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Abstract. Recent studies suggest that emissions from large forest fires affect stratospheric chemistry, dynamics,
and climate, similar to major volcanic eruptions. Using the chemistry-climate model EMAC, we demonstrate
that organic carbon emitted from forest fires, injected into the stratosphere through pyro-cumulonimbi, enhances
heterogeneous chlorine activation related to high solubility of HCl in particles containing organic acids and
an augmented aerosol surface area, in agreement with existing literature. Following the 2019/2020 Australian
megafires, the upward transport of the pollution plumes resulted in enhanced ozone depletion in the Southern
Hemisphere lower stratosphere, as corroborated by satellite observations. It diminished column ozone in the
following two years, accompanied by a dynamically induced reduction in 2020 due to the lofting of smoke-filled
vortices, in total by up to 45 DU. The eruption of the submarine Hunga Tonga volcano in January 2022 caused
a decline in total ozone across the entire Southern Hemisphere. The water vapour injection from the volcano
altered only the vertical distribution of ozone loss. The sunlight-absorbing aerosol from the Australian and, to
a smaller extent, the Canadian forest fire emissions in 2019/2020 induced the most significant perturbation in
stratospheric optical depth since the major eruption of Pinatubo in 1991. It shifted the sign of instantaneous
stratospheric aerosol forcing, derived at the top of the atmosphere, from −0.2 to +0.3 W m−2 in January 2020.
The global aerosol radiative forcing resulting from the Hunga Tonga eruption was −0.16 W m−2, primarily
driven by changes in stratospheric sulfate aerosols. The positive radiative forcing from the injected water vapour
was minimal.

1 Introduction

About 20 years ago Fromm et al. (2004, 2005) realized first,
that major Boreal forest fires are able to inject material into
the stratosphere with global consequences for dynamics and
ozone. Since 2017 it was systematically observed that these
fires which inject smoke particles via pyro-cumulonimbi di-
rectly into the midlatitude stratosphere can have a global im-
pact on the radiation budget (Yu et al., 2021; Senf et al.,
2023), stratospheric dynamics (Yu et al., 2019; Damany-
Pearce et al., 2022; Khaykin et al., 2020; Allen et al., 2020;
Kablick et al., 2020; Santee et al., 2022), and heterogeneous
chemistry of the stratosphere (Solomon et al., 2022, 2023;
Stone et al., 2025; Ohneiser et al., 2022; Strahan et al., 2022;

Salawitch and McBride, 2022; Ansmann et al., 2022). This
holds for the Australian fires in December 2019 to January
2020 as well as Canadian fires in 2017 (Kloss et al., 2019;
Doglioni et al., 2022) and 2019. There are also the Canadian
fires in 2023. Vescovini et al. (2024) address the Californian
fires in 2020 and the Siberian fires in 2019. The latter 3 events
are not considered in our study.

Because of the absorbing aerosol the radiative impact of
forest fire plumes differs from the one of major volcanic
eruptions like for example Hunga Tonga in January 2022
(Taha et al., 2022) or Raikoke in 2019 where scattering
aerosol dominates. Radiative heating of the absorbing smoke
particles causes self-lofting and in case of the Australian
fires synoptic scale anticyclonic vortices lifting lower strato-
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spheric and upper tropospheric smoke containing airmasses
with high N2O and low ozone to the middle stratosphere
(Allen et al., 2020; Kablick et al., 2020; Ma et al., 2024).
Some of these vortices acting like a containment vessel trans-
port the smoke particles to high latitudes. This and the about
10 to 15 km thick layer in the lower stratosphere perturbed by
smoke (Khaykin et al., 2020) cause a deeper Antarctic ozone
hole due to heterogeneous chlorine activation (Stone et al.,
2021, 2025; Cutts, 2023).

Hunga Tonga (now shortly referred to as Hunga, San-
tee et al., 2024), the most explosive eruption in the last 3
decades, has been analyzed in several studies (Khaykin et al.,
2022; Li et al., 2024; Wilmouth et al., 2023; Wohltmann
et al., 2024; Fleming et al., 2024). In January 2022 this sub-
marine volcano injected huge amounts of water vapour di-
rectly into the middle stratosphere and even the lower meso-
sphere. Wang et al. (2023); Zhang et al. (2024a, b) focus
on enhanced ozone depletion due to enhanced aerosol sur-
face area and water vapour using satellite observations and
the WACCM-model. Santee et al. (2023, 2024) provide fur-
ther references and observational data and some review of
involved heterogeneous and gas phase chemistry. Zhu et al.
(2023) analyse ozone depletion inside the plume, a process
that we do not treat in our study.

