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The 2019 to 2020 Australian summer wildfires injected an amount of organic gases
and particles into the stratosphere unprecedented in the satellite record since 2002,
causing large unexpected changes in HCl and CIONO,. These fires provided a novel
opportunity to evaluate heterogeneous reactions on organic aerosols in the context
of stratospheric chlorine and ozone depletion chemistry. It has long been known
that heterogeneous chlorine (Cl) activation occurs on the polar stratospheric clouds
(PSCs; liquid and solid particles containing water, sulfuric acid, and in some cases
nitric acid) that are found in the stratosphere, but these are only effective for ozone
depletion chemistry at temperatures below about 195 K (i.e., largely in the polar
regions during winter). Here, we develop an approach to quantitatively assess atmos-
pheric evidence for these reactions using satellite data for both the polar (65 to 90°S)
and the midlatitude (40 to 55°S) regions. We show that heterogeneous reactions
apparently even happened at temperatures at 220 K during austral autumn on the
organic aerosols present in 2020 in both regions, in contrast to earlier years. Further,
increased variability in HCl was also found after the wildfires, suggesting diverse
chemical properties among the 2020 aerosols. We also confirm the expectation based
upon laboratory studies that heterogeneous Cl activation has a strong dependence
upon water vapor partial pressure and hence atmospheric altitude, becoming much
faster close to the tropopause. Our analysis improves the understanding of hetero-
geneous reactions that are important for stratospheric ozone chemistry under both
background and wildfire conditions.

stratospheric ozone | chlorine activation | wildfire

The Australian wildfire black summer was the largest such event in the satellite era. It
produced on the order of 1 Tg of acrosols in the stratosphere from about December 31,
2019, to January 5, 2020 (1), equivalent to a small volcanic eruption. These acrosols and
their precursors are brought into the lower stratosphere by pyrocumulonimbus convection,
where they can be expected to decay over time. Volcanic aerosols typically display an
e-folding time of about 18 mo (2, 3). Model simulations (which assumed wildfire-released
aerosols behave like sulfuric acid and water particles) (4), satellite observations (5-7), and
in situ measurements (8) all found significant ozone decreases in the lower stratosphere
at southern hemisphere midlatitudes in 2020 after the wildfire. Unusually low ozone
abundances even continued into 2021 (6, 9). While there is evidence for some dynamical
contributions to the ozone variations observed in that year (6, 10), averaged midlatitude
values presented in ref. 6 indicate record low local abundances near 20 km, suggesting
additional chemistry is likely. In addition, unprecedented and completely unexpected
changes in midlatitude chlorine (Cl) reservoir species (HCl and CIONO,) were also found
in satellite and in situ observations (6-8), suggestive of Cl surface chemistry. In the polar
region, the following heterogeneous reaction HCl+CIONO, — Cl, + HNO; (11) occurs
at cold temperatures. The Cl, subsequently photolyzes rapidly in sunlit air and can form
Cl and ClO which deplete ozone. Other reactions are possible, such as HOCl+HCI] —
Cl, + H,O but our observational analysis does not allow us to determine what reactions
are occurring. It is plausible that organic aerosols may drive similar reactions at warmer
temperatures (discussed in detail below). The fingerprint of N,Oj hydrolysis, another key
heterogeneous reaction that contributes to depletion in the ozone layer, was also found
in the satellite data (12) but cannot explain the unusual changes in HCl and CIONO,,.
Here we provide a fresh approach to the analysis of the Cl chemistry inspired by the
unexpected HCl and CIONO, data that sheds light on its temperature-dependent chem-
istry not only for wildfires but also for background conditions. However, this work will
not quantify the ozone loss and will be exclusively focused on the Cl chemistry.
Laboratory measurements (13, 14), in situ observations (15), and model simulation
(16) all suggest that the heterogeneous CI reaction between HCI and CIONO, is only
effective on the surfaces of typical stratospheric aerosols at temperatures below 195 K.
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Heterogeneous chlorine
activation is a major driver for
stratospheric ozone depletion
and is understood to happen on
polar stratospheric clouds (PSCs)
at temperatures below about 195
K. The 2020 Australian wildfire
released large amounts of
organic aerosols, whose chemical
properties under stratospheric
conditions are virtually unknown.
Here, we developed an approach
to analyze the temperature
dependency of atmospheric
chlorine heterogeneous
chemistry using satellite data.
We found that such reactions can
happen at temperatures even at
220 K on wildfire aerosols in
2020. Organic aerosols are
present to some degree in the
lower stratosphere even under
background conditions. This
result indicates that Cl processes
on organic aerosols likely need to
be considered in future
stratospheric ozone simulations.
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In contrast to stratospheric background sulfuric acid and water
aerosols, wildfire-released particles contain a wide variety of
organic compounds (17, 18), which could have different chemical
properties. Limited laboratory studies suggest that organic aerosols
can enhance HCl uptake (19) and at warmer temperatures (20).

