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Abstract. The very large pyrocumulonimbus events that occurred during the Australian summer of 2019–2020
caused extremely unusual partitioning of stratospheric chlorine in the Southern Hemisphere midlatitude and
Antarctic regions not only in 2020 but also in 2021. This was likely caused by enhanced HCl solubility in organic
species that increased heterogeneous chemistry. Here, we show that observed HCl and ClONO2 values remain
outside the pre-wildfire satellite range, measured from 2005 until just prior to the event, in both the Southern
Hemisphere midlatitude and Antarctic regions in 2021. Through model simulations, we replicate this prolonged
multiyear chemical perturbation, in good agreement with observations. This was achieved by calculating the
HCl solubility in mixed wildfire and sulfate aerosols consistent with assumptions of (1) liquid–liquid phase
separation and (2) linear dependence on organic and sulfate composition. The model simulations also suggest
that the Australian pyrocumulonimbus organic aerosols contributed to low midlatitude ozone values in 2020 and
2021. A marked, photochemically controlled seasonality of the chemical perturbations and ozone depletion is
also observed and simulated, and its underlying chemical drivers are identified. This work highlights that lower
concentrations of smoke still had profound effects on stratospheric heterogeneous chemistry more than a year
after the 2019–2020 wildfire event.

1 Introduction

During the austral summer of 2019–2020, wildfires across
southeastern Australia burned an approximate 250 000 km2.
The most intense fires occurred in late December of 2019 and
early January of 2020, known as the “Australian New Year”
(ANY) wildfires. During these wildfires, multiple pyrocu-
mulonimbus (pyroCB) events injected approximately 1 Tg of
smoke into the stratosphere, with the majority raising to alti-
tudes of ∼ 22 km (Boone et al., 2020; Peterson et al., 2021),
while additional wildfire-induced anticyclonic smoke vor-
tices lofted as high as 35 km (Kablick et al., 2020; Khaykin

et al., 2020; Lestrelin et al., 2021; Sellitto et al., 2022). The
unprecedented amount of wildfire smoke increased lower-
stratospheric temperatures (Rieger et al., 2021; Yu et al.,
2021) and affected stratospheric circulation, which played
a role in dynamically controlling the extent of the Southern
Hemisphere polar vortex (Damany-Pearce et al., 2022; Senf
et al., 2023). The wildfire smoke also resulted in remark-
able Southern Hemisphere midlatitude and polar chlorine
processing. Significant HCl depletion was observed, maxi-
mizing in the winter around June/July of 2020, with most
of the chlorine being partitioned into ClONO2 and smaller
amounts being partitioned into active forms of chlorine like
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ClO (Bernath et al., 2022; Santee et al., 2022; Strahan et al.,
2022). The HCl and ClONO2 values observed in the fol-
lowing winter of 2021 were less unusual but, nonetheless,
outside the range of observed data for previous years since
2005. Solomon et al. (2023) showed that the likely cause of
the unusual 2020 chemistry was the high solubility of HCl
in organics, which drove enhanced heterogeneous chemistry
at warmer temperatures where typical background sulfate
aerosols are too acidic for HCl to readily dissolve (Hanson
et al., 1994; Hanson and Ravishankara, 1994). These highly
unusual composition changes have been replicated in model
simulations covering the first 10 months after the initial in-
jection of the smoke. Here, we aim to investigate whether we
can model the smaller effects also seen in 2021 while also
taking into consideration potential differences between wild-
fire and background organic aerosols.

Following the pyroCBs, significant enhancements of water
and biomass-burning products were detected in the Southern
Hemisphere stratosphere (Schwartz et al., 2020). After injec-
tion, black carbon present within the smoke acted to “self-
loft” the plume, with modeling studies suggesting that the
extent of the lofting was consistent with the smoke plume
containing 2.5 % black carbon (Yu et al., 2021). The aerosol
extinction in 2021 remained elevated (Ohneiser et al., 2022;
Santee et al., 2022). Further, through observations, Wang
et al. (2023) showed that abnormal chlorine chemical pro-
cessing also occurred in 2021, suggesting that wildfire organ-
ics played a multiyear role in Southern Hemisphere lower-
stratospheric chemistry.

The nonvolcanic stratospheric sulfate aerosol mixing ratio
peaks between approximately 20 and 25 km (Kremser et al.,
2016); however, in the very lowermost stratosphere, back-
ground aerosols can be largely comprised of sulfate–organic
mixtures (Murphy et al., 2014, 2021), and organic material
can, thus, contribute up to 40 % of the total stratospheric
aerosol optical depth (Yu et al., 2016). These “background
organic” aerosols have noticeable differences from pyroCB-
sourced organic aerosols. For example, pyroCB aerosols
have a larger mode size (Katich et al., 2023; Murphy et al.,
2021).

Enhanced midlatitude heterogeneous chemistry after a
volcanic eruption is dominated by N2O5 hydrolysis, the
rate of which becomes saturated as the aerosol surface area
density increases because N2O5 begins to get destroyed as
fast as it can be created (Prather, 1992). Solomon et al.
(2022) showed that N2O5 hydrolysis likely also occurred on
the 2020 wildfire aerosols, causing characteristic NOx loss
through conversion to HNO3. Decker et al. (2024) showed
that N2O5 reactive uptake values were smaller than typical
in the upper troposphere and lower stratosphere over the first
few weeks after fires in North America. However, whether
this remains the case on wildfire smoke as it ages over longer
time periods in the stratosphere is unknown. After the ANY
wildfires, all heterogeneous chemistry reactions that are de-
pendent on HCl solubility were likely also enhanced.