The main focus of this paper is on aerosol and hetero-
geneous chemistry in the lower stratosphere which has the
largest impact on radiative forcing and total ozone. For the
analyzed period 2017 to 2023 the Southern Hemisphere is of
particular interest. With the chemistry climate model EMAC
(ECHAM5-MESSy Atmospheric Chemistry) with extended
heterogeneous chemistry on particles, introduced in Sect. 2,
we are able to reproduce most of the features observed by
OSIRIS (Optical Spectrograph and InfraRed Imaging Sys-
tem), MLS (Microwave Limb Sounder), OMPS-LP (Ozone
Mapping and Profiler Suite) and other satellite and balloon
instruments and Lidar as shown in Sect. 3. In this section
we also discuss the radiative effects and stratospheric climate
implications.

2 The chemistry climate model EMAC and used
satellite data

2.1 EMAC and setup of the simulations

EMAC consists of the general circulation model ECHAM5
(Giorgetta et al., 2006) and the Modular Earth Submodel
System (MESSy) V2.52 (Jöckel et al., 2010) including at-
mospheric chemistry. We use a setup in the spectral resolu-
tion T63 (1.9°) with 90 layers up to 1 Pa (80 km) where the
meteorology of the troposphere (up to 100 hPa) is nudged to
the reanalysis ERA5 (Hersbach et al., 2020) as recommended
by Jöckel et al. (2006). Sea surface temperatures and sea ice
cover are prescribed by ERA5. The Quasi Biennial Oscil-
lation (QBO) is internally generated but slightly nudged to
observations compiled by the Free University of Berlin and

Karlsruhe Institute of Technology (see https://www.atmohub.
kit.edu/english/807.php, last access: 17 December 2025) us-
ing a relaxation time of 2 months to allow for a comparison
with satellite data (Giorgetta and Bengsston, 1999).

The model contains interactive gas phase and hetero-
geneous chemistry and the aerosol microphysics module
GMXE (Pringle et al., 2010) with 4 soluble and 3 insol-
uble modes with parameters as in Brühl et al. (2018) and
EQSAM aerosol chemistry (Metzger and Lelieveld, 2007).
Our module for heterogeneous chemistry on liquid strato-
spheric aerosol or polar stratospheric cloud (PSC) particles,
MSBM, was modified as in Solomon et al. (2023), assuming
that organic acids (e.g. hexanoic and acetic acids) in a parti-
cle strongly enhance the solubility of HCl in the particle com-
pared to sulfuric acid or a mixture of sulfuric and nitric acid
(Carslaw et al., 1995; Hanson et al., 1994; Huthwelker et al.,
1995; Luo et al., 1995), accelerating the classical PSC reac-
tions (Table 1) for chlorine activation also in midlatitudes.
As in Solomon et al. (2023) the high solubility in hexanoic
acid is applied if the mass ratio of organic carbon to sulfate
exceeds 1. This leads to an HCl uptake and reactive chlorine
release at much higher temperatures than for classical PSC
or sulfate particles. The enhancement of surface area density
(SAD) by organic aerosol leads also to faster conversion of
NOx to HNO3 via N2O5+H2O→ 2 HNO3.

The simulation is a continuation of the multidecadal tran-
sient simulation of Schallock et al. (2023) including several
hundred explosive volcanic eruptions derived after March
2012 from OSIRIS extinction data. Kohl et al. (2025) con-
tains a continuation of the volcanic emission inventory from
September 2019 to December 2023. For the powerful erup-
tion of Hunga in January 2022 we assume that 400 kt SO2
(Zhu et al., 2022) was injected as a mixing ratio pertur-
bation near 25 km altitude based on the 3D aerosol plume
seen by OSIRIS. A sensitivity study with 500 kt SO2 and a
slightly higher plume top height was also performed. The wa-
ter vapour injection of 136 Mt by Hunga at 13–36 hPa is con-
sidered with the module TREXP (Jöckel et al., 2010; Kohl
et al., 2025) assuming a Gaussian vertical distribution cen-
tered at 21.5 hPa and truncated at 2.4σ with σ = 1.25 km,
and a slab covering 4 neighboring horizontal grid boxes, i.e.
in total 48 boxes. Note that our estimate based on prelimi-
nary data is slightly less than the 146 Mt proposed by Millán
et al. (2022) but the problem was that only 64 Mt were re-
tained in the stratosphere because of removal by ice forma-
tion. To improve this we performed a sensitivity study with
150 Mt H2O and 500 kt SO2 injected in 9 neighboring grid
boxes and the peak for the Gaussian distribution for the H2O
injection at 17 hPa. Here 122 Mt of H2O were retained. To
study the microphysical, chemical and radiative interactions
also a simulation with the same SO2 injection but no water
vapour injection is included. The performed simulations are
summarized in Table 2.

