing (ERF) of stratospheric wildfire smoke is —37 W m~2 per unit change
of stratospheric aerosol optical depth (sSAOD), which is about 60% more negative than the volcanic sulfate. Our
study underscores that studies which fail to separate wildfire smoke from the volcanic sulfate might underesti-
mate the negative stratospheric forcings in a warming climate.

Our study shows that the stratospheric aerosol slows down the rate of global warming: it offsets about 26% of
the increase in ERF and about 20% of the increase in GMST due to CO, from 1999-2002 to 2014-2022. Due to
the rapid increase in greenhouse gas forcing, aerosol negative radiative forcing will no longer offset a significant
portion of it. The contribution of extreme wildfire and moderate volcanic activities to the global radiation budget
in the warming climate merits further study.

Data Availability Statement

The stratospheric aerosol surface aera density data and model simulations are located at https://doi.org/10.17605/
OSF.IO/KBAFU. OMPS-LP data are publicly available at https://ozoneaq.gsfc.nasa.gov/data/ozone/.
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