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21 Abstract

22 The 2019 – 2020 Australian summer wildfires injected an amount of organic gases and particles 23
into the stratosphere unprecedented in the satellite record since 2002, causing large unexpected 24
changes in HCl and ClONO2. These fires provided a novel opportunity to evaluate heterogeneous 25
reactions on organic aerosols in the context of stratospheric chlorine and ozone depletion 26
chemistry. It has long been known that heterogeneous chlorine (Cl) activation occurs on the polar

27 stratospheric clouds (PSCs; liquid and solid particles containing water, sulfuric acid, and in some
28 cases nitric acid) that are found in the stratosphere, but these are only effective for ozone depletion 29

chemistry at temperatures below about 195 K (i.e., largely in the polar regions during winter). Here, 30
we develop a new approach to quantitatively assess atmospheric evidence for these reactions 31
using satellite data. We show that heterogeneous reactions apparently even happened at 32
temperatures above 220 K during autumn on the organic aerosols present in 2020, in contrast to 33
earlier years. Further, increased variability in HCl was also found after the wildfires, suggesting 34
diverse chemical properties among the 2020 aerosols. We also confirm the expectation based upon

35 laboratory studies that heterogeneous Cl activation has a strong dependence upon water vapor 36
partial pressure and hence atmospheric altitude, becoming much faster close to the tropopause. 37
Our analysis improves the understanding of heterogeneous reactions that are important for 38
stratospheric ozone chemistry under both background and wildfire conditions.

39 Significance Statement

40 Heterogeneous chlorine activation is a major driver for stratospheric ozone depletion and is 41
understood to happen on polar stratospheric clouds (PSCs) at temperatures below about 195 K. 42
The 2020 Australian wildfire released large amounts of organic aerosols, whose chemical 43
properties under stratospheric conditions are virtually unknown. Here, we developed a novel 44
approach to analyze the temperature dependency of atmospheric chlorine heterogeneous 45
chemistry using satellite data. We found that such reactions can happen at temperatures even 46
above 220 K on wildfire aerosols in 2020. Organic aerosols are present to some degree in the lower 47
stratosphere even under background conditions. This result indicates that Cl processes on organic

48 aerosols likely need to be considered in future stratospheric ozone simulations.

49
50 Main Text
51
52 Introduction
53
54 The Australian wildfire black summer was the largest such event in the satellite era. It
55 produced on the order of 1 Tg of aerosols in the stratosphere from about Dec 31, 2019 to Jan 5,
56        2020 (1), equivalent to a small volcanic eruption. These aerosols and their precursors are brought
57        into the lower stratosphere by pyrocumulonimbus convection, where they can be expected to decay
58        over time. Volcanic aerosols typically display an e-folding time of about 18 months (2, 3). Model
59        simulations (which assumed wildfire-released aerosols behave like sulfuric acid and water
60        particles) (4), satellite observations (5–7), and in-situ measurements (8) all found significant ozone
61        decreases in the lower stratosphere at southern hemisphere mid-latitudes in 2020 after the wildfire.
62        Unusually low ozone abundances even continued into 2021 (6, 9). While there is evidence for some
63        dynamical contributions to the ozone variations observed in that year (6, 10), averaged mid-latitude
64        values presented in (6) indicate record low local abundances near 20 km, suggesting additional
65        chemistry is likely. In addition, unprecedented and completely unexpected changes in mid-latitude
66        chlorine (Cl) reservoir species (HCl and ClONO2) were also found in satellite and in-situ
67        observations (6–8), suggestive of Cl surface chemistry, e.g., via the following heterogeneous
68        reaction of HCl + ClONO2 → Cl2 + HNO3 (11). The Cl2 subsequently photolyzes rapidly in sunlit air,
69        and can form Cl and ClO which deplete ozone. The fingerprint of N2O5 hydrolysis, another key
70        heterogeneous reaction that contributes to depletion in the ozone layer, was also found in the
71        satellite data (12) but cannot explain the unusual changes in HCl and ClONO2. Here we provide a
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72 fresh approach to the analysis of the Cl chemistry inspired by the unexpected HCl and ClONO2 73
data that sheds light on its temperature-dependent chemistry not only for wildfires but also for 74
background conditions.

75 Laboratory measurements (13, 14), in-situ observations (15), and model simulation (16) all
76        suggest that the heterogeneous Cl reaction between HCl and ClONO2 is only effective on the 77
surfaces of typical stratospheric aerosols at temperatures below 195 K. In contrast to stratospheric
78 background sulfuric acid and water aerosols, wildfire-released particles contain a wide variety of
79 organic compounds (17, 18), which could have different chemical properties. Limited laboratory 80

studies suggest that organic aerosols can enhance HCl uptake (19) and at warmer temperatures 81
(20).