Organic and black carbon (OC and BC) from the 3 ma-
jor forest fires in 2017 to 2020 are injected in the Aitken
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Table 1. Heterogeneous reaction on PSC particles, sulfate and organic aerosol.

Reaction Solid PSC Liquid PSC Strat. aerosol

N2O5+H2O→ 2 HNO3 yes yes yes
ClONO2+H2O→HOCl+HNO3 yes yes yes
ClONO2+HCl→Cl2+HNO3 yes yes yes
HOCl+HCl→Cl2+H2O yes yes yes
N2O5+HCl→ClONO2+HNO3 yes no no
BrONO2+H2O→HOBr+HNO3 yes yes yes
HOBr+HBr→Br2+H2O yes yes no∗

ClONO2+HBr→BrCl+HNO3 yes no no
BrONO2+HCl→BrCl+HNO3 yes no no
HOCl+HBr→BrCl+H2O yes yes no∗

HOBr+HCl→BrCl+H2O yes yes no∗

∗ yes in a sensitivity study based on scenario 6 of Table 2.

Table 2. The 7 transient simulations with the color of the lines in the figures. Scenarios 5 to 7 differ from scenario 4 only after 15 January
2022.

Scenario Fire aerosol Het. chem. Hunga SO2 Hunga H2O color
on organics method or box and peak, mass box, peak of Gaussian, mass

1 no no OSIRIS, 400 kt 3.8× 3.8°, 21 hPa, 136 Mt green
2 yes no OSIRIS, 400 kt 3.8× 3.8°, 21 hPa, 136 Mt blue
3 yes no no no purple
4 yes yes OSIRIS, 400 kt 3.8× 3.8°, 21 hPa, 136 Mt red
5 yes yes OSIRIS, 500kt 3.8× 3.8°, 21 hPa, 136 Mt red dashed
6 yes yes 5.7× 5.7°, 21 hpa, 500 kt 5.7×5.7°, 17 hPa, 150 Mt lightblue
7 yes yes 5.7× 5.7°, 21 hpa, 500 kt no lightblue dashed

mode at the top of the pyro-cumulonimbi into the lower
stratosphere (1.5 km thick boxes) using TREXP with data
from Peterson et al. (2018) for the British Columbia fire in
August 2017, Osborne et al. (2022) for the Alberta fire in
June 2019 and Peterson et al. (2021) for the Australian fire
in December 2019/January 2020. For the British Columbia
fire we considered 4 3 h events on 12/13 August emitting
in total 300 kt OC and 19.5 kt BC in 4 slabs into the 132–
175 hPa layer at slightly different locations and times near
51° N/122° W. The smoke of the Alberta fire is injected on
June 17 in the same altitude range into 4 neighboring slabs
near 60.5° N/116° W with in total 108 kt OC and 7 kt BC. The
Australian fire was modeled as a 63 h lasting event starting
on December 29 injecting 600 kt OC and 39 kt BC into the
layer between 92 and 121 hPa covering 4 horizontal grid-
boxes around 37° S/149° E, followed by a 6 h event on 4 Jan-
uary injecting 216 kt OC and 13.8 kt BC into the same slabs.
Organic carbon is assumed to be in the soluble and black
carbon in the insoluble mode. The absorbing smoke particles
experience lofting by radiative heating reaching about 28 km
in case of the Australian fire.

2.2 OSIRIS

OSIRIS is a limb scatter observing instrument, which was
launched on board the Odin satellite on 20 February 2001
and is still operating today. OSIRIS provides coverage from
82° S to 82° N over the course of the year. To obtain the
vertical profiles of aerosol extinction at altitudes from 10 to
35 km, the aerosol scattering properties are calculated with a
refractive index of 1.427+ i7.167× 10−8 using Mie theory
at 750 nm wavelength and a sulfate concentration of 75 %
H2SO4 and 25 % H2O (Rieger et al., 2019). Extinction is re-
trieved where the tangent point is illuminated, which is pri-
marily in the summer hemisphere, using version 7.3. The grid
resolution is 1 km altitude, 5° latitude, and 30° longitude with
5 d averaged time intervals. Observed zonal average strato-
spheric aerosol optical depth (SAOD) for 3 latitude ranges
and 5 years is shown by the black dashed curves in Fig. 1.

2.3 OMPS-LP

The OMPS-LP instrument on the Suomi National Polar Or-
biting satellite, which was launched in 2011, measures verti-
cal images of the spectral radiance of the atmospheric limb.
These scattered-sunlight spectra, in the range 290–1000 nm,
are used in combination with a radiative transfer forward
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model to retrieve vertical profiles of ozone number den-
sity and aerosol extinction coefficient. Measurements are
made along the daylight portion of the satellite orbital track.
Aerosol extinction is retrieved at a single wavelength channel
of 746 nm, derived using a two-dimensional, or tomographic,
inversion (Rieger et al., 2021; Bourassa et al., 2023). The ver-
tical and horizontal resolutions of the retrieval are approxi-
mately 1.5 and 250 km, respectively, and profiles generally
extend from the tropopause through the upper stratosphere.
Here we use L2-version 1.3, the grid resolution is like for the
OSIRIS data set. Zonal average observations of SAOD are
shown by the black dotted curves in Fig. 1.

