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M Check for updates

Remarkable perturbationsin the stratospheric abundances of chlorine species and
ozone were observed over Southern Hemisphere mid-latitudes following the 2020
Australian wildfires'?. These changes in atmospheric chemical composition suggest

that wildfire aerosols affect stratospheric chlorine and ozone depletion chemistry.
Here we propose that wildfire aerosol containing a mixture of oxidized organics and

sulfate*” increases hydrochloric acid solubility

81and associated heterogeneous

reactionrates, activating reactive chlorine species and enhancing ozone loss rates
atrelatively warm stratospheric temperatures. We test our hypothesis by comparing
atmospheric observations to model simulations that include the proposed mechanism.
Modelled changesin 2020 hydrochloric acid, chlorine nitrate and hypochlorous acid
abundances are in good agreement with observations'? Our results indicate that
wildfire aerosol chemistry, although not accounting for the record duration of the
2020 Antarctic ozone hole, does yield anincreaseinits area and a 3-5% depletion of
southern mid-latitude total column ozone. These findings increase concern®'*** that
more frequent and intense wildfires could delay ozone recovery in awarming world.

Massive wildfires in Australia during the austral summer of 2019-2020
(December-January) produced pyrocumulonimbus towers that
released about 0.9 Tg of wildfire smoke into the stratosphere'™*, Wild-
firesare also sometimes denoted as bushfires, wildland fires and forest
fires; here we refer to them as wildfires. Wildfire smoke can be expected
to be primarily composed of organic material, but its stratospheric
chemistry is virtually unknown.

Wildfire aerosol composition and ageing

Airborne mass spectrometry data® showed that carbonaceous com-
poundswere frequently presentin about 30-40% of individual particles
inthe background Northern Hemisphere tropopause and lowermost
stratosphereregion. The carbonaceous fraction was largely internally
mixed with sulfate (that is, both sulfate and carbon were contained
within single particles, although whether the latter took the form of a
coating was not determined). Although the airborne instrument was
not flown through the Australian event, wildfire smoke of the Pacific
Northwest Eventin 2017 showed about adoubling of the carbonaceous/
sulfate aerosol population”.

Aged stratospheric smoke particles can be characterized by thick
coatings'®. Infrared satellite spectra of the stratospheric wildfire smoke
particles after the 2020 event showed signatures of oxidized organic
matter, in particular the OH and C=0 stretch features>”. The smoke
aerosols are referred to hereafter as organic.

Although the detailed composition of stratospheric smoke aerosols
has not been determined, tropospheric studies provide insights at
lower altitudes. Fresh tropospheric wildfire plumes contain a wide

variety of complex organic compounds, including, for example, furans
and phenolic compounds, and large-molecular-weight species and
humic-like substances can also be present®. Levoglucosanis amarker
for biomass-burning aerosols derived from the burning of cellulose and
hemicellulose andis foundin high concentrationsin fresh tropospheric
plumes®. But levoglucosan is oxidized in particles by, for example,
reaction with OH, with alifetime of about1 day (ref. ?), and secondary
aerosol formation by other species is probably also important®2,
Here fresh smoke need not be explicitly considered because we are
interested in effects over timescales of weeks to months after the fires.
Thesstratosphereis a highly oxidizing environment owing to high con-
centrations of ozone and free radicals.

There is strong observational evidence for oxidation of many of
the complex organic species seen in fresh plumes in the troposphere.
Tropospheric observations show a variety of alcohols and acids in
aged smoke particles. A wide range of organic acids were identified in
tropospheric smoke from Portuguese wildfires, including oleic acid
(cis-9-octadecenoic acid), succinic acid, heptanedioic acid, malic acid
and oxo-acids, as well as several methoxyphenols and alcohols; n-alkanols
from C,, to C;,and n-alkanoic acids from C, to C,, were also reported®*.
Oxalicacidis frequentlyamong the most abundant single species found
in aged tropospheric wildfire smoke aerosols®**%%. It has been shown
that organicacid contentincreased with smoke particle ageing and that
carbohydrates such as levoglucosanare converted to organicacids dur-
ingupward transport®. Aged aerosols from burning Australian vegetation
have also been found to be hygroscopic and contain oxidized material’,
although whether eucalyptus burning might produce different specific
organics than other vegetation types merits further study.