The approach presented here quantifies the temperature for Cl
activation using satellite data from Atmospheric Chemistry
Experiment-Fourier Transform Spectrometer (ACE-FTS; ACE for
short) (21) combined with temperatures from a back trajectory
model named Lagranto (Lagrangian Analysis Tool) (22), driven
by meteorological conditions from ERAS reanalysis data (fifcth
generation atmospheric reanalysis product from the European
Centre for Medium-Range Weather Forecasts) (23). We focus on
the southern hemisphere midlatitudes defined as 40 to 55°S and
the polar vortex region defined as 65 to 90°S. The most significant
changes in HCl and CIONO, in 2020 are observed at altitudes
ranging between 15 and 22 km in 40 to 60°S (S/ Appendix,
Fig. S1). Unless otherwise specified, we mainly focus on 18.5 km
in our analysis to maximize the effects.

Results

Separating Dynamical and Chemical Processes. Fig. 14 shows the
monthly mean ACE data for CO (an indicator of biomass burning)
at the lower stratosphere midlatitudes. Record high CO in 2020
(6, 7) was observed immediately after the pyrocumulonimbus
events in January and decayed with time, suggesting a significant
amount of biomass burning and its long-lasting effect continuing
throughout the entire year. CO in 2021 is within the range of
climatology, indicating no significant wildfire or new particles
injected into the lower stratosphere in that year. Year 2012 is also
highlighted in Fig. 1 since we use it here as a typical reference year
in later analysis, given no known large volcanic eruptions nor big
biomass burning events in that year.

While HCI displayed remarkable anomalies in 2020, HF was
within the range of past years, confirming the role of chemistry
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(Fig. 1). Once anthropogenically produced chlorofluorocarbons
(CFCs) reach the stratosphere, they decompose into the fluorine
(Fy) and chlorine (Cly) families of compounds. Nearly all of the
Fy is in the form of HF because there are no known chemical
loss pathways of HF in the stratosphere; hence it has long been
used as an inactive tracer (24, 25). Insofar as the breakdown of
CFCs is the dominant source of both stratospheric chlorine and
fluorine, Cly and Fy should be proportional to one another.
Viewed in this context, HCl and HF behavior also suggests unu-
sual chemistry lasting into 2021, but with much smaller magni-
tude than 2020.

Correlation between chemical species or “tracer—tracer” anal-
ysis is a powerful tool to analyze dynamical and chemical inter-
actions (26-28). The basis of the analysis is that dynamical
transport should affect inactive and active species similarly, so
departures from correlation in the active species are indicative of
chemical processes. The availability of simultaneous ACE obser-
vations of HF, HCI, and CIONO, along a common line of sight
ensures consistency and is key to such an analysis. To separate
dynamical from chemical effects on specific Cly species, we per-
form the tracer—tracer analysis between HF and HCI, CIONO,,
and their sum (Fig. 2 for midlatitude and S Appendix, Fig. S2
for the polar region).

Fig. 2 and S/ Appendix, Fig. S2 show tracer—tracer scatter plots
of ACE HF and HCI, CIONO,, and HCI+CIONO, in each
month from March to July at the midlatitudes (40 to 55°S) and
polar vortex region (65 to 90°S), respectively. We focus on months
between March and July because in the polar vortex region, this
spans months when no or little heterogeneous chemistry normally
occurs (~-March to April) to months with rapid chemistry on
polarstratospheric clouds (PSCs) (June to July) and in between
(May). All the data align on a nearly straight line in March, sug-
gesting little or no chemistry in this month. We therefore con-
struct a baseline relationship between HF and the Cly species from
March 2004 to 2019 data using linear regression (indicated by
the dark solid lines in Fig. 2 and SI Appendix, Fig. S2).
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Fig. 1. The monthly mean ACE data for (A) CO, (B) HF, (C) HCI, and (D) CIONO, at 18.5 km averaged over 40 to 55°S. Red dots are from 2020, purple dots are
from 2021, blue dots are from 2012 (used as a reference year in this study), and gray dots are from 2004 to 2019 (excluding 2012); 40 to 55°S is split into three
equally spaced latitude bins and months with at least five samples (at least one sample per latitude bin) are considered in the averaging processes.