82 The new approach presented here quantifies the temperature for Cl activation using 83
satellite data from ACE-FTS (Atmospheric Chemistry Experiment-Fourier Transform Spectrometer; 84
ACE for short) (21) combined with temperatures from a back trajectory model named Lagranto 85
(Lagrangian Analysis Tool) (22), driven by meteorological conditions from ERA5 (European Centre 86        for
Medium-Range Weather Forecasts) reanalysis data (23). We focus on the southern hemisphere 87        mid-
latitudes defined as 40 – 55 °S and polar vortex region defined as 65 – 90 °S. The most 88        significant
changes in HCl and ClONO2 in 2020 are observed at altitude ranges between 15 – 22
89 km (Fig. S1). Unless otherwise specified, we mainly focus on 18.5 km in our analysis to maximize
90 the effects.
91
92 Results
93
94 Separating dynamical and chemical processes
95
96                      Fig. 1A shows the monthly mean ACE data for CO (an indicator of biomass burning) at the
97        lower stratosphere mid-latitudes. CO in 2020 reached a record high (6, 7), suggesting a significant
98        amount of biomass burning and its long-lasting effect continuing throughout the entire year. CO in
99        2021 is within the range of climatology, indicating no significant wildfire or new particles injected

100        into the lower stratosphere in that year. 2012 is also highlighted in Fig. 1 since we use it here as a
101 typical reference year in later analysis, given no known large volcanic eruptions nor big biomass
102 burning events in that year.
103 While HCl displayed remarkable anomalies in 2020, HF was within the range of past years,
104        confirming the role of chemistry (Fig. 1). Once anthropogenically produced CFCs 105
(chlorofluorocarbons) reach the stratosphere, they decompose into the fluorine (Fy) and chlorine 106
(Cly) families of compounds. Nearly all of the Fy is in the form of HF because there are no known 107
chemical loss pathways of HF in the stratosphere; hence it has long been used as an inactive tracer 108
(24, 25). Insofar as the breakdown of CFCs is the dominant source of both stratospheric chlorine 109        and
fluorine, Cly and Fy should be proportional to one another. Viewed in this context, HCl and HF 110
behavior also suggests unusual chemistry lasting into 2021, but with much smaller magnitude than 111
2020.
112 Correlation between chemical species or “tracer-tracer” analysis is a powerful tool to
113 analyze dynamical and chemical interactions (26–28). The basis of the analysis is that dynamical
114 transport should affect inactive and active species similarly, so departures from correlation in the
115 active species are indicative of chemical processes. The availability of simultaneous ACE 116

observations of HF, HCl, and ClONO2 along a common line of sight ensures consistency and is key
117 to such an analysis. To separate dynamical from chemical effects on specific Cly species, we 118

perform the tracer-tracer analysis between HF and HCl, ClONO2, and their sum (Fig. 2 for mid-119
latitude and Fig. S2 for the polar region).

120 Fig. 2 shows tracer-tracer scatter plots of ACE HF and HCl, ClONO2, and HCl+ClONO2 in
121        each month from March to July. This spans months when no or little heterogeneous chemistry 122
normally occurs (~March-April) to months with rapid chemistry on PSCs in polar regions (June-123        July)
and in between (May). All the data align on a nearly straight line in March, suggesting little or 124        no
chemistry in this month. We therefore construct a baseline relationship between HF and the Cly
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125 species from March 2004 – 2019 data using linear regression (indicated by the dark solid lines in
126 Fig. 2 and Fig. S2).
127 The shaded regions in Fig. 2 and Fig. S2 quantify the baseline uncertainty. There are
128        mainly two types of uncertainties in such analysis, one is the instrumental bias, and the other is the 129
interannual variability. As the tracer-tracer correlation mainly focuses on the relative difference of 130        Cly
to HF, which are measured by ACE at the same occultation, instrumental bias on both
131 molecules will largely cancel. To quantify the uncertainty of interannual variability and noise, we
132 construct a baseline for each year in 2004 – 2019 to represent the range of variability in baselines.
133 The shading areas indicate a conservative full range of variability bounded by the maximum and
134 minimum baselines using data in individual years.
135 ACE has limited data coverage. To validate whether the results are robust, we compare
136        ACE (at 18.5 km) with the MLS (Microwave Limb Sounder at 68.2 hPa) in Figs. S3 and S4 (mid-137
latitude and polar vortex region, respectively) for tracer-tracer analysis between N2O and HCl (since 138
MLS does not have measurements for HF and ClONO2). MLS has much more spatial coverage, 139        but
with a lower signal-to-noise ratio on individual points (as shown in Figs. S3C and S4C). The 140        zonally
averaged MLS data (Figs. S3B and S4B) agree well with ACE (Figs. S3A and S4A), 141        suggesting
that even though ACE coverage is limited, it is consistent with MLS regarding the
142 changes in HCl from tracer-tracer analysis. Note that the zonal averaging process in MLS reduces
143 the noise but it also clusters measurements towards the mean values. Therefore, the baseline
144 slope becomes more sensitive to small changes in N2O and HCl in the clustered region, and the
145 uncertainty range expands at those values where no or few data are fed into the linear regression.
146 MLS N2O also has experienced a ~3% instrumental drift in the past decade, which could also 147