'Department of Earth, Atmospheric and Planetary Sciences, Massachusetts Institute of Technology, Cambridge, MA, USA. ?Institute for Environmental and Climate Research, Jinan University,
Guangzhou, China. >°NOAA Chemical Sciences Laboratory, Boulder, CO, USA. “Atmospheric Chemistry Observations and Modeling Laboratory, National Center for Atmospheric Research,
Boulder, CO, USA. *Department of Chemistry, Colorado State University, Fort Collins, CO, USA. ®Department of Atmospheric Science, Colorado State University, Fort Collins, CO, USA.
"These authors contributed equally: Susan Solomon, Kane Stone. ®e-mail: solos@mit.edu; stonek@mit.edu

Nature | Vol 615 | 9 March 2023 | 259


https://doi.org/10.1038/s41586-022-05683-0
http://crossmark.crossref.org/dialog/?doi=10.1038/s41586-022-05683-0&domain=pdf
mailto:solos@mit.edu
mailto:stonek@mit.edu

Article

Whether stratospheric smoke is liquid, glassy or solid must also be
considered. Although the Australian plume had a depolarized lidar
signature in the stratosphere that generally indicates solid particles,
it was partly owing to an unusual size distribution as well as soot in
the plume, and can still be consistent with a population of liquid-like
particles”?°. Several recent papers suggest that organic aerosols may
form glasses®® >, However, complex mixtures of organics often take on
liquid-like properties despite freezing or efflorescence behaviour in
theindividual components**. Formation and maintenance of glasses
canalsobe hindered by extracomponents (such as sulfate and nitrate)
and for hygroscopic particles®. Following the formalism discussed in
Methods, we estimate a diffuso-reactive length scale in organic liquid
surfaces on the order of 0.01 microns at mid-latitudes and in polar
autumn, driven in large part by the high liquid solubility (hence high
particulate concentration) of HCl discussed below. The high HCl abun-
dance in the particle implies that reaction probably occurs very near
thesurfacein particlesonthe order ofamicroninsize and reducesthe
influence of diffusion on the reaction rate. Note that, for stratospheric
particles, continuing rapid fluxes of water from/to the surface and the
atmosphere as well as the presence of HCl often lead to a quasi-liquid
layer, even for solid ice particles (for example, ref. ). We suggest that
the stratospheric smoke particles probably started out deliquesced as
they ascended in the humid environment of dense pyrocumulonimbus
clouds, then can be modelled as liquid-like at least for temperatures
above about 195 K; we further assume that stratospheric wildfire par-
ticles contain large amounts of oxidized organics, particularly organic
acids, along with sulfate.

Modelling and testing wildfire chemistry

A sectional aerosol microphysics model (Community Aerosol and
Radiation Model for Atmospheres (CARMA)) coupled with the Commu-
nity Earth System Model (CESM) has been shown to simulate both the
observed sulfate and organic/sulfate populations of background lower
stratospheric particles®®*. The application of this model to the 2020
wildfires reproduced both the observed heating of the stratosphere’
and effects on NO, chemistry by means of the N,O; + H,O heteroge-
neous reaction®. Extended Data Fig. 1 shows that the calculated and
observed latitudinal and temporal spread of aerosol extinction during
and after the 2020 wildfires arein good general agreement at, for exam-
ple, 18.5 km; see also ref. 2. Here we use a specified dynamics version
of this state-of-the-art microphysics/atmospheric chemistry model
(see Methods). The use of specified dynamics based on observations
precludes study of dynamical or radiative feedbacks but allows clear
identification of the chemical effects of different chemical processes.