Measurements of how the presence of organics in lower-
stratospheric mixed aerosols (containing sulfate, organics,
dust, etc.) affects the heterogeneous kinetics have not pre-
viously been reported in the literature. During 2020, the very
large amount of organics allowed them to be considered in-
dependently when estimating the faster kinetics in organics
due to greater HCl solubility (Solomon et al., 2023). How-
ever, for smaller concentrations of wildfire organics, such as
in 2021, considerations need to be made regarding the mor-
phology of the aerosols, for example, whether they may be
homogeneously mixed with sulfate or exhibit liquid–liquid
phase separation (LLPS) characteristics. Understanding of
the processes that govern LLPS in mixed aerosols in the at-
mosphere has increased significantly in recent years. There
is evidence that mixed aerosols containing organic and in-
organic species display some form of LLPS, either with an
organic core–shell or in a partially engulfed morphology
(Freedman et al., 2024, and references therein). Some exam-
ples of drivers that act to control the phase separation are as
follows: the acidity of the organic–inorganic mixture (Tong
et al., 2022); the size of the aerosol, with smaller sizes being
more likely to limit LLPS (Veghte et al., 2013); the temper-
ature and viscosity (You and Bertram, 2015); and the oxida-
tion state (expressed as the O : C ratio) of the organics, which
changes their polarity and hydrophilicity (Gorkowski et al.,
2020). A less oxidative state is more likely to form a par-
tially engulfed or core–shell LLPS, whereas a more oxidative
state tends to form a more homogeneous mixture (Gorkowski
et al., 2020). These drivers are important for consideration of
the form of the aerosols as they are emitted and age in the
atmosphere (Marcolli and Krieger, 2020). Considering the
complexity of the parameters that appear to influence LLPS,
background organic aerosols could have different morpholo-
gies and different mixed states compared to pyroCB-sourced
organics, especially given the observed differences in di-
ameter between background and wildfire organic aerosols
(Katich et al., 2023; Murphy et al., 2021). There is also evi-
dence that organic aerosols can become glassy (e.g., Virtanen
et al., 2010); however, similar to previous work by Solomon
et al. (2023), here we assume that the particles are liquid.
Other considerations, such as differences that eucalyptus-
sourced organics from the ANY wildfires could have com-
pared to Northern Hemisphere wildfires are not investigated
here but could contribute to the large chemical perturbations
seen in 2020.

In this paper, we investigate and model the multiyear
role of 2020 wildfire organics on stratospheric chemistry
in Southern Hemisphere midlatitudes and polar regions. We
discuss how this chemistry will evolve assuming that both
wildfire and background organic sources act similarly (e.g.,
if the organics are homogeneously mixed with sulfate or form
LLPS aerosols) or if they are different. The seasonality of the
chemistry perturbations is also discussed.
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2 Data and methods

2.1 Observations

We use the Microwave Limb Sounder (MLS) Level 2, ver-
sion 5 PressureZM (zonal mean values on pressure levels)
measurement product for ozone, ClO, and HCl data to an-
alyze midlatitude (40–55° S) and polar (70–80° S) time se-
ries. Note that it is recommended to use the MLS ClO day
products minus night products in the midlatitudes to avoid
biases where feasible (Livesey et al., 2020). However, as (1)
we are primarily analyzing anomalies and (2) for better com-
parison with our modeled daily averaged ClO values, the
MLS ClO daily average values are used here. We also use
the Atmosphere Chemistry Experiment Fourier Transform
Spectrometer (ACE-FTS) version 5.2 data for ClONO2 and
HCl over the same pressure levels and midlatitude and po-
lar regions as for MLS (Bernath et al., 2005; Boone et al.,
2023). The use of ACE-FTS HCl data here gives a set of
observations independent of MLS to test against our model
results. ACE-FTS has sporadic spatial coverage for specific
latitude ranges. Therefore, monthly averages of the avail-
able daily data for each month are constructed. ACE-FTS
quality control is performed by removing data points that
lie outside 3 standard deviations of the mean values, as sug-
gested for this data product. The Ozone Mapping and Profiler
Suite Limb Profiler (OMPS-LP) measurements of aerosol ex-
tinction at 675 nm using the retrieval method of the NASA
Goddard Space Flight Center are also used to track the ele-
vated smoke through 2021 and for comparison with model-
simulated aerosol extinction at the same wavelength (Taha
et al., 2021).