2.4 GloSSAC satellite climatology

The Global Space-based Stratospheric Aerosol Climatology
(GloSSAC, V2.22, Kovilakam et al., 2023, Knepp et al.,
2024) contains observed multi-satellite monthly aerosol ex-
tinctions from 1979 to 2023 and is based for the considered
period 2017 to 2023 mostly on SAGE III/ISS (Stratospheric
Aerosol and Gas Experiment on International Space Station)
data in tropics and midlatitudes (< 60°). We used the cloud
cleared and the full SAGE III/ISS datasets (Black thick and
black dash-dot lines in Fig. 1).

2.5 AURA-MLS

MLS onboard NASA’s Aura satellite provides measurements
of 15 trace gases, among them H2O, HCl, ClO, HNO3 and
O3 we use for evaluation. Here we use version 5 following
Santee et al. (2023). MLS measures thermal emission from
the Earth’s limb, covering spectral regions near 118, 190,
240, and 640 GHz. We use zonal average daily gridded L3
data on pressure levels with a resolution of 4° in latitude and
about 2.4 km in altitude. Compared to other observations,
MLS HCl can be up to 10 % higher (Livesey et al., 2022).

3 Results for 2017–2023

We performed a transient simulation without forest fires,
simulations with the radiative and dynamical effects of the
forest fires mentioned in Sect. 2, with and without the erup-
tion of Hunga, and simulations with heterogeneous chem-
istry on organic aerosol for the standard Hunga case and 3
sensitivity studies with more SO2 including one with a more
realistic injection of Hunga water vapor addressed above and
summarized in Table 2.

3.1 Optical depth, radiative forcing and heating

Simulated and observed stratospheric aerosol optical depth
(SAOD) for the tropics, the southern and the northern mid-
latitudes is presented in Fig. 1. Including the organic aerosol
from major forest fires is essential for agreement with the
observations by SAGE III/ISS, OSIRIS and OMPS-LP. In

southern midlatitudes the Australian forest fire enhances
SAOD in January 2020 in observations and simulations by
about 0.011 in zonal mean (black, red and green curves).
Two years later the perturbation is still 0.0005 as can be seen
by the difference between the red and green curves, consis-
tent also with lidar observations by Ohneiser et al. (2022).
In northern midlatitudes, SAOD is dominated by the erup-
tion of Raikoke in 2019 (0.009) while Canadian fires cause a
slight enhancement (0.001 in 2019 and 0.002 in 2017). The
eruption of Hunga in January 2022 dominates SAOD in the
next years with a contribution of up to 0.018 in tropics and
southern midlatitudes. In the tropics, the eruptions of Ulawun
in June and August 2019 and of St. Vincent in April 2021
have also a large impact on SAOD (0.008 and 0.004, respec-
tively), while the effect of Australian fires is relatively small,
up to 0.0013. Note that the very low OSIRIS values near the
data gaps in midlatitudes are artifacts due to sparse cover-
age, values at very large solar zenith angles and often miss-
ing observations of the lowermost stratosphere and should
be ignored. Also, this feature does not happen in OMPS-
LP observations (Rieger et al., 2021; Bourassa et al., 2023)
and GloSSAC (Kovilakam et al., 2023). However, OMPS-
LP observations (dotted black lines) sometimes appear to be
high-biased compared to other instruments. During northern
summer 2020 OSIRIS data were so sparse that OMPS-LP
had to be used to estimate SO2 injections of some volcanic
events and it looks like that the used correction factors “f ”
by Schallock et al. (2023) (their Eq. 1) for these were too
large, leading to an overestimate of the sulfate contribution
to extinction still visible to the end of 2020 in the south-
ern hemisphere. In April 2023 there appears to be a south-
ern midlatitude volcanic event missing in our inventory but
it is more likely that the difference to observations is due to
the not well captured impacts of Hunga emission patterns on
model dynamics. One has also to keep in mind that OMPS-
LP appears to be high-biased relative to other instruments
in local fall in both hemispheres. Also in April 2023 some
source of aerosol appears to be missing in the tropics but
this is most likely an artifact in the satellite data due to high
clouds since this does not appear in the cloud cleared SAGE
III/ISS data. Sensitivity study 5 with enhanced SO2 injection
by Hunga improves the agreement with OSIRIS and SAGE
III/ISS observations in late 2022, but still underestimates SH
midlatitude SAOD in 2023, especially when comparing to
GloSSAC (thick black lines). Ignoring Hunga reduces SAOD
by up to 0.0060 to 0.0075. In scenario 6 where SO2 is almost
co-injected with H2O in a 5.7× 5.7° region (see Table 2) the
strongly enhanced OH production leads to a very quick sul-
fur aerosol formation causing the too early peak of SAOD in
the tropics. Radiative heating of this aerosol causes a lofting
of the plume and a faster spread to midlatitudes leading to a
better agreement of SAOD with GloSSAC there. A problem
with this scenario is that the fast growth of aerosol particle
due to water uptake cause a too fast sedimentation already
near the source region so that scenario 7 (lightblue dashed
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Figure 1. Stratospheric aerosol optical depth in tropical latitudes (b), northern (a) and southern midlatitudes (c), zonal averages. Colors:
EMAC simulations of legend and Table 2. Black thick: GloSSAC V2.22, after June 2017 observations by SAGE III/ISS, cloud cleared,
black dash-dotted: GloSSAC V2.22, SAGE III/ISS, all, black dotted: observed by OMPS-LP, black dashed: observed by OSIRIS. GloSSAC
monthly averages, all other curves 5 d averages.