broaden the spread of the baseline uncertainty range (29). We therefore focus on the results from
148 ACE measurements.
149 Fig. 2 shows that substantial deviations in HCl and ClONO2 from their respective “no-150
chemistry” baseline occur in July for every year, indicating the known Cl activation mechanism on 151
PSCs (11). More important, in 2020, HCl and ClONO2 start to deviate from the “no-chemistry” 152
baseline even in March, when the temperature is far too warm for heterogeneous Cl reactions to 153
happen on PSCs. HCl and ClONO2 in 2021 also display some deviations from the “no-chemistry”
154 baseline, but the magnitudes are considerably smaller than in 2020.
155 Interestingly, the decrease in HCl is roughly compensated by increases in ClONO2 in both
156        2020 and 2021 (e.g. April and May in Fig. 2 and Fig. S2, respectively) and in other years. The 157
decrease in HCl suggests that anomalous heterogeneous Cl reactions occurred in these two years. 158
However, at these latitudes outside the polar vortex, ample solar radiation is available to drive 159
HNO3 photolysis (and reaction with OH also occurs), making NO2 available to deactivate the 160
activated Cl, forming ClONO2. With a rich supply of NO2, the net reaction thus largely transfers HCl 161        into
ClONO2. Similar Cl deactivation forms the ClONO2 “collar” (30), a slice of enhanced ClONO2 162
surrounding the polar vortex in late spring as noted in past literature. Fig. 3 shows May HCl and 163
ClONO2 anomalies in 2020 compared to the May climatology from 2004 – 2019. The figure makes 164
clear that the ClONO2 “collar” mechanism is significantly enhanced in 2020 as early as May, as
165 more Cl has been converted from HCl into ClONO2 on wildfire-released particles. Similar processes
166 continued to occur in 2021, but with a smaller magnitude (Fig. S5). HCl and ClONO2 are both
167 considered to be reservoirs for active chlorine species that deplete ozone (mainly Cl and ClO). It
168 may be useful to consider such a process to represent Cl processing instead of Cl activation, since
169 the sum of HCl+ClONO2 is nearly conserved. Nonetheless, a small amount of enhanced ClO will
170 be present as well, since ClONO2 and ClO are essentially in photochemical balance in the sunlit
171 atmosphere, and enhanced ClONO2 therefore implies enhanced ClO and associated ozone loss.
172 Indeed, evidence of enhanced ClO has been shown in both ACE and MLS measurements (6, 7).
173
174 Cl processing in the mid-latitudes
175
176 To estimate the temperatures that are likely to drive the heterogeneous chemistry, we first
177 calculate the deviation of each data point in Fig. 2 from the “no-chemistry” baseline as a function
178        of ACE-measured temperature (Fig. 4A-C). Thick lines show the averages of data points in 2 K
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179 temperature bins from the baseline that is constructed by all available data from 2004 – 2019. The
180 shaded regions represent the full range of Cl deviation from individual “no-chemistry” baselines that
181 are constructed from data in individual years, representing the uncertainty due to variability. 182

Negative values in ClONO2 at warmer temperatures indicate that available ClO has been 183
deactivated to form ClONO2, and the sum of HCl and ClONO2 in Fig. 4C thus indicates that a large

184 amount of the Cl activated from HCl in 2020 and 2021 has almost all formed ClONO2 at warmer
185 temperatures. As we focus on 40 – 55 °S where the temperature is well above 195 K, activation on
186 the PSCs is not likely to take place. This is supported by the 2004 – 2019 climatology, in which the
187 average Cl activation remains close to zero. However, HCl data in 2020 and 2021 suggest that
188 significant Cl activation occurred at temperatures even well above 220 K, but not in any other years
189 (although the magnitude of Cl activation in 2021 is smaller than in 2020).
190 However, one pitfall of Figs. 2 and 4A-C is that the temperatures shown reflect only the
191        state of the atmosphere at the satellite overpass, while Cl activation could have occurred at a 192
different temperature along air parcel trajectories. We therefore use Lagranto (22) driven by ERA5 193
(23) to evaluate 5-day back trajectories for each data point in 2020 and 2021, as well as the 194
reference year of 2012. The radiative relaxation time for the lower stratosphere is on the order of 195        20 –
30 days (31, 32); we pick a rather conservative estimate of 5 days to avoid potential effects of
196 radiatively-driven ascent/descent of particles in the stratosphere. The ACE-measured
197 instantaneous temperature is then replaced with the minimum temperature from the 5-day back
198 trajectories of