2.2 CARMA-CESM1

Similarly to Solomon et al. (2023), this study uses the Com-
munity Earth System Model (CESM1) coupled with the sec-
tional aerosol model CARMA (Bardeen et al., 2008; Toon
et al., 1988; Yu et al., 2015, 2016). The model is spun-up in
whole-atmosphere specified-dynamics mode from midsum-
mer 2019 until 29 December 2019 using the MERRA-2 re-
analysis of winds and temperatures (Gelaro et al., 2017). The
run is then started as a free-running simulation on 29 Decem-
ber 2019, when the first pyroCB event occurred. Emissions of
ozone-depleting substances are from the Coupled Model In-
tercomparison Project Phase 5 (CMIP5; Meinshausen et al.,
2011). In the Southern Hemisphere midlatitudes, the model
total column inorganic chlorine (Cly) is between 4× 1015

and 5× 1015 molec.cm−2, while inorganic bromine (Bry)
is between 19 and 21 ppt, in good agreement with the ob-
served and inferred values (WMO, 2022). We inject a total of
0.9 Tg of smoke over southeastern Australia (39° S, 150° E)
at ∼ 12 km on days that experienced large pyroCB events
(29–31 December 2019 and 4 January 2020). As we begin
the simulation in free-running mode, the smoke can self-

loft due to the inclusion of 2.5 % black carbon, which was
shown by Yu et al. (2021) to compare well with the observed
amount of self-lofting. However, the model does not simu-
late the anticyclonic vortices that put some aerosol into the
middle stratosphere. On 1 March, the model is switched to
specified-dynamics mode to appropriately capture the future
transport of the smoke in the stratosphere using the MERRA-
2 reanalysis. The model has a horizontal resolution of 1.9°
latitude× 2.5° longitude and 56 vertical layers with a model
top at 1.8 hPa.

The model calculates primary organic aerosols (such as or-
ganics emitted directly into the atmosphere through the wild-
fires) in both mixed aerosols and a primary organic section.
The primary organic section only contains primary organics,
whereas the mixed section contains a mixture of sulfate, or-
ganics, black carbon, sea salt, and dust. Both sets of particles
containing primary organics are computed in 20 size bins,
the radii of which range from 0.05 to 8.7 µm. A total of 80 %
of the organic portion of the smoke is injected into the pure
organic bins, while the remainder is injected into the mixed-
aerosol bins with black carbon. The organics then age by a
prescribed effective reaction probability of 10−6 that encom-
passes oxidation by ozone or OH and photolysis for the or-
ganic portion (Yu et al., 2019). Condensation of sulfuric acid
from the gas phase and coagulation of pure sulfate onto the
increased surface area of mixed aerosols also can occur in the
model. Secondary organic aerosols (SOAs) using the volatile
organic compound precursors – isoprene, monoterpene, ben-
zene, xylene, and toluene – are also included, but they are
instead treated as bulk aerosol with the assumption that they
are contained in mixed aerosols for the calculation of certain
aerosol properties, such as size distribution (Yu et al., 2015).
Pure sulfate bins are also included.

Heterogeneous chemistry reactions in stratospheric
aerosols that are important for this study are as follows:

ClONO2+H2O→ HNO3+HOCl, (R1)
ClONO2+HCl→ Cl2+HNO3, (R2)
HOCl+HCl→ H2O+Cl2, (R3)
HOBr+HCl→ BrCl+H2O. (R4)

Reactions (R1)–(R3) follow Shi et al. (2001), and Reac-
tion (R4) follows Hanson (2003) and Waschewsky and Ab-
batt (1999). Hanson (2003) and Waschewsky and Abbatt
(1999) reported different measurements of the solubility of
HOBr in sulfuric acid solutions, resulting in different val-
ues for the second-order rate constant for Reaction (R4);
this model uses the Hanson (2003) solubility values and the
Waschewsky and Abbatt (1999) second-order rates that have
been adjusted to agree with the Hanson data; as such, it
should be noted that the Reaction (R4) rates are likely an up-
per limit (e.g., Zhang et al., 2024). However, Reaction (R4)
plays a secondary role to Reaction (R2).
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2.3 Considerations on HCl solubility

HCl solubility is a key parameter for stratospheric hetero-
geneous kinetics on liquid aerosols. All heterogeneous reac-
tions that involve HCl are dependent on the molarity of HCl
in the particle. Typical sulfate aerosols are too acidic for sig-
nificant HCl solubility at midlatitude temperatures, limiting
the probabilities of these reactions. Solomon et al. (2023)
used laboratory measurements that obtained large HCl sol-
ubility values in oxidized organic species to represent HCl
solubility in stratospheric organic aerosols from the ANY
wildfires. This approach resulted in enhanced heterogeneous
chemistry that was in good agreement with the 2020 obser-
vations. That study employed enhanced solubility anywhere
that a wildfire organic-to-sulfate mass ratio exceeded 1. This
is appropriate for very large wildfire organic concentrations,
as seen in 2020, but it is not suitable for investigating the
smaller concentrations in 2021 that have likely combined
with sulfate and formed homogeneous or LLPS mixtures or
for investigating whether background organics also act simi-
larly to the wildfire aerosols.

While the exact morphology of the aerosols is unknown
without further observations, here we present three cases to
parse the efficacy of ANY wildfire organics and background
organics in dissolving HCl in 2021 with the following as-
sumptions and outcomes:

1. Background and ANY wildfire organics dissolve HCl
similarly and are homogenously mixed with sulfate in
the model’s mixed bins, while the model’s pure sulfate
bins remain separate. The amount of background or-
ganic aerosol in the lower stratosphere is considerable,
accounting for ∼ 40 % of the total stratospheric aerosol
optical depth (Yu et al., 2016). Our version of CESM1-
CARMA has background organics comprising virtually
all SOA (see Fig. S2 in the Supplement). Here, we as-
sume that wildfire and background organics are homo-
geneously mixed with sulfate such that the solubility of
HCl is affected by the sulfate acidity within the mixture,

H ∗ =H (1+Ka/aH). (1)