Most of the chlorine released from chlorofluorocarbons resides in
HCland CIONO, in the lower stratosphere. The influence of organic/
sulfate particles on stratospheric chlorine chemistry (such as that
of background and volcanic aerosol composed of sulfate/water par-
ticles, as well as polar stratospheric clouds (PSCs)) can be expected
to be linked to the dissolution and heterogeneous reactions of these
species*’. The most important chlorine processing reactions in/on
stratospheric sulfate are

CIONO, +HCI » Cl, + HNO, 1)
CIONO, + H,0 » HOCI+ HNO, )
HOCI+HCI~ Cl, +H,0 (3)
HOBr +HCI > BrCl+ H,0 )

The rates of these reactions in/on liquid sulfate particles are heavily
dependent on temperature and water vapour partial pressure, which
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Fig.1|HClsolubility in different liquids. Solubility (inmole fraction) of HClin
various organics, pure water and sulfate/water mixturesisshown asafunction
oftemperature based on available laboratory data. The values shown for
sulfate/water mixtures are for typical stratospheric conditions over the height
range fromabout15to 21 kmand are taken from the model used here.

controltheacidity and hence the solubility of the reactants, particularly
HCI (ref. *'). They are most effective on PSCs in the cold polar region at
temperatures below about195 K (see Fig.1), at which they take on water
andHClsolubility increases. The above heterogeneousreactions canrap-
idly deplete HCI (and CIONO,), generating ClO and Cl,0,and leading to
the Antarctic ozone hole. The observed large 2020 mid-latitude decrease
in HCl at much warmer mid-latitude temperatures suggests that HCI
dissolution in mixed organic/sulfate smoke should be considered.

There is an extensive literature on HCl solubility in non-aqueous
solvents dating to at least the 1930s*, owing to interest in basic physi-
cal chemistry questions such as the role of the dipole moment in the
solubility process. Many more studies were published after the1940s,
in part linked to growth in industrial uses of HCI, for example, in syn-
theses of various plastics and synthetic rubber. lllustrative examples
of measured HClI solubility (mole fraction units)® " versus temperature
are presented in Fig. 1 for various types of oxidized organic species
that may be present in wildfire smoke; pure liquid water and liquid
sulfate/water solutions are also shown for reference. The figure dem-
onstrates that HCl is as (or more) soluble in many types of oxidized
organic (ranging across alcohols, ethers, esters and acids) thanin water
at temperatures below about 260 K; it is far more soluble in oxidized
organics than in the background pure sulfate/water or PSC particles
of the stratosphere unless temperatures fall below about 200 K (for
example, in the Antarctic in winter and spring).

The reported solubility of HClin formic acid (HCOOH) is lower than
inthe larger organic acids, but the higher-molecular-weight acids (C,
and greater) show very similar values to one another, with increases
at colder temperatures that approach those in the alcohols. The only
organic acid for which solubility data below 220 K are available in the
published literature is hexanoic acid. Because C; and larger oxidized
organic acids are probably the main components of aged stratospheric
wildfire particles (as they are in the troposphere), here we adopt the
solubility of HCl and its temperature dependence in hexanoic acid to
approximately represent particulate oxidized organic matter in our
numerical model calculations (see Methods). If, for example, more
oxidized alcohols or ethers were present in the particles than acids,
this would probably increase the HCl solubility slightly.

Because HClis substantially more soluble inawide variety of organ-
icsattemperatures above about 200 K thanitisinbackground sulfate/
water particles based onavailable laboratory studies (Fig.1), these data



pointtowards a transformative roleinmid-latitude stratospheric chem-
istrywhen oxidized organic aerosols are present. Although alternative
elementary reactions are possible, an acid-catalysed mechanism has
been proposed** for reactions (1) and (2):

HCIONO, (1) + HCI(l) > HNO5(I) + Cly(I, g) + H" )

The high solubility of HClin oxidized organics (Fig. 1) indicates that
reaction (5) should occur readily at stratospheric temperatures. This
process competes with the first step of reaction (2):

HCIONO, " (1) + H,O(l) » HNO,(I) + H,OCI () (6)

The high solubility of HCl in organic acids suggests that the avail-
able HCIONO, (1) should be more likely to react with HCI(I) than with
H,O(l) in mixed organic/sulfate particles following this mechanism.
This is consistent with the known reactivities of reactions (1) and (2)
in liquid sulfate aerosols as HCl solubility and hence HCI(I) concen-
trations increase at cold temperatures below about 195K, enhancing
reaction (1) while suppressing reaction (2); by contrast, reaction (2) is
faster than reaction (1) in sulfate particles at warmer temperatures*.
Reactions (3) and (4) would also be enhanced by high concentrations
of HCI(I) and are included here.