curves) without H2O injection reproduces observed aerosol
optical depth much better, including the slow decrease dur-
ing Austral fall of 2023.

The global instantaneous stratospheric aerosol forcing cal-
culated online by multiple radiation calls at the top of the
atmosphere (TOA) and in the altitude of the midlatitude
tropopause is shown in Fig. 2. The Australian fire emis-
sions change the TOA forcing by up to 0.5 W m−2 in Jan-
uary 2020 with the perturbation modulated by insolation last-
ing more than 3 years with values of 0.07 W m−2 in Jan-
uary 2022 and 0.02 W m−2 in January 2023. The signals of
0.11 W m−2 in August 2017 and 0.05 W m−2 after June 2019
are related to Canadian fires. The sign change of the forc-
ing perturbation by smoke with altitude is due to its light
absorbing properties. The computed global aerosol radiative
forcing at TOA caused by the Hunga eruption in 2022 was
about−0.12 W m−2, decreasing to−0.06 W m−2 by Decem-

ber 2023, dominated by the change in stratospheric sulfate
aerosols. In the sensitivity simulation 5 with more Hunga
SO2 these numbers change to −0.15 and −0.07 W m−2.
In the experiment 6 with almost co-injection of SO2 and
H2O the effect of Hunga is larger in the first 2 months
and smaller later, approaching scenario 5. Surprisingly, the
largest forcing by Hunga occurs in no water scenario 7 with
−0.17 W m−2 in August 2022.

Solar and infrared radiative heating rates by smoke and
volcanic aerosol in tropics and midlatitudes in Figs. A6
and A7 are largest in the middle stratosphere with up to
0.16 K d−1 at 28 km in the tropics and 0.36 K d−1 at 20 km
in midlatitudes in zonal average. The heating by smoke from
the Australian fires leads to a zonal average temperature in-
crease of up to about 3 K over several months in large parts
of the SH lower stratosphere. This feature is similar to that
reported by Yu et al. (2021). The warmer tropopause re-
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Figure 2. Calculated instantaneous radiative forcing by aerosol at the Top of the Atmosphere (TOA, a) and tropopause altitude (b). Colors
of EMAC simulations see legend and Table 2.

gion also causes an increase in stratospheric water vapour
(Fig. A1). Hunga aerosol causes a heating rate by up to
0.16 K d−1 at 25 km in the tropics and 0.05 K d−1 in southern
midlatitudes (panels a and b of Figs. A6 and A7). The cooling
rate by the injected water vapour cannot be directly derived
using our online method. The heating by up to 0.032 K d−1

in the tropics at 18 km is related to the eruptions of Ulawun
and St. Vincent (panel c).

3.2 Perturbation of dynamics by smoke

In case of the Australian fires the strong radiative heating
in the absorbing aerosol containing plumes causes their loft-
ing and the formation of anticyclonic vortices. The vortices
generated by EMAC are similar in size as the observed ones
discussed in Kablick et al. (2020) but the location differs and
the lofting is somewhat faster. EMAC reproduces the reduced
ozone and enhanced N2O in the smoke filled vortices due
to vertical displacement. An example for January 2020 and
southern midlatitudes is shown in Figs. A8 and A9. These
perturbations are visible for about 2 months. In the used setup
of the model the vortices rise only to about 28 km, the max-
imum altitude where heating by aerosol is considered in the
radiation scheme. Because of this limitation the perturbations
found by Ma et al. (2024) above this altitude could not be
studied.