In the above expression, H ∗ is the effective Henry law
constant; Ka is the dissociation constant of HCl, as used
in Solomon et al. (2023); and aH is the acidity calcu-
lated from an adjusted H2SO4 weight percent that ac-
counts for the addition of organic mass (Shi et al., 2001).
The mixed-aerosol organic mass is taken as the com-
bined mass of SOA plus the mass of all ANY wildfire
organics (taken as a sum of mass from all 20 size bins).
Note that the organic molecular weight is not needed to
adjust the H2SO4 weight percent. This allows the inves-
tigation of the ANY wildfires effect on chemistry as-
suming that background and wildfire organics act iden-
tically within a homogeneous mixture with sulfate. The
solubility in mixed aerosols is then linearized by the

fraction of organics and sulfate, where the solubility
of HCl in the organic portion proceeds by Eq. (1) af-
ter accounting for the mole fraction within the mixed
aerosol, and the HCl solubility in the sulfate fraction
proceeds at the standard rate as described in Shi et al.
(2001). The solubility in the pure sulfate aerosols also
proceeds at the standard rate. Note that this method does
not consider any differing size distributions of wildfire
and background aerosols, any differences in morphol-
ogy or phase, or any differences in SOA and wildfire or-
ganics with respect to their ability to dissolve HCl. The
goal of this approach is to determine (i) if background
organics act the same as wildfire organics in a homoge-
neous mixture and (ii) if this consideration would still
be in good agreement with observations over time as
the wildfire organics are slowly removed.

Figure S1e and f in the Supplement show the re-
sults of case 1 (homogenized wildfire and homoge-
nized control) compared to MLS at 68 hPa as daily
anomalies from a control run for the model (where only
SOA is considered when assuming homogenized mixed
aerosols for HCl solubility) and from the observed daily
mean climatology (2004–2019) for MLS. We obtain
excellent agreement in 2020; however, in 2021, when
stratospheric wildfire organic loadings are significantly
lower, we do not see good agreement with observations.
In fact, we see that the control run causes greater hetero-
geneous loss compared to the wildfire run (see Fig. S1f
for anomalies from the respective control). This occurs
because of the coagulation of pure sulfate aerosols and
the condensation of gas-phase H2SO4, increasing both
the total sulfate and mixed sulfate in the wildfire run
compared to the control run (Fig. S1a–d). For 2020, this
did not have much effect because wildfire organic con-
centrations were so high. However, in 2021, as wildfire
organic concentrations continued to diminish, the extra
mixed sulfate caused the organic-to-sulfate mass ratio to
be lower in the wildfire run compared to the control run.
This results in a more acidic mixed particle in the wild-
fire case compared to the control case and, therefore,
lower HCl solubility. This is an indication that wildfire
and background SOAs are not homogeneously mixed in
such a way that acidity is important for controlling HCl
solubility over time.

2. Background organics act similarly to wildfire organics
but are not homogeneously mixed; rather, organics and
sulfate display LLPS. This case is an LLPS control run
that does not include the ANY wildfire. We parameter-
ize LLPS through the assumed effects that it will have
on HCl solubility in background SOA (see Fig. S2).
As the organics are no longer assumed to be homoge-
neously mixed, they will not be affected by the acidity
of sulfate. Therefore, in this case, HCl solubility is lin-
earized by the mass fraction of background organics to
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sulfate in mixed aerosols, while solubility in pure sulfate
aerosols remains separate. It is noted that when assum-
ing LLPS, a more realistic approach would be lineariz-
ing by the surface area of sulfate and organics in the
mixed aerosols rather than the mass. This would also
depend upon whether the LLPS is a core–shell or par-
tially engulfed morphology. However, given that the ex-
act morphology of these particles is unknown, the sim-
plest approach is to linearize by the mass fraction, as is
done here, with the acknowledged caveat that this may
be an underestimation if the characteristics of LLPS are
indeed an organic core–shell morphology. Additionally,
if we compare Fig. S2 to what is known about back-
ground aerosols, the model overestimates the amount
of background SOA, especially in the Southern Hemi-
sphere, by approximately 4 times, as shown in Table 2
in Murphy et al. (2021), where a volume fraction of
organic–sulfate mixtures in a total aerosol volume rang-
ing from approximately 0.1 to 0.4 was observed in the
lower stratosphere depending on the Atmospheric To-
mography Mission. For mixed aerosols, the solubility
of HCl in the organic fraction follows Solomon et al.
(2023), who used laboratory measurements in hexanoic
acid as a proxy for organic species. Solubility in the
sulfate fraction proceeds at the regular rate (Shi et al.,
2001).

Figure S1e and f show the results of this simulation
compared to MLS HCl (LLPS background SOA). As
can be seen, if background organics are assumed to
be LLPS and act similarly to wildfire organics, they
deplete HCl in austral winter in the Southern Hemi-
sphere midlatitudes in a manner that is inconsistent with
MLS; i.e., HCl has an overly low minimum in aus-
tral spring. However, as indicated previously, the model
overestimates background SOA in the Southern Hemi-
sphere midlatitudes. Dividing the background SOA or-
ganic fraction by 4 brings the results closer to obser-
vations, although with similar inconsistencies (Fig. S1e
and f, LLPS background SOA divided by 4). Another
important thing to note that could introduce uncertain-
ties in the model representation of HCl and, therefore,
the background SOA chemistry is an uncertainty in the
trends in very short-lived substances (VSLSs) (Chip-
perfield et al., 2020; Hossaini et al., 2019), although
transport effects such as uncertainties in the mean cir-
culation in MERRA-2 also could contribute. Thus, we
cannot rule out that background SOA is also enhancing
heterogeneous chemistry in the Southern Hemisphere,
although it seems likely to be occurring at a slower rate
compared to the ANY wildfire aerosols based on the
present simulations.