To explore the influence of HCl solubility in wildfire particles,
we carried out several tests. In one test, we use the HCl solubility in
hexanoicacid data (hereafter referred to as solubility case) of Fig.1as
approximately representative for the oxidized organic/sulfate particles
(see Methods), which greatly increases the rates of reactions (1), (3)
and (4) at warmer temperatures >200 K. In asecond test, we treat the
liquid organic portion of the particles like water at all temperatures,
thatis, we simply impose a dilution factor (dilution case) proportional
tothe organic content of the organic/sulfate/water particles. This alters
the computed H,SO, mole fraction and affects not only reactions (1),
(3) and (4) but also reaction (2). This could occur, for example, if the
mechanism delineated in reactions (5) and (6) is not valid, enhancing
the potential rate of the CIONO, + H,O reaction. In all wildfire model
tests, smoke input changes the amount of total aerosol and its associ-
ated surface area, enhancing the N,O; + H,O reactionrate; inathird test,
only that process is considered on the wildfire aerosols® to compare
ozone depletion contributions from different processes (N,O; only
case). We compare these three tests to a control run that includes no
organic particle chemistry (no organics case).

We find that the model-calculated anomalies in chlorine species
for the oxidized organics solubility case arein remarkable agreement
overall with the unprecedented extreme changes seen in the 2020
southern mid-latitude observations (Fig. 2). Observed 2020 changes
inozone, HCI, CIONO, and ClO at 68 hectopascals (hPa) relative to the
climatological averages and ranges of available observations for
previous years from the Microwave Limb Sounder (MLS) and the Atmos-
pheric Chemistry Experiment (ACE) satellite instruments are presented.
Modelresults are 24-h daily averages, whereas observations shown are
averages of available data (sunrise and sunset monthly averages for ACE;
averages of daily day and nightside orbits for MLS). Corresponding
absolute values for 2020 and the pre-2020 climatologies are shown
in Extended Data Fig. 2. HOCl is also reported by ACE but is subject to
greater uncertainty, and its anomalies and absolute concentrations
areshownin Extended Data Fig. 3. The consistency between the model
and measurements obtained across the various species, and over time
during the year, strongly supports the proposed mechanism. Differ-
ences in absolute abundances probably largely reflect shortcomings
inthe transport processes of the model.

By contrast, the dilution case greatly overestimates the initial CIO
(andHOCl) increases and, accordingly, results in too much ozone loss
(Fig.2).Inthis case, reaction (2) is enhanced and then declines following
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Fig.2|Observed and modelled 2020 anomalies in chemical species from
30-50° Sat 68 hPa.Greyshadedregionsshow the ranges of 24-h averaged
satellite dataanomalies relative to the climatologies of satellite observations
before 2020 (daily O, HCland CIO from MLS and monthly CIONO, from ACE),
whereasblacklines show the observed anomalies for 2020. Other coloured
lines denote calculated anomalies relative to the modelled no organics control
for three model test cases: including only N,Os hydrolysis on the aerosols
(dashed brownline), considering the added organic material as adilution
factor (dashed greenline) and considering the adopted solubility of HCl in
organicparticles (red line). ppb, parts per billion (by volume throughout this
paper); ppm, parts per million (by volume throughout this paper).
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the wildfire particle abundances. The fast rate of reaction (2) leads to
reduced rather than enhanced autumn CIONO,, as observed.

Taken together, these results indicate that atmospheric HCl indeed
dissolves readily insmoke particles under stratospheric conditions, in
amanner that is well captured by available solubility data in oxidized
organics. This yields subsequent rapid reactions of HCl with CIONO,,
HOCI, and HOBrin the particles at relatively warm mid-latitude tempera-
tures, withreaction (1) being the dominant process in the present model.
Onthebasis of the dilution case, it seems that the CIONO, + H,O reaction
issuppressed relative to the CIONO, + HCl reaction in these particles.