20of8 https://doi.org/10.1073/pnas.2213910120

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2213910120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2213910120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2213910120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2213910120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2213910120#supplementary-materials

Downloaded from https://www.pnas.org by 50.81.89.101 on June 4, 2025 from | P address 50.81.89.101.

A HCI B , CIONO, C3 HCI+CIONO,
® 2004-2019 (N=727)
2 A 2020 (N=63) ié_
o + 2021 (N=61) Q2
) 30 g1 =
o
21 ; 5 z
[s] = 91
T Y o O
% 2004-2019 (N=727) | 3 ¥ ® 2004-2019 (N=727)
04 A 2020 (N=63) 0 b A 2020 (N=63)
* 2021 (N=61) par Mar 0 * 2021 (N=61) pMar
0.00 025 050 075 1.00 1.25 0.00 025 050 0.75 1.00 125 0.00 025 050 0.75 1.00 1.25
HF (ppb) HF (ppb) HF (ppb)
2 3
® 2004-2019 (N=245)
2 A 2020 (N=16) 2
) + 2021 (N=30) g2
=) g1 ~
s = )
o
O = 91
I o) O
2004-2019 (N=245) | ¥ ® 2004-2019 (N=245)
01 A 2020 (N=16) o (:i:) A 2020 (N=16)
* 2021 (N=30) ppr Apr 0 * 2021 (N=30) ppr
0.00 025 050 075 1.00 1.25 0.00 0.25 0.50 0.75 1.00 125 0.00 0.25 0.0 0.75 1.00 1.25
HF (ppb) HF (ppb) HF (ppb)
2 3
® 2004-2019 (N=18)
2 A 2020 (N=0) g
2 * 2021 (N=0) a2
o) 81 ~
g = )
o
=11 o =2
— o o
[} = Q1
I o) O
2004-2019 (N=18) | & ¥ 2004-2019 (N=18)
o] A 2020 (N=0) 0 9 A 2020 (N=0)
* 2021 (N=0) pay May 0 * 2021 (N=0) pay
0.00 025 050 0.75 1.00 125 0.00 0.25 050 075 1.00 1.25 0.00 025 050 0.75 1.00 1.25
HF (ppb) HF (ppb) HF (ppb)
2 3
® 2004-2019 (N=847)
21 A 2020 (N=57) 2
3 + 2021 (N=63) g2
=) s ~
g = )
o
=1 o =2
— o o
[} = 01
I o) O
2004-2019 (N=847) @] i ® 2004-2019 (N=847)
0] A 2020 (N=57) { A 2020 (N=57)
* 2021(N=63) jyp Jun 0 * 2021(N=63)
0.00 025 050 0.75 1.00 1.25 0.00 025 050 075 1.00 1.25 0.0 025 0.50 0.75 1.00 1.25
HF (ppb) HF (ppb) HF (ppb)
2 3
® 2004-2019 (N=379)
21 A 2020 (N=25) a3
o) + 2021 (N=50) g2
=) s =
S = S
o
=1 o =
— o o1
(@] =2 o
T 2004-2019 (N=379) 8 i ® 2004-2019 (N=379)
o] A 2020 (N=25) 2, A 2020 (N=25)
* 2021(N=50) Jul * 2021(N=50)
0.00 025 050 0.75 1.00 125 0.00 0.25 050 0.75 1.00 1.25 0.00 025 050 0.75 1.00 1.25
HF (ppb) HF (ppb) HF (ppb)
190 195 200 205 210 215 220 225 230

Temperature (K)

Fig. 2. Tracer-tracer correlation between ACE-measured HF (x axis) and (A) HCl, (B) CIONO,, and (C) HCI+CIONO, (y axes), color-coded by temperature. Each
dot represents a single measurement at 18.5 km over 40 to 55°S. Dots in 2020 and 2021 are highlighted with triangles and crosses, respectively (with gray
edges). Each subpanel shows a different month from March to July, labeled at the bottom right corner. The number of data plotted in each month is shown
in the legend. The thick black lines represent the no-chemistry baseline, from the linear fit over March 2004 to 2019 data points. The shaded regions indicate
a conservative full range of baseline variability bounded by the maximum and minimum baselines constructed by data in individual years from 2004 to 2019.
A demonstration of how ACI (e.g., in Fig. 4) is calculated is shown here as the vertical blue dashed line in the April panel for HCl, representing the change in
Cl due to chemical processes.