3. We investigate whether only the ANY wildfire organics
are consistent with an LLPS assumption and dissolve
HCl at a higher rate than sulfate aerosols. This approach

uses the same methodology as case 2 for HCl solubility.
Background SOA is assumed to have a similar efficacy
to sulfate with respect to dissolving HCl and is, there-
fore, considered in the background aerosol mass when
constructing the ANY organic mass fractions. Through
this approach, it is assumed that HCl solubility will re-
main elevated as long as there are excess wildfire or-
ganic aerosols present. Therefore, changes in enhanced
heterogeneous rates over time will scale with the trans-
port of the smoke, surface area density, aerosol radius,
wildfire organics oxidation, and sedimentation of Aus-
tralian wildfire organic aerosols. Note that this method
is most similar to what was presented in Solomon et al.
(2023), but it differs with respect to the linearization of
organics to background aerosols, as outlined above. The
results of this method are presented in Figs. 1–4.

3 Results

3.1 Stratospheric aerosol extinction anomalies

Figure 1 shows 675 nm aerosol extinction daily mean anoma-
lies (difference of each day from daily mean climatologies)
for OMPS-LP and CESM1-CARMA for both the Southern
Hemisphere midlatitude (55–40° S) and polar regions (80–
70° S). The CESM1-CARMA anomaly is the difference from
the control run. The OMPS-LP anomaly is the difference
from years that were volcanically clean (i.e., 2012, 2013,
2014, and 2017). Volcanic eruptions that occurred in 2019,
2020, and 2021 that also increased the extinction in the obser-
vations likely include Ulawun in June and August 2019, Taal
in January 2020, and La Soufrière in April 2021 (Asher et al.,
2024; Yook et al., 2022). Compared to OMPS-LP, CESM1-
CARMA has slightly lower extinction anomalies during the
end of 2020 and into 2021 for the midlatitudes at 18.5 km;
this could be due to the aerosol extinction enhancement from
volcanic sources which is removed in the model anomalies,
as both the control and wildfire runs include volcanoes. For
example, the influence of Ulawun can be seen in late 2019
in Fig. 1, where OMPS-LP extinction is elevated before the
ANY wildfires. The influence of La Soufrière can be seen
in July 2021 in Fig. 1a and b, where OMPS-LP extinction
levels start increasing again in contrast to the model. Even
though the model shows lower extinction anomalies, they do
remain elevated into 2021 at both 18.5 and 16.5 km. In the
polar regions, the model does not capture the immediate in-
crease in extinction that is seen in OMPS-LP. However, it
should be noted that January–February in CESM1-CARMA
uses free-running dynamics to ensure that the smoke plume
is able to self-loft. Therefore, the initial transport to the po-
lar regions will be subject to free-running variability. After
February, CESM1-CARMA does have elevated aerosols, so
polar effects can be simulated. Throughout the late winter
and summer, the aerosols decrease significantly as they sed-
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Figure 1. Comparison of OMPS-LP and CESM1-CARMA 675 nm aerosol extinction coefficient anomalies for southern midlatitudes (a,
b) and polar regions (c, d). The OMPS-LP anomaly is the difference from volcanically clean years (i.e., 2012, 2013, 2014, and 2017).
The CESM1-CARMA anomaly is the difference from the control. The vertical dotted line in panels (c) and (d) represents the date that
10 hPa zonal wind transitions from westerly winds to easterly winds in MERRA-2.

iment out of the stratosphere. Once the polar vortex weak-
ens, elevated aerosols from lower latitudes are transported
into the polar region during January–March of 2021. This is
seen in both OMPS-LP and CESM1-CARMA and is very
clearly associated with the transition of the 10 hPa zonal
winds from westerlies to easterlies (shown as the vertical
dotted brown line from the MERRA-2 reanalysis). OMPS
and CESM1-CARMA show excellent agreement in this re-
gard for both 16.5 and 18.5 km, highlighting that the polar re-
gions contained significantly elevated aerosols that included
wildfire smoke in early 2021. A complementary figure show-
ing the ratio of 2020–2021 extinction to background values
is presented in the Supplement (Fig. S3), with both midlat-
itude and polar 2021 values ranging between ∼ 1.5 times
background values at 18.5 km during January–April and ap-
proaching 2 times background values at 16.5 km.