In contrast to HCI, satellite measurements indicate that stratospheric
nitric acid was not markedly perturbed by the Australian smoke** and
the modelis consistent with those data (Extended DataFig. 4). High val-
ues of CIONO, are maintained in the sunlitatmosphere in the solubility
case, limiting the potential for ozone loss despite arapid heterogeneous
rate for reaction (1). This is owing to continuing HNO; photolysis and
reactionwith OH, leading to reduced but non-zero values of observed
NO, (ref. *°) and hence reformation of CIONO,. Thus, adifferent balance
is obtained in mid-latitudes compared with the cold and dark polar
regions, in which essentially no NO, is available to reform CIONO, after
heterogeneousloss, allowing far greater CIO anomalies to build up and
form the ozone hole*’. Nonetheless, CIONO, itself photolyses rapidly
and is approximately in photochemical steady state with CIO under
sunlit mid-latitude conditions, so increased CIONO, as seen in Fig. 2
implies that some increases in ClO and ozone loss must occur. The
shiftsin chlorine chemistry resultinathreefold calculated increasein
CIlO, consistent with observations, and this leads to most of the peak
local ozone depletion of 10-20% during May to December as shown,
which s in accord with the record-low local ozone in this region in
June according to the data (Fig. 2). Extended Data Fig. 5 shows that
the observed ozone loss profiles on coincident days of observation are
similar between ACE and MLS for June-July as an example comparison.

Vertical anomaly profiles of HCI, ClIO and CIONO, averaged over
all available data and all model days for June-July 2020 at southern
mid-latitudes are also fairly well captured by the solubility case, albeit
with some overestimates at higher pressures (lower altitudes), further
supporting the proposed mechanism through its links to the profile
of wildfire aerosols (Fig. 3). As in Fig. 2, the data do not agree with the
model dilution case. Corresponding absolute values are shown in
Extended Data Fig. 6.

The model suggests that the wildfire aerosols chemically deplete
the mid-latitude total ozone column from 30-50° Sby up to 18 Dobson
units (DU), roughly triple the amount obtained from N,O; hydrolysis
alone, yielding about 3-5% total chemical column loss depending on
the month of 2020. Such changes are relatively small compared with
the effects of interannual dynamical variability at mid-latitudes and
there is evidence for some dynamically driven decreases in ozone in
2020 (refs. ). Recent studies suggest that the radiative perturbations
linked to wildfire smoke affected 2020 Southern Hemisphere dynamical
conditions and possibly ozone, which could represent feedbacks in
addition to the direct chemical effects evaluated here***’. Nevertheless,
the chemical changes are substantial in comparison with the 1% per
decadeincrease expected owingtolong-term decreases in halocarbons
that have occurred under the international Montreal Protocol and
indicate that delaysinozonerecovery could occur if wildfires become
more frequent or intense in the future.

Some studies have speculated that wildfires may deplete polar
ozone*®, The Antarctic ozone hole of 2020 was both large in area and
of record duration (lasting through late December)*. In sharp contrast
with mid-latitudes, we find that the observed polar 2020 abundances
of ozone, HCI, CIONO, and CIO for 68 hPa from 70-80° S show few
marked departures from the ranges of previous years (Fig. 4). The
smallinfluence of our wildfire chemistry mechanism on ozone losses
in Antarctic spring can be expected because the adopted solubility
of HCl in organics becomes smaller than that of typical liquid PSCs
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below about 200 K (Fig.1), thatis, in polar winter and spring when the
ozone hole forms. Larger local ozone changes are obtained close to the
tropopause (thatis, 100-200 hPa; see Extended Data Fig. 7), at which
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temperatures are too warm for PSCs. However, the concentration of
ozone is relatively small at these altitudes, so the effect on the polar
total columndepletionis modest (about 5% of the integrated column),
much less than that driven by PSCs at higher altitudes.

Notably, observed 2020 polar HClabundances in the austral autumn
season (April-May) decline far earlier (Fig.4) thaninany other year and
the oxidized organics solubility case of the model broadly reproduces
this unusual behaviour. Temperatures at these latitudes and times
are comparable with those in mid-latitudes, so this is to be expected
through the added chemistry. The observed HCl inside the polar vortex
is also effectively entirely removed by June-July in 2020, considerably
lower than the no organics control case or data in other years (Fig. 4
and maps in Extended Data Fig. 8).