The shaded regions in Fig. 2 and S7 Appendix, Fig. S2 quantify interannual variability. As the tracer—tracer correlation mainly
the baseline uncertainty. There are mainly two types of uncertainties ~ focuses on the relative difference of Cly to HE which are measured
in such analysis, one is the instrumental bias, and the other is the by ACE at the same occultation, instrumental bias on both

PNAS 2023 Vol.120 No.11 e2213910120 https://doi.org/10.1073/pnas.2213910120 3 of 8


http://www.pnas.org/lookup/doi/10.1073/pnas.2213910120#supplementary-materials

Downloaded from https://www.pnas.org by 50.81.89.101 on June 4, 2025 from |P address 50.81.89.101.

molecules will largely cancel. To quantify the uncertainty of inter-
annual variability and noise, we construct a baseline for each year
in 2004 to 2019 to represent the range of variability in baselines.
The shading areas indicate a conservative full range of variability
bounded by the maximum and minimum baselines using data in
individual years.

ACE has limited data coverage. To validate whether the results
are robust, we compare ACE (at 18.5 km) with the Microwave
Limb Sounder (MLS at 68.2 hPa) in SI Appendix, Figs. S3 and S4
(midlatitude and polar vortex region, respectively) for tracer—tracer
analysis between N,O and HCI (since MLS does not have meas-
urements for HF and CIONO,). MLS has much more spatial
coverage, but with a lower signal-to-noise ratio on individual
points (as shown in S Appendix, Figs. S3C and S4C). The zonally
averaged MLS data (S7 Appendix, Figs. S3B and S4B) agree well
with ACE (SI Appendix, Figs. S3A and S4A), suggesting that even
though ACE coverage is limited, it is consistent with MLS regard-
ing the changes in HCl from tracer—tracer analysis. Note that the
zonal averaging process in MLS reduces the noise, but it also
clusters measurements toward the mean values. Therefore, the
baseline slope becomes more sensitive to small changes in N,O
and HCI in the clustered region, and the uncertainty range
expands at those values where no or few data are fed into the linear
regression. MLS N,O also has experienced a ~-3% instrumental
drift in the past decade, which could also broaden the spread of
the baseline uncertainty range (29). We therefore focus on the
results from ACE measurements.

In the polar vortex region, SI Appendix, Fig. S2 shows that sub-
stantial deviations in HCI and CIONO, from their respective
“no-chemistry” baseline occur in July for every year, indicating
the known Cl activation mechanism on PSCs (11). Over the mid-
latitudes (Fig. 2), some data points in June and July from 2004
to 2019 fall off the no-chemistry baseline. However, 2020 data
points in the midlatitude region in these 2 mo are completely
outside the range of climatology. More important, in 2020, HCI
and CIONO, start to deviate from the no-chemistry baseline even
in April in both midlatitude and polar regions, when the temper-
ature is far too warm for heterogeneous Cl reactions to happen.
HCl and CIONO, in 2021 also display some deviations from the
no-chemistry baseline, but the magnitudes are considerably
smaller than in 2020.

Interestingly, the decrease in HCI is roughly compensated by
increases in CIONO, in both 2020 and 2021 (e.g., April and May
in Fig. 2 and S7 Appendix, Fig. S2, respectively) and in other years.