3.2 Midlatitude chlorine partitioning

Figure 2 shows Southern Hemisphere midlatitude HCl,
ClONO2, ClO, and ozone daily mean anomalies at 68 and
100 hPa over 2020 and 2021 for CARMA-CESM1 and MLS
and monthly mean anomalies for ACE-FTS. The anomalies
for CESM1-CARMA are the difference from the control,

whereas the anomalies for the observations are the differ-
ence from the respective MLS or ACE-FTS climatologies
over 2004–2019. See Fig. S4 in the Supplement for abso-
lute values. At 68 hPa, we obtain excellent agreement be-
tween the model and observations for all species. The ma-
jority of Cl from HCl loss is partitioned into ClONO2, with
a smaller amount going into ClO (Fig. 2e) and other species,
such as HOCl (Bernath et al., 2022; Solomon et al., 2023).
The record amount of active chlorine in midlatitudes re-
sults in around 0.2 ppm loss of ozone (∼ 10 %–15 %) in the
lower stratosphere in 2020. The HCl solubility linearization
method used here allows for the appropriate simulation and
comparison of the wildfire organics into 2021. Using this
method, we find that HCl recovers close to climatology levels
by December 2020, in agreement with MLS and ACE-FTS;
decreases again to levels that are outside the MLS 2004–
2019 climatology by July 2021; and subsequently recovers
again by the end of 2021. The HCl loss in 2021 is again mir-
rored by ClONO2 increases. The Cl partitioning in 2021 only
produces small ClO anomalies in the model, whereas indis-
cernible changes in the amounts of ClO are obtained in the
observations. However, ozone does not fully recover to con-
trol run levels from the loss in 2020 until the end of 2021,
which is in reasonable agreement with observations.
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Figure 2. Comparison of midlatitude (55–40° S) HCl, ClONO2, and O3 anomalies between MLS and ACE-FTS observations and CESM1-
CARMA model results. Anomalies are daily mean anomalies for CESM1-CARMA and MLS and monthly mean anomalies for ACE-
FTS. MLS and ACE-FTS anomalies are differences from their respective climatologies (2004–2019). CESM1-CARMA anomalies are the
differences from the control. The gray shading shows the MLS or ACE-FTS variability.

Model results at 100 hPa also show similar chlorine par-
titioning compared to 68 hPa; however, the model produces
too much HCl loss compared to observations. The cause of
this is unknown. One option could be the organics becom-
ing more viscous or glassy at colder temperatures near the
tropopause, which would limit the uptake of HCl. Model un-
certainties due to VSLSs could also play a role in compar-
isons with observations at lower-stratospheric altitudes (Hos-
saini et al., 2019). However, even with these considerations
and the differences compared to the model, the MLS HCl
at 100 hPa is still outside the 2004–2019 climatology in July
2021 and shows good agreement with ACE-FTS, and the tim-
ing of the loss in the model suggests that abnormal chemistry

is also occurring in 2021 at 100 hPa with similar seasonality
to that of 68 hPa.

The good agreement with observations in 2021, especially
at 68 hPa, suggests that the effectiveness of ANY wildfire or-
ganic aerosols to dissolve HCl does not change significantly
over the 2020–2021 period. The smaller effect in 2021 com-
pared to 2020 is, therefore, due to the decrease in the amount
of aerosol surface area and the amount of wildfire organics
remaining in 2021 (expressed here as a lower organic-to-
sulfate mass fraction).
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Figure 3. (a) MLS 2020–2021 55–40° S HCl volume mixing ratio anomaly from the MLS 2004–2019 mean. (b) CESM1-CARMA-modeled
HCl anomaly from the control. (c) MLS 2020–2021 ozone number density anomaly MLS 2004–2019 mean. (d) CESM1-CARMA-modeled
ozone anomaly from the control. All data have been smoothed by a 7 d running average. Hatched regions show values that lie outside the
MLS variability over the 2004–2019 period.
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3.3 Seasonality and vertical structure

Figure 2 shows a clear seasonality in the Cl partitioning due
to the enhanced organic heterogeneous chemistry. In both
2020 and 2021, especially at 68 hPa, modeled HCl/ClONO2
loss/production peaks in austral winter before recovering to
values close to those of the control run. This is also observed
in the MLS and ACE-FTS measurements. This seasonality
and its vertical structure become clearer in Fig. 3b, where
the difference between the wildfire run and control run re-
moves the role of dynamical variability due to the specified-
dynamics model setup.

This seasonality appears to occur independently of the
wildfire organic aerosol concentration, as there are more or-
ganic aerosols (as seen by the higher midlatitude extinction
anomaly in Fig. 1) in the summer of 2020–2021 compared
to the winter of 2021. It is also independent of temperature,
as our increased heterogeneous reactions on organic aerosols
are relatively insensitive to temperature. Moreover, it is not
a dynamical phenomenon. (All three of these considerations
were confirmed in a photochemical box model with no trans-
port, where the organic mass concentration, temperature, sur-
face area density, aerosol radius, H2O, and CH4 were kept
constant). Therefore, this seasonality is a photochemical phe-
nomenon. We find that it is dependent on both the seasonal-
ity of photolysis rates and day length as well as their result-
ing control on short-lived species that are important for ClOx

partitioning, such as NO and NO2.
The heterogeneous reactions on organic aerosols are

somewhat temperature-independent and, therefore, do not
vary greatly over the course of the year. This produces a
consistent source of extra activated chlorine, primarily in
the form of Cl2 through Reaction (R2). Cl2 from Reac-
tion (R2) will rapidly photolyze, producing 2Cl, which will
then rapidly react with ozone to form ClO. How fast ClO is
converted back to Cl is dependent on Reaction (R5), a pri-
mary coupling reaction that links the ClOx and NOx cycles.
As this coupling reaction slows down in winter due to the
seasonality of NO, the Cl/ClO ratio decreases (as shown
in Fig. S5b in the Supplement). Additionally, the daytime
amount of NO2, which is important for Reaction (R6), has
a smaller seasonal amplitude than NO, resulting in Reac-
tion (R6) partitioning more of the extra ClO into ClONO2
in winter compared to summer (see Fig. S5c–e) so that more
relative HCl is created though Reaction (R7). This, in combi-
nation with a day-length-controlled ClONO2 photolysis rate,
produces the observed and modeled seasonality.