A long-standing puzzle in stratospheric chemistry is that the
observed timing of early winter HCl decline in the Antarctic and occa-
sionally in the Arctic typically occurs earlier than models predict (see
the comprehensive review in ref.*°), asillustrated in Fig. 4 and Extended
Data Fig. 8 for the no organics control case of this model (similar to
other models)*. Our simulations raise the question of whether early
polar winter HCI declines could be linked to background levels of
organic particles” " in non-wildfire years.

Although the early winter HCI discrepancy phenomenon is of
long-standing chemicalinterest, our results provide further evidence
that it causes limited changes in calculated Antarctic total column
ozone depletion in this region®. Indeed, the control no organics and
organics runs both simulate the 70-80° S 2020 ozone losses and their
record long duration well (Fig. 4), implying a dominant role for the
observed unusually cold conditions in that year (as imposed on the
basis of areanalysis in these simulations). Inclusion of the wildfire
organics HClI solubility does, however, expand the calculated area of
the ozone hole (defined as the region in which total column ozone is
less than 220 DU) compared with the no organics control by about
2.5 million km?in September—-October of 2020, contributing to the
unusually large ozone hole in that year.

Wildfire aerosolinawarming world

Here we have shown that the effect of wildfire smoke on stratospheric
chemistry consists not only of increasesin particle surface area (as has
been assumed in the published literature)*** but, more importantly,
inprofoundimpacts on HCl solubility and reactivity. In particular, the
2020 Southern Hemisphere mid-latitude lower stratospheric composi-
tion extremes in HCI, CIONO,, CIO and HOCl are remarkably well repro-
duced by amodel that considers the extremely high solubility of HClin
oxidized wildfire smoke organics at warm stratospheric temperatures
(asindicated by historical laboratory solubility data) and subsequent
reactions. These in turn deplete mid-latitude ozone.

Arecord-early observed 2020 southern autumn (April-May) dis-
appearance of HCl at 70-80° S is another finding of this paper and is
well simulated by this model. Whether the smaller amounts of organic
particles present in other years may be responsible for discrepancies
between calculated and observed HCl declines® in high-latitude autumn
and winter documented in the published literature merits future study.

Although the model indicates that the organic particles expanded
the size of the September-October 2020 ozone hole by about 2.5
million km?, it does not explain its record longevity*, raising the ques-
tion of the roles of natural variability and possible forcings (for example,
relation to the unusual mid-latitude ozone losses as well as the radiative
effects of the particles themselves and resulting impacts on tempera-
tures, winds and stratosphere-troposphere coupling*®*”*°). Further
workisneeded to examine potential radiative and dynamical feedbacks
of the aerosol and ozone changes.

The same chemistry discussed here for the southern mid-latitudes
and polar regions can also be expected in Northern Hemisphere wildfire
smoke. Further, similar reactions should occur wherever aged organic
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aerosolsand HCl are found, thatis, not only in wildfire smoke but also in
biomass burning, pollutionand, potentially, aircraft-generated aerosols,
bothinthelower stratosphere and in the troposphere. Consequences
of HClI solubility in oxidized organics for long-term lower stratospheric
ozone trends also merit further study, along with potentially altered
solubilities of other compounds besides HClinsuch particlesin tropo-
spheric and stratospheric chemistry.

In closing, limitations of our chemical assumptions should be noted.
For example, it is possible that the organic material could freeze, even
doingsoatwarmer temperatures thannormal, and thereby prolonging
heterogeneous chemistry in polar spring (and possibly autumn). Other
reactions beyond those considered may also be important, and new
laboratory studies of solubility and reactions of stratospheric species
inoxidized organic aerosols and especially wildfire aerosols are desper-
ately needed if, as expected, wildfire frequency and intensity increase
inawarming world.
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Methods

Model simulations

We use the sectional aerosol model CARMA coupled with the
National Science Foundation/Department of Energy CESM (CESM-
CARMA)*#3%3132 We spin-up by running the model from a multiyear
free-running simulation and continue in free-running mode from 29
December 2019 to1March2020, which allows theinitial injectionto be
self-lofted into the stratosphere, as shownin ref. 2. We inject 0.9 Tg of
smoke (three times that of the Pacific Northwest fires in 2017) during the
fire days of 29-31December 2019 and 4 January 2020 over southeastern
Australia (39°S,150° E) atan altitude of 12 km (ref. ). The smoke is made
up of 2.5% black carbon, which s a factor in the lofting of the injected
smoke; sensitivity simulations with other values in this model” show
thatthis percentage gave the best match to satellite observationsinthis
model. After 1 March, simulated winds and temperatures are nudged to
the Goddard Earth Observing System version 5 analysis (GEOS-5)* to
ensure accurate meteorological conditions for 2020 that are insensitive
tothe upper boundary and optimize comparisons with observations.