The decrease in HCI suggests that anomalous heterogeneous
Cl reactions occurred in these 2 y. However, at these latitudes
outside the polar vortex, ample solar radiation is available to drive
HNO; photolysis (and reaction with OH also occurs), making
NO, available to deactivate the activated Cl, forming CIONO,,.
With a rich supply of NO,, the net reaction thus largely transfers
HCl into CIONQO,. Similar CI deactivation forms the CIONO,
“collar” (30), a slice of enhanced CIONO, surrounding the polar
vortex in late spring as noted in past literature. Fig. 3 shows May
HCl and CIONO, anomalies in 2020 compared to the May cli-
matology from 2004 to 2019. The figure makes clear that the
CIONO, collar mechanism is significantly enhanced in 2020 as
early as May, as more Cl has been converted from HCI into
CIONO, apparently on wildfire-released particles. Similar pro-
cesses continued to occur in 2021, but with a smaller magnitude
(SI Appendix, Fig. S5). HCl and CIONO, are both considered to
be reservoirs for active chlorine species that deplete ozone (mainly
Cl and CIO). It may be useful to consider such a process to rep-
resent Cl processing instead of Cl activation, since the sum of
HCI+CIONO, is nearly conserved. Nonetheless, a small amount
of enhanced ClO will be present as well, since CIONO, and CIO
are essentially in photochemical balance in the sunlit atmosphere,
and enhanced CIONO, therefore implies enhanced ClO and
associated ozone loss. Indeed, the evidence of enhanced ClO has
been shown in both ACE and MLS measurements (6, 7).

Cl Processing in the Midlatitudes. To estimate the temperatures
that are likely to drive the heterogeneous chemistry, we first
calculate the deviation of each data point in Fig. 2 from the no-
chemistry baseline as a function of ACE-measured temperature
(Fig. 4 A-C). Thick lines show the averages of data points in
2 K temperature bins from the baseline that is constructed by all
available data from 2004 to 2019. The shaded regions represent
the full range of Cl deviation from individual no-chemistry
baselines that are constructed from data in individual years,
representing the uncertainty due to variability. Negative values
in CIONO, at warmer temperatures indicate that available CIO
has been deactivated to form CIONO,, and the sum of HCl and
CIONO, in Fig. 4C thus indicates that a large amount of the
Cl activated from HCl in 2020 and 2021 has almost all formed
CIONO, at warmer temperatures. As we focus on 40 to 55°S
where the temperature is well above 195 K, activation on the
PSCs is not likely to take place. This is supported by the 2004
to 2019 climatology, in which the average Cl activation remains

C HCI+CIONO,

1.00
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0.50
0.25
0.00
-0.25

Anomaly (ppb)

—-0.50
-0.75

—-1.00

Fig.3. Monthly anomalies for (A) HCI, (B) CIONO,, and (C) HCI+CIONO, in May 2020 compared to the May climatology in 2004 to 2019. The maps show a latitudinal
range between 50 and 90°S since ACE measurements in May are mainly between 58 and 68°S. To prevent from biasing the anomalies by latitudinal variations,
the climatological mean is constructed at every 5° latitude bin. Therefore, the May anomalies presented here are calculated from four latitude bins from the

climatology (50 to 55, 55 to 60, 60 to 65, and 65 to 70°S).
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Fig.4 Cl activation as a function of temperature at midlatitudes (40 to 55°S) for March to July at 18.5 km. Each panel shows the amount of Cl activation on the
y axes (deviation from the no-chemistry baseline in Fig. 2) as a function of temperature (x axis) for (A and D) HCl, (B and E) CIONO,, and (C and F) HCI+CIONO..
Panels A-C use the ACE-measured temperature at the satellite overpass, and panels D-F use the minimum temperature (T,,;,) calculated along the 5-d back
trajectories for each data point for 2020, 2021, and 2012. Thick lines are the average of Cl activation at every 2 K temperature ranges (temperature bins with less
than two samples are not considered for the average). The shading areas indicate the full range of Cl departures from individual baselines using data from single
years. Horizontal and vertical gray dashed lines indicate zero Cl activation and 195 K, respectively. The probability distribution functions (PDF) of Cl activation at

Tmin2195 K are shown in panels D-F for 2020, 2021, and 2012.

close to zero. However, HCI data in 2020 and 2021 suggest that
significant Cl activation occurred at temperatures even well above
200 K, but not in any other years (although the magnitude of Cl
activation in 2021 is smaller than in 2020).