ClO+NO→ NO2+Cl (R5)
ClO+NO2+M→ ClONO2 (R6)
Cl+CH4→ HCl+CH3 (R7)

Figure 3 also highlights the vertical structure of the
anomalies in the Southern Hemisphere midlatitudes for HCl
and ozone. Both the model and observations show a peak

HCl loss occurring at approximately 68 hPa in both 2020
and 2021 in the austral winter (Fig. 3a and b). However,
the model HCl anomalies peak at a slightly higher pressure
compared to the observations. In 2021, the model anomalies
extend up to approximately 30 hPa, whereas the only MLS
anomalies that are distinguishable from MLS 2004–2019
variability occur between 70 and 100 hPa in late July and
August. Figure 3c and d show ozone anomalies for MLS and
the model, respectively. Similarly to HCl, the model ozone
peak anomaly occurs at a slightly higher pressure compared
to MLS. However, the modeled timing and temporal extent
of negative ozone anomalies in the lower stratosphere agree
very well with MLS. Peak chemical ozone loss in 2020 oc-
curs between July and October (but only times in late May
and June show anomalies outside the MLS climatology). The
model shows a second ozone loss peak in 2021 at a higher
pressure between July and October, in agreement with the
timing of 2021 negative anomalies seen in MLS in the lower
stratosphere. Therefore, the comparison between the model
and the data also suggests that the ANY wildfires contributed
to the record low ozone value seen in MLS in 2021 at alti-
tudes below 100 hPa.

3.4 Polar chlorine partitioning

In the Southern Hemisphere stratospheric polar winter, the
isolation of the vortex and the absence of sunlight allow for
almost complete conversion of the chlorine reservoir species
HCl and ClONO2 to Cl2 through Reaction (R2) on polar
stratospheric clouds. The Cl2 subsequently gets converted to
atomic Cl during austral spring when the sun rises, catalyt-
ically destroying ozone. The observed winter conversion of
the reservoir species is shown in Fig. 4a and b, where we see
near-complete loss of HCl by the beginning of July in MLS.
Typically, chemistry–climate models can capture the timing
of the loss of ClONO2, but complete HCl loss does not occur
until late August in the deep vortex in models, highlighted
in the control run in Fig. 4a and b. The mechanism for this
model anomaly is currently unknown. One potential reason is
a discrepancy in the availability of ClONO2 in the deep vor-
tex to continue to drive Reaction (R2) (Grooß et al., 2018).
In contrast to Fig. 2, we show absolute values in Fig. 4 to be
able to properly compare the timing of HCl loss and to com-
pare the size of the ozone holes between the model and the
observations. Showing absolute values indicates that there is
a negative bias in modeled HCl and a positive bias in mod-
eled ClONO2. This results in modeled HCl not recovering to
similar levels in October 2020 and 2021 as seen in observa-
tions. However, these biases are consistent with and without
the inclusion of organics.

During 2020 and 2021, while wildfire organic aerosols
were elevated, HCl was completely removed from the deep
vortex up to a month earlier than is typically observed at
68 hPa and up to 2 months earlier at 100 hPa, as shown in
Fig. 4a and b (see Fig. S6 in the Supplement for anomalies),
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Figure 4. Comparison of the southern polar region (80–70° S) HCl, ClONO2, and O3 absolute values between MLS and ACE-FTS obser-
vations and CESM1-CARMA model results for both 68 hPa (a, c, d) and 100 hPa (b, d, e). The gray shading shows the MLS or ACE-FTS
variability.

and this is also captured by the model, due to excess ClONO2
that was created earlier in the year through enhanced hetero-
geneous chemistry on wildfire organic aerosols when sun-
light was still available to produce NO2 and before the den-
itrification of the Antarctic stratosphere (Fig. 4c and d). The
early enhanced heterogeneous chemistry is accompanied by
a modeled elevation of ClO anomalies at 68 hPa during the
first 5 months of 2020 that is in good agreement with the ob-
servations (see Fig. S6). There are small decreases in ozone
in the model in both 2020 and 2021 early in the year. For
the austral spring, as the model uses specified dynamics for
both the control and wildfire cases, only direct chemical ef-
fects are captured. Thus, analyzing differences in this way
cannot distinguish any chemical–radiative feedback; how-
ever, as there is virtually no difference in austral spring
ozone in the control run compared to the wildfire run, it is
clear that an abnormally stable and persistent vortex during
both 2020 and 2021 contributed to the large and prolonged
springtime ozone loss. This is seen in the MLS observations
which show large differences from MLS climatology from

October to December in 2020 and 2021 but good agreement
with the model. Additionally, dynamical influences from ele-
vated wildfire organics may play a role in stabilizing the vor-
tex (Damany-Pearce et al., 2022). Any chemical–dynamical
feedbacks have not been analyzed here, but they could also
play a role.