The modelincludes 56 layers from the surface up to 1.8 hPa (about
45 km), withavertical resolution of about1 kminthe uppertroposphere
and lower stratosphere. The horizontal resolution of the model is 1.9°
latitude x 2.5° longitude.

The model calculates two kinds of organic aerosols: (1) organic material
mixed with sulfate, black carbon, seasaltand dust and (2) purely organic
smoke particles emitted from the fires. Both sets of particles are com-
puted in 20 size bins whose radii range from 0.05 to 8.7 um. The model
includes both the oxidation of the organic component of the smoke by
ozone and condensation of sulfuric acid on the smoke particles®.

Stratospheric heterogeneous chemistry ratesinand on aerosols are
calculated using the kinetics parameterization approach generally used
inatmospheric chemistry models* for the heterogeneous reactions of
CIONO, + HCI, CIONO, + H,0 and HOCI + HCI. The kinetics approach
uses experimental data for HCI, HOCIl and CIONO, liquid diffusion,
solubility and reactivity to obtain the heterogeneous reactions for
H,S0,/H,0 stratospheric aerosol heterogeneous kinetics.

Toinvestigate the effect of smoke on stratospheric chemistry, four
model setups are used that adopt different heterogeneous chemistry
on stratospheric aerosols. Further detail on the oxidized organic HCI
solubility and dilution cases (see main text) is given in the following.

Dilution. This simulation assumes that the organic carbon behaves as
an aerosol diluent and combines with the H,SO,/H,0 aerosols, which
effectively lowers the H,SO, weight percent that is a key parameter in
the kinetics parameterization*.. This is achieved by

Wt4=7—06c
wt  SO4

in which wt is the weight percent of H,SO, in the H,SO,/H,0 solution,
wtyis the diluted H,SO, weight percent, OCis the organic carbon mass
concentration and SO, is the sulfur mass concentration. An estimate
of the organic molar mass of 116 (hexanoic acid) is used to obtain the
organic-weight-corrected H,SO, mole fraction as follows

_ wt d
XH,50, = Wt,0% 98 wioe x 98
d 18 116

whichis then used in the calculation of HCl solubility. Here wt, o and
wtocare the weight percent of water and organic carbon, respectively,
98isthe molar mass of H,SO,, 18 is the molar mass of H,0 and 116 is the
molar mass of hexanoic acid.

Solubility. This simulation alters the HCl solubility to account for the
effects of smoke organics using laboratory measurements® ™ (instead

of changing the H,SO, weight percent). Thisis done for all locations and
times when the ratio of mass concentration of organic carbon to sulfur
is>1; otherwise, the original parameterization*is used. Following ref. ™,
the HCImole fractionin hexanoicacidis calculated using the following
fitfunctionto thelaboratory data points (seered diamondsinFig.1,in
which the red line through them indicates this fit):

3,300.46 T
Xycl= exp(28.99 B 18.14 x Iog(lOOD

inwhich Tis the temperature. As hexanoic acid isaweak acid, we assume
that HCl dissociates in hexanoic acid similarly to water. Mole fraction s
converted tomoleratio (r,,;) and used to calculate an effective Henry’s
law coefficient using a dissociation constant of HCl in water of 10°°
(following ref.>*)

X Ppey X 10%°
HHC| - 116

in which p,, is given by>:

Prey = (=5.01% 107 xT2-523x107* x T+1.12) x1,000

Therates of the heterogeneous reactions are then calculated in the
kinetics parameterization* using this new value of Henry’s law for HCI
solubility in hexanoic acid. Because organic acids are weak acids, we
assume that the acidity in amixed organic/sulfuric acid solution would
be determinedlargely by the sulfuric acid content. We do not consider
the possibleincrease in pH owingtointeractions of these organics with
sulfuric acid and assume such changes to be small.