However, one pitfall of Figs. 2 and 4 A-C'is that the tempera-
tures shown reflect only the state of the atmosphere at the satellite
overpass, while Cl activation could have occurred at a different
temperature along air parcel trajectories. We therefore use Lagranto
(22) driven by ERA5 (23) to evaluate 5-d kinematic back trajec-
tories for each data point in 2020 and 2021, as well as the reference
year of 2012. Like all trajectory studies, errors in wind, tempera-
ture, and parcel motion cannot be eliminated in our analysis and
are a source of uncertainty in the detailed chlorine activation esti-
mates versus temperature. Lagranto calculates the kinematic tra-
jectories, but air parcels likely travel adiabatically or may cross
isentropes due to diabatic processes (such as local heating due for
example to particles absorbing more radiation). The radiative relax-
ation time for the lower stratosphere is on the order of 20 to 30 d
(31, 32); we pick a rather conservative estimate of 5 d to avoid
potential effects of radiatively driven ascent/descent of particles in
the stratosphere. The ACE-measured instantaneous temperature
is then replaced with the minimum temperature from the 5-d back
trajectories of each data point (referred to as ERA5 T, ;. in Fig. 4
D-F), providing an estimate of the air parcel’s recent minimum
temperature exposure. ERA5 temperatures at the colocated ACE
observations agree well with each other (57 Appendix, Fig. S6), and
we find that the 5-d minimum temperature is rather insensitive to
small perturbations in the starting position (S Appendix, Fig. S7).

PNAS 2023 Vol.120 No.11 2213910120

Fig. 4 D—F shows Cl activation as a function of the 5-d mini-
mum temperature calculated from Lagranto. The 5-d minimum
temperature exposure for these measurements is still mainly above
195 K. This further strengthens the idea that wildfire-released
organic aerosols can allow heterogeneous reactions to happen at
warmer temperatures, which differs from the PSC mechanism
limited in the polar region that requires the temperature to be
lower than 195 K. Further, the probabilitydistribution functions
(PDFs) shown in Fig. 4 D—F for temperatures > 195 K indicate
that not only do 2020 and 2021 have different mean values than
in 2012, but the spread after the wildfire is also much wider than
that in 2012. One plausible explanation for this behavior is vari-
ability in the composition and/or abundances of organic acrosols
from the wildfire, displaying different chemical properties. Note
that the PDF for the sum of HCI+CIONO, is centered very close
to zero for 2012 (-0.01 + 0.07 ppb; + sign followed by one SD)
and displays a slight offset from zero in 2020 and 2021 (0.03 +
0.08 ppb and 0.03 + 0.07 ppb, respectively), indicating small but
non-negligible enhancements in other species including HOCI
(7) and CIO in those years only (6), given the changes in the latter
two species can be few orders of magnitude smaller than changes

in HCl and CIONO,.

Cl Processing in the Polar Vortex Region. Fig. 5 shows Cl activation
in the polar vortex region at 65 to 90°S. Cl activation for the total
Cly in 2012 shows a sharp transition at 195 K (Fig. 5F), which
matches remarkably well with the current understanding of Cl
activation on PSCs as first observed with aircraft methods (15). It

https://doi.org/10.1073/pnas.2213910120 5 of 8
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Fig.5. Clactivation as a function of temperature in the polar vortex region (65 to 90°S), as in Fig. 4 for midlatitudes. Panels A-C use the ACE-measured temperature
at the satellite overpass, and panels D-F use the minimum temperature (T,,;,) calculated along the 5-d back trajectories for each data point for 2020, 2021, and 2012.

is noteworthy that even in 2012 when the background CO and
aerosol extinctions are at the lower end in the climatology, there
is still some CIONO, being converted from HCI at temperatures
between 195 and 200 K (Fig. 5 D and E). Observations show
that organic aerosols are widespread in the lower stratosphere.
Among other sources, tropical biomass burning produces organic
aerosols in the upper troposphere (33) that may be transported
into the stratosphere. Thus, early season Cl processing on organic
aerosols could occur to some extent every year, albeit with smaller
magnitudes than in 2020.

Data in 2020 and 2021 show that a similar Cl processing mech-
anism also took place in the south polar vortex region at tempera-
tures above 195 K. HCl in 2020 and 2021 continues to indicate
more active Cl compared to other years at all temperatures until the
temperature falls below 195 K, when the PSC:s likely dominate the
Cl activation, and these 2 y merge into the 2004 to 2019 climatol-
ogy. While Cl activation in 2020 was lower at temperatures well
below 195 K (Fig. 5F) compared to other years, this does not nec-
essarily mean less total active Cl being present in that year (e.g.,
there could also be an interannual variability in the total Cl). In
particular, the results show that a large amount of ClI has already
been activated earlier in the season (at warmer temperatures) and
likely stayed in the forms of HOCI, ClO, and Cl,O, in the polar
vortex region (6, 7). Because of less solar radiation at higher lati-
tudes, less NO, is available from HNOj photochemistry to transfer
these more reactivate forms of Cl back to CIONO,. This is sup-
ported by the evidence of large nonzero values of the mean of PDFs
for AHCI+CIONO, at temperatures above 195 K in Fig. 5F(0.22
+ 0.12 ppb in 2020 and 0.18 + 0.10 ppb in 2021, compared to
0.02 + 0.10 ppb in 2012; + sign followed by one SD).