Over Antarctica, the largest effects of the wildfires on
chemistry in 2021 are clearly seen at 100 hPa, with observed
HCl and ClONO2 still considerably outside the range of val-
ues observed between 2004 and 2019. These differences are
also seen in the model, although not quite to the same ex-
tent. Considering that the 2021 extinction level anomalies are
around 4 times less compared to 2020 at 16.5 km (Fig. 1c),
this indicates that lower organic concentrations have the po-
tential to substantially perturb the timing of the conversion
of chlorine reservoir species in the polar region.
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4 Conclusions

In this work, the 2019–2020 Australian New Year wildfires’
effect on lower-stratosphere chemistry has been shown to
have a multiyear impact, highlighting that lower levels of
wildfire organics can still substantially perturb chlorine par-
titioning in both the Southern Hemisphere midlatitudes and
polar regions in 2021, up to 18 months after initial injection
into the stratosphere through pyrocumulonimbus events, in
good agreement with Wang et al. (2023). This is likely due
to the aerosols maintaining their ability to dissolve HCl over
time; therefore, the reaction rates scale with surface area den-
sity and organic concentration. This effect in 2021 is clearly
seen in MLS and ACE-FTS observations, with decreases in
HCl and increases in ClONO2 and ClO occurring due to
enhanced heterogeneous chemistry. The largest differences
were observed at 68 hPa during July–August for Southern
Hemisphere midlatitudes and April–May at 100 hPa in the
polar region. Modeled midlatitude ozone depletion is in good
agreement with observed MLS ozone anomalies, with ozone
depletion in 2021 peaking in the austral winter, indicating
that the ANY wildfires likely contributed to the record low
ozone values seen in the lower Southern Hemisphere midlat-
itude stratosphere in 2021.

As described in Solomon et al. (2023), the enhanced
heterogeneous chemistry likely occurred due to HCl being
highly soluble in organic species. Here, we expand on this
work by constructing a linearization of the solubility of HCl
based on the wildfire organic-to-sulfate ratio in stratospheric
aerosols. While the exact morphology of the aerosols is un-
known, model tests suggest that this linearization applies to
the aerosols, as they underwent liquid–liquid phase separa-
tion, coagulating and combining with background aerosols in
the stratosphere. This linearization technique produces good
results in comparison with observations for Southern Hemi-
sphere midlatitude and polar regions over 2020–2021 in the
lower stratosphere. Therefore, it is probable that the capac-
ity of the ANY wildfire organic component to dissolve HCl
does not largely change over a 2-year timescale, and thus the
heterogeneous rates are primarily driven by surface area and
organic concentrations.

The model overestimates Southern Hemisphere back-
ground SOA which results in too much HCl loss in a liquid–
liquid phase separation control run without ANY wildfire
smoke. Reducing the background SOA mass fraction in the
linearization to more realistic levels for the Southern Hemi-
sphere improves the comparison with observed background
HCl at 68 hPa, but it appears that the aerosols still drive too
much heterogeneous HCl chemistry. However, due to un-
certainties, such as in the morphology of lower stratosphere
background SOA (e.g., core–shell vs. partially engulfed) and
the amount of VSLS chlorine, the extent that background
SOA acts similarly to ANY wildfire organics requires further
investigation.

There is clear seasonality of the heterogeneous effects of
wildfire organics on midlatitude stratospheric chemistry. A
minimum in the HCl perturbation is occurring in winter. This
in turn produces the most ozone loss in winter and spring in
both 2020 and 2021 in the model, in good agreement with
observations. This could have implications for enhanced ul-
traviolet exposure due to ozone depletion if similar future
events occur. The seasonality is driven by the photochemi-
cally controlled partitioning of ClO and Cl through important
Cl coupling and reservoir reactions.

In the southern polar region, increased ClONO2 levels ob-
served in the fall months before typical ClONO2 loss allows
for notably earlier complete loss of HCl with wildfire smoke
than what is typically seen. This occurs in both 2020 and
2021, emphasizing that lower wildfire organic concentrations
can also cause large perturbations from the mean state in the
polar region, even larger than those at midlatitudes. The ex-
cess ClONO2 not only also enables the model to accurately
replicate the complete HCl loss that is observed in 2020 and
2021 but also prompts this to occur up to 3 months earlier
than is typically seen in chemistry–climate models due to the
known discrepancy in the calculated polar HCl loss in stan-
dard models.

The agreement of the model with observations presented
here is consistent with our assumption that the Australian
wildfire organics are in an LLPS state. However, their ex-
act morphology is not known, and more accurate heteroge-
neous kinetics of both wildfire and background organics are
required to improve wildfire simulations. Additionally, the
potential uniqueness of stratospheric organic aerosols from
eucalyptus-sourced pyroCB events that are typical of Aus-
tralia, compared to that of pyroCB events from other regions
of the world, is unknown and requires further investigation.
The results presented here are important for considering the
effect of future wildfire smoke injections through pyroCB
events.

Code availability. Code changes that were made
to the source code for this study can be found at
https://doi.org/10.7910/DVN/AV1MN3 (Stone, 2024).

Data availability. All data used in this study are
publicly available: MLS O3 data are available from
https://doi.org/10.5067/Aura/MLS/DATA/3516 (Schwartz
et al., 2021), MLS HCl data are available from
https://doi.org/10.5067/Aura/MLS/DATA/3569 (Froide-
vaux et al., 2021), MLS ClO data are available from
https://doi.org/10.5067/Aura/MLS/DATA/3565 (Santee et
al., 2021), ACE-FTS data are available with a sign-up from
https://doi.org/10.20383/103.01245 (Bernath et al., 2025), OMPS
data are available from https://doi.org/10.5067/CX2B9NW6FI27
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