3.3 Aerosol properties and ozone chemistry

Calculated number densities N and median wet radii rmedian
in the accumulation mode in tropics and SH midlatitudes are
presented in Figs. A4 and A5. N increases by up to about
50 % for the Australian fire and by up to 100 % for Hunga
at 52° S and 68 hPa, for rmedian the increase there is about
0.03 µm for both perturbations.

The simulated particle surface area density (SAD) for use
with heterogeneous chemistry is shown in Fig. 3. The organic
particles injected into the stratosphere by the Australian fires
cause a large enhancement of SAD by up to about a factor
of 10 in the whole Southern hemisphere. In the calculation
we assume here the molecular mass of acetic acid. Hunga is
responsible for about a doubling to tripling of SAD outside
the regions with polar stratospheric clouds (PSC, causing the
winter peaks) at 68 hPa.

Simulated and observed HCl and ClO for mid and high
southern latitudes are depicted in Fig. 4, simulated HOCl and
ClONO2 in Fig. 5. It is clearly seen that heterogeneous chlo-
rine activation on organic particles has to be included to re-
produce the HCl observations by MLS with a fast decrease in
Austral fall and early winter of 2020 and 2021 (red and black
curves) accompanied by an increase in ClO as also found
by Solomon et al. (2023) and Stone et al. (2025) for both
latitude regions in 2020. In 2021 this perturbation is larger
than in Stone et al. (2025). The time of the HCl recovery de-
pends strongly on how much local ozone is left and near the
vortex edge model uncertainties on this are largest (Grooß
et al., 2011). In the presence of organic aerosol in these win-
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Figure 3. Calculated surface area density (µm2 cm−3) for heterogeneous chemistry in the middle stratosphere in southern subtropics (a) and
the lower stratosphere in southern middle (b) and high (c) latitudes. Colors see legend and Table 2. The green curve is shown only for 2017
since very close to the blue one later.

ters ClONO2 is strongly enhanced in midlatitudes by up to
0.4 ppbv in agreement with Solomon et al. (2023) and in
April and September in high latitudes. The latter causes a
delay in HCl recovery compared to MLS. HOCl is strongly
enhanced in high latitude winter of 2020. In Northern high
latitudes in early spring of 2020 the model simulates a slight
chlorine activation due to the 2019 Canadian fires not shown
here. The 2017 Canadian fire causes a ClO increase in early
Arctic winter but no significant ozone change.

Heterogeneous chlorine activation on Hunga aerosol is im-
portant in Austral winters of 2022 and 2023 (blue/red curves
against purple ones). Here we obtain similar results as Zhang
et al. (2024b), we found however from a sensitivity study
based on scenario 6 of Table 2 with the bromine reactions in
Table 1 marked with ∗ active in midlatitudes, that the reaction
HOBr+HCl contributes only a small fraction to chlorine ac-
tivation (0.02 ppbv HCl decrease).

For the nitrogen species mostly the effect of the SAD in-
crease due to smoke and volcano matters, causing an in-

crease in HNO3 (Fig. 6) and a decrease in NO2 (Fig. A2).
For HNO3 the EMAC simulations match almost perfectly
with the MLS observations if the heterogeneous chemistry
on smoke aerosol is included (Fig. 6). The reduction of
NOx by heterogeneous reactions on organic and sulfate
aerosol leads to an increase in the hydroxy radical due to
NO+HO2→NO2+OH (Fig. A3, red against blue or pur-
ple curve). This effect and the Hunga water vapour injections
and the subsequent increase in stratospheric water vapour
(Fig. A1) cause an enhancement in HO2 (Fig. A3) by almost
20 % in Austral summers of 2022/2023 and 2023/2024.

Simulated and observed ozone is shown in Fig. 7. The
high bias in EMAC lower stratospheric ozone is most likely
caused by numerical diffusion and to a small fraction by the
underestimated water vapour (Fig. A1) related to a cold bias
at the tropical tropopause. In years with weak vortices, nu-
merical diffusion can cause an underestimate of ozone de-
pletion, which is not the case in years with strong vortices
(e. g. 2018). Nevertheless, relative effects from fire and vol-
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Figure 4. Simulated and observed HCl at 68 hPa at 52° S (a) and 72° S (c). Calculated and observed ClO in panels (b) and (d). Colors in the
legend indicate the EMAC scenarios of Table 2. 5 d averages for EMAC, daily averages with 5 d boxcar smoothing for MLS.

cano emissions can be studied. Here the combined effect of
perturbation of dynamics and chemistry by smoke causes a
zonal average decrease of almost 10 % in the midlatitude
lower stratosphere, almost complete loss at the edge of the
ozone hole and complete loss south of 80° S (not shown) in
winter 2020 and 2021 in agreement with MLS (black and
red curves). In contrast, the remaining ozone in the con-
trol run (green) and the run without heterogeneous chemistry
on organics (blue) is 0.2 ppmv (80° S) to 0.5 ppmv (72° S)
higher. In 2020 the calculated ClO increase near the edge of
the Antarctic vortex occurs earlier than in the observations
(Fig. 4d) leading to the earlier ozone decrease in Austral fall

which reduces the bias between 60 and 80° S. The effect of
Hunga is mostly visible at the vortex edge in October 2022
(b, purple and blue or lightblue curves). Simulated ozone
changes are consistent with Solomon et al. (2023), Stone
et al. (2025) for the wildfires and Zhang et al. (2024a) for
Hunga.