Note that most of the ACE data points in the polar region are
over 65 to 70°S (especially in colder seasons) and may not
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represent the conditions in the core of the polar vortex. S/ Appendix,
Fig. S8 shows the limited data available for Cl activation between
70 and 90°S (ACE observations for March and April only). The
general behavior of Cl processing at warmer temperatures remains
apparent in these months at high latitudes.

Altitude-Dependent Cl Activation in the Polar Vortex Region.
The reaction efficiency of HCl+CIONO, can be affected not only
by different types of surfaces (e.g., organic aerosols and PSCs), but
also by water vapor content and pressure, which vary with alticude
(34), which has been suggested as a potential midlatitude ozone
depletion mechanism (35, 36). We therefore expand the focus to
the range of altitudes from 14.5 to 18.5 km for 2020, 2021, and
2012 (Fig. 6). The number of datapoints (after filtering by the
data quality flag) is similar between 14.5 and 18.5 km, but it has
dropped by more than 50% at below 13 km; thus altitudes below
14.5 km have been discarded.

It is noteworthy that in a year without the impact of organic
aerosols from large wildfires (2012), a systematic gradient of the
onset temperature for Cl activation is indicated, from 200 K
at 14.5 km to 195 K at 18.5 km using the 5-d back trajectories
(Fig. 6A). This agrees surprisingly well with current understand-
ing, as indicated by a numerical calculation using the kinetics
code and composition data from Whole Atmosphere
Community Climate Model (WACCM) (14). For example, the
reaction efficiency for HCI+CIONO, is about 80 times more
efficient at 14.5 km than at 18.5 km (S Appendix, Fig. S9B),
suggesting Cl activation can happen at warmer temperatures
much more readily at 14.5 km than at 18.5 km. But such alti-
tude dependency is significantly disturbed by organic aerosols
after the 2020 Australian wildfire. Neither 2020 nor 2021
demonstrate a clear relationship between Cl activation and
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Fig.6. The altitude-dependent Cl activation in the polar vortex region (65 to 90°S) for (A) 2012, (B) 2020, and (C) 2021. The x axis shows the minimum temperature
calculated along the 5-d back trajectories, and the y axis shows the Cl activation from the sum of HCl and CIONO,. Only the Cl activation calculated from baselines
using all available data from 2004 to 2019 is shown here. Each line represents a different altitude range from 14.5 to 18.5 km. The panels are zoomed in for

190 to 205 K to focus on the onset temperature for Cl activation on PSCs.

altitude. Instead, large amounts of Cl activation took place at
all altitudes ranging from 14.5 to 18.5 km in these years at
temperatures warmer than 195 K.

Discussion

In conclusion, we have examined the HCl and CIONO, reservoir
species that reflect heterogeneous reactions in the southern hem-
isphere fall and winter (March to July) for both the Australian
wildfire-released organic aerosols and background conditions using
satellite data. Our method confirms a sharp increase in Cl activa-
tion for temperatures below about 195 K along 5-d air parcel
trajectories characterizing the data, consistent with current under-
standing for Cl activation in the polar region (11, 16, 37). This
finding highlights the importance of relatively small temperature
perturbations (i.e., less than 1 K) on this chemistry (e.g., those due
to planetary or gravity waves) for air parcels with low temperatures
but not low enough to trigger heterogeneous reactions. The
method also successfully demonstrates the altitude dependency of
Cl activation for a reference non-wildfire year (34). These results
illustrate the power of this method for both background conditions
and wildfire perturbations in testing chemical understanding.