A caveat of this approach is that, in principle, the effective Henry’s
law best applies to dilute solutions so that some uncertainty occurs
for strong solutions but laboratory data suggest that this is a small
effect for our purposes®.

Observations

We use the MLS Level 2, version 5 PressureZM measurement product
for O,, HCI, HNO; and CIO data®*® to analyse mid-latitude (30-50°S)
andpolar (70-80° S) time series at 68 hPaas well as O;and ClO vertical
profiles between 30° S and 50° S. We use the Level 2, version 5 Pres-
sureGrid measurement product for HCI maps. MLS has the benefit of
daily measurements with few data gaps and allows for comprehensive
temporal comparison with the model over all months in 2020. How-
ever, note that the CIO measurements at lower levels (68-147 hPa) are
subject to aknown negative bias. At 68 hPa, the biasis relatively small
and hasbeenreducedin version 5 compared with the previous version
4.2.1Itis therefore recommended* that day minus night measurements
be used toreduce the bias. However, for the purposes of this paper in
which comparison with model weekly average outputis required and
absolute values are lessimportant as opposed to anomalies, we opted
to use the averages of MLS day and night data. This also has the extra
benefit of not having to account for further biases in the polar region
for the MLS day minus night product.

Also, we use the ACE-Fourier transform spectrometer (FTS) version
4.1data* for CIONO,and HOClI time series at 68 hPaand between 30° S
and 50° S for mid-latitudes and 70° S and 80° S for polar conditions.
We also use ACE for vertical profiles of CIONO, and HCI during June
andJuly between 30° S and 50° S. The use of ACE HCI data here maxi-
mizes altitude coverage. ACE has sporadic spatial coverage for specific
latitude ranges. Therefore, for the time series of CIONO,, monthly
averages of the available daily data for each month are constructed.
For example, thereis no data coverage between30° Sand 50° Sin May
and September. ACE quality control is performed by removing data
points that lie outside three standard deviations of the mean values,
as suggested for this data product®.
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ACE and model data are interpolated onto a regular grid that coin-
cides with the MLS pressure grid product to allow for appropriate
comparison between datasets.

Data availability

All data used in this study are publicly available. MLS data: https://
disc.gsfc.nasa.gov/datasets?page=1&source=Aura%20MLS; ACE-FTS
data: http://www.ace.uwaterloo.ca (with registration: https://databace.
scisat.ca/I2signup.php); CESM1-CARMA: https://doi.org/10.7910/DVN/
GHNJQA.

Code availability

The modelusedinthis study canbe accessed at https://www2.cesm.ucar.
edu/models/cesml.2/cesm/doc/usersguide/x290.html. The changes
described herein for the kinetics parameterization are available at
https://doi.org/10.7910/DVN/GHNJQA.
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Aerosol extinction at 18.5 km
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Extended DataFig.1|Modelled and observed aerosol extinction at18.5 km. The time evolution of aerosol extinction (km™) is shown at18.5 km for Ozone
Mapping and Profiler Suite (OMPS) observations (for 745 nm, a) and in the model (for 675nm, b) in2020.
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HClinorganicacid particles (red line).
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show calculated values for 2020 for the no organics control run (blue line)
and for three model test cases: including only N,Os hydrolysis on the aerosols
(browndashedline), considering the added organic material as adilution
factor (greendashed line) and considering the adopted solubility of HClin
organicacid particles (red line). Corresponding anomalies are shown in Fig. 3.
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Extended DataFig.7|Distribution of calculated ozone lossin September 2020. Percentage change in model-calculated ozone as a function of latitude and
height for the oxidized organics solubility model case is shown, as compared with the no organics control run.
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Extended DataFig. 8 | Contour maps of monthly mean HClabundances average from 2005-2019 (second from left), modelled oxidized organics
(ppbv) at 68 hPaforobservationsand models. The modelled no organics solubility case (second from right) and MLS measurements for 2020 (right).

control caseis shown (left column), along with MLS-measured climatological
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