Heterogeneous chlorine activation causes decreases in
zonally averaged total ozone of more than 30 DU in the first
2 years after the Australian fires (Fig. 8a), Changes in dy-
namics due to heating by smoke cause a total ozone decrease
by up to about 24 DU (Fig. 8d), combined effects add up
to a loss of up to 45 DU (scenario 4 against scenario 1).
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Figure 5. Simulated HOCl at 68 hPa at 52° S (a) and 72° S (b). Full curves, shown EMAC scenarios of Table 2 in legend. Dashed curves
show calculated ClONO2. Scenario 5 and 7 not shown.

Figure 6. Simulated and observed HNO3 at 68 hPa at 52° S (a) and 72° S (b). EMAC scenarios of Table 2 see legend.

At 50° S the typical decrease in Austral winter still exceeds
10 DU. The loss due to the eruption of Hunga is up to about
15 DU near the edge of the Antarctic vortex in 2022 and 2023
(Fig. 8b) and some DU more in the first 6 months of 2022 in
case of scenario 6 (Fig. 8c).

Spatial co-injection of SO2 and H2O alters the results since
it can prevent the descent of the H2O plume by radiative cool-
ing in the early phase due to heating of the sulfur aerosol
which is formed too rapidly, related to strongly enhanced
OH. This leads to a too late arrival of the additional water
vapour in the lower stratosphere at mid and high southern
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Figure 7. Simulated and observed O3 at 68 hPa at 52° S (a) and 72° S (b). EMAC scenarios of Table 2 see legend.

latitudes. Additionally, too big particles are formed via co-
agulation, causing an overestimation of removal by sedimen-
tation near the source region. However, some overlap of the
H2O and SO2 plumes needs to be assumed to explain the
observed fast SO2 conversion (Santee et al., 2023). Surpris-
ingly, in our model observed SAOD is best reproduced in
scenario 7 where Hunga water vapor is ignored. The simu-
lated impact of the water vapor injection on the aerosol size
distribution near the source region is consistent with Li et al.
(2024) (Fig. A10a, b). Figure A10 shows also that Hunga wa-
ter causes an ozone increase at the latitude and altitude of the
injection, despite enhanced chlorine activation, because of
the strongly altitude dependent interaction between the dif-
ferent ozone depleting catalytic cycles.

4 Conclusions

The Australian forest fires in 2019/2020 caused the largest
perturbation in stratospheric optical depth (for example, in
OSIRIS and OMPS-LP data) and instantaneous radiative
forcing since the eruption of Pinatubo by up to 0.5 W m−2 at
the top of the atmosphere and−0.4 W m−2 at the tropopause.
In January 2022, the remaining effect at TOA was about
0.07 W m−2, still counteracting the negative forcing by vol-
canoes, which was in case of Hunga up to −0.16 W m−2.
These fires caused a zonal average heating of the lower
stratosphere of the Southern Hemisphere by up to about 3 K
for several months. The absorbing aerosol from the Boreal
fires in 2017 and 2019 reduced the volcanic forcing at TOA
but enhanced it at the tropopause by 0.11 and 0.05 W m−2,
respectively. It is needed to explain the observed SAOD.

To obtain agreement with the chlorine activation in polar
regions and midlatitudes observed by MLS it is essential to
include the enhanced solubility of HCl in particles contain-
ing organic acids from major forest fires, in agreement with
Solomon et al. (2023); Stone et al. (2025). The Australian
fire emissions led to enhanced ozone depletion in fall, win-
ter and spring in high and mid latitudes reducing minimum
total ozone in 2020 and 2021 by up to 30 DU around 70° S,
accompanied by a reduction in August 2020 from the lofting
smoke filled vortices and other perturbations in dynamics by
up to 24 DU (total up to about 45 DU).