We find evidence for Cl processing at much warmer temperatures
(at 220 K) in both midlatitude and polar vortex regions after the
Australian fires than the current understanding for PSCs, which is
essentially limited to polar region at temperatures below 195 K.
When such Cl processing happens at midlatitudes, HCI decreases
but nearly all of the active Cl is turned into CIONO, rapidly because
of ongoing supply of NO, from HNOj photolysis and reaction with
OH. However, PDFs of the sum of HCI+CIONO, activation reveal
that some enhanced Cl does remain in active forms at temperatures
above 195 K in 2020, which can be expected to produce some ozone
loss. Importantly, the data suggest that the remaining aerosols from
the 2020 wildfire apparently even continued to affect the Cl species
(albeit to a lesser extent) into 2021. Further, diversity in wildfire-re-
leased organic aerosols (17, 18) with different chemical properties
is suggested by an observed increase in the width of the distribution,
i.e., varying amounts of Cl activation.

The total Cl budget could be closed by including other species,
particularly CIO and Cl,O,. However, one drawback of this
tracer—tracer method is that it works well for the rather long-lived
species (e.g., HCl and CIONO,), but the large variance in more
short-lived species (e.g., CIO and HOCI) can impede the calcu-
lation. Furthermore, the ACE satellite produces twilight measure-
ments (which do not indicate daytime ClO values) and it does
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not have measurements for Cl,0,; although (6) shows enhanced
daytime ClO using MLS data, and twilight ClO enhancement is
also found from ACE data albeit with larger noise (7). HNO; is
not taken up by the organic aerosols, and reported midlatitude
HNO; in 2020 is within the climatological variance (6). However,
PSCs do take up HNO; in the polar region (therefore reducing
NOx, impacting the Cly reservoirs). But ACE does not monitor
inside the polar vortex during dark conditions. Further studies are
needed to evaluate the total Cl budget and to fully quantify to
what extent the ozone layer is affected by wildfire-triggered Cl
processing.

The frequency of wildfires is projected to increase in the future
due to climate change (38). A better understanding of the range
of composition of organic acrosols, and of heterogeneous reaction
rates upon them, is needed to estimate any associated ozone
impacts, including potential delay of the recovery in the strato-
spheric ozone layer in Antarctica, as well as potential midlatitude
ozone loss in the future.

Materials and Methods

Satellite Datasets. Level 2 satellite data from Atmospheric Chemistry Experiment-
Fourier Transform Spectrometer (ACE-FTS) version 4.1 for molecules (39)is used in
this study. Data range from 2004 to 2021. ACE provides measurements at twilight;
both the sunrise and sunset data are used. We remove outliers defined as three
SDs apart from the mean for each month (40).

Daily level 3 satellite data from Microwave Limb Sounder (MLS) version 5.0
(41)for N,0, HCl and temperature are used in this study. Data range from 2005
to 2021. Both the ascending and descending modes are used, which provide
measurements for daytime and nighttime.

Back Trajectory Calculation. Lagranto (Lagrangian Analysis Tool) version 2.0
(22)is used in this study to calculate the kinematic back trajectories for each data
point in 2020, 2021, and 2012. It iterates three times in each time interval to
calculate the average velocity between the starting and ending locations (from
every iteration). Lagranto is driven by the ERAS reanalysis data (fifth generation
atmospheric reanalysis product from the European Centre for Medium-Range
Weather Forecasts) (23) for pressure, temperature, and 3D (three-dimensional)
wind fields. We used an ERAS configuration that has 137 vertical model levels,
a 1° horizontal resolution, and a 3-h temporal resolution. Subgrid-scale gravity
waves can introduce temperature variability. ERAS has been shown to resolve
a large portion of that variability (42-44) and will be sampled irrespective of
the time interval chosen for transport in the trajectory model. However, short
horizontal wavelength disturbances could lead to effective chlorine activation at
somewhat colder temperatures than those shown here, which should be consid-
ered an upper limit to the activation temperature.
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HCI+CIONO, Reaction Efficiency. The HCI+CIONO, reactive uptake probabili-
ties (in S/ Appendix, Fig. S9B) are calculated using the parameterization described
inref. 14, which is used in the WACCM model. This calculation uses model values
of temperature and pressure over an altitude range of 14.5 to 19.5 km during
Julyat ~63°S.HCl and CIONO, volume mixing ratios are held constantat 0.3 and
0.05 ppb, respectively. Water vapor volume mixing ratio is held constant at 3.5,
4,and 4.5 ppm. This allows for the effect of water vapor partial pressure over the
above altitude to range to be investigated.
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