The total ozone loss due to the eruption of Hunga was up
to about 15 DU near 70° S in 2022 and 2023. Hunga water
vapour had only a small effect on ozone and radiative forc-
ing. EMAC reproduces the water vapour increase seen by
MLS if injected in a large enough volume and a vertical dis-
tribution shifted upward by about 1.5 km compared to SO2
to avoid too much ice formation but has a low bias of al-
most 1 ppmv (outside of the Antarctic vortex, Fig. A1). For
ozone the water vapour increase causes a change in the ver-
tical distribution with almost no effect on total ozone, while
the positive radiative forcing is not significant in the model.
There is, however, an impact via the modified aerosol resi-
dence time. Our simulations show an extreme sensitivity of
aerosol properties and radiative and chemical implications to
the spatial distribution of the injections of Hunga SO2 and
water vapour.

We demonstrated that EMAC (in this version) is a use-
ful tool for simulating the implications of major forest fires
and volcanic eruptions on climate and stratospheric ozone,
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Figure 8. Calculated total ozone change from heterogeneous chlorine activation on organics from fires (a, scenario 4 against scenario 2) and
additionally the eruption of Hunga (scenario 4, b, and scenario 6, c, against scenario 3). The lower panel (d) shows the radiative/dynamical
effects of fires (scenario 2 against scenario 1, in 2023 mostly noise).

including the delay in the recovery of the Antarctic ozone
hole.

Appendix A: Additional figures

This section provides the comparison of water vapour simu-
lated by EMAC with MLS observations (Fig. A1) and simu-
lated NO2 (Fig. A2) and HO2 (Fig. A3) as rate limiting radi-
cals for catalytic ozone destruction. Further, number density
(Fig. A4) and median radius (Fig. A5, for effective radius
multiply by 1.49) for the accumulation mode of stratospheric
aerosol are shown, as well as total radiative (solar+ thermal)

aerosol heating rates (Figs. A6 and A7) and examples for self
lofting smoke filled vortices and the corresponding ozone re-
duction calculated by EMAC (Figs. A8 and A9). Figure A10
shows microphysics and chemistry for the latitude and alti-
tude region of the Hunga injection (see also Figs. 3 and A1).
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Figure A1. Calculated and observed water vapor, colors as in Fig. 7 (scenario 5 not shown). Panel (a) is for the subtropical middle strato-
sphere, (b) for the southern midlatitude lower stratosphere, (c) for southern high latitudes.

Figure A2. Calculated NO2, colors as in Table 2.
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Figure A3. Calculated HO2, colors as in Table 2.

Figure A4. Calculated particle number density (accumulation mode, cm−3), colors as in Table 2.
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Figure A5. Calculated median wet particle radius (accumulation mode, µm), colors as in Table 2.

Figure A6. Calculated aerosol radiative heating rates (SW+LW) in tropics. (a) with fires (scenario 6), (b) same but no Hunga water (scenario
7), (c) without fires (scenario 1).

Atmos. Chem. Phys., 25, 18697–18718, 2025 https://doi.org/10.5194/acp-25-18697-2025



C. Brühl et al.: Forest fires, volcanoes, and stratospheric ozone 18711

Figure A7. Calculated aerosol radiative heating rates in SH midlatitudes, panels as Fig. A6.
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Figure A8. Simulated BC in lofting vortices at 35° S against altitude in km, every 30 h, beginning on 30 December 2019.
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Figure A9. Simulated depleted ozone in the vortices of Fig. A8.
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Figure A10. Number concentration, median radius (accumulation mode) and chemistry at latitude and altitude of the Hunga injection, colors
see Table 2 and Fig. A1. MLS ClO observations are shown with 15 d boxcar smoothing.

Code and data availability. The Modular Earth Submodel Sys-
tem (MESSy) is continuously developed and used by a consortium
of institutions. The use of MESSy and access to the source code
is licensed to all affiliates of institutions which are members of the
MESSy Consortium. Institutions can become a member of the

MESSy Consortium by signing the MESSy Memorandum of Un-
derstanding. More information can be found on the MESSy Consor-
tium website (http://www.messy-interface.org, last access: 17 De-
cember 2025). The namelists, input data files and model output of
EMAC used here are stored at DKRZ, Hamburg, Germany. The
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frozen version of the used code in V2.52 is available from the au-
thors on request.

The complete OSIRIS L2 data set can be downloaded
from https://arg.usask.ca/docs/osiris_v7/ (last access: 17 Decem-
ber 2025), the OMPS-LP L2 aerosol extinction data from
https://doi.org/10.5281/zenodo.7293121 (Zawada et al., 2022)
(gridded data for both instruments can be requested from the au-
thors). AURA-MLS L3 data (V5, gridded on pressure levels, daily,
zonal averages) are available from Goddard Earth Sciences Data
and Information Services Center (GES DISC, https://data.gesdisc.
earthdata.nasa.gov/data/Aura_MLS_Level3, last access: 11 Decem-
ber 2025, login required). GloSSAC V2.22 is available from NASA
at https://doi.org/10.5067/GLOSSAC-L3-V2.22 (NASA/LARC/S-
D/ASDC, 2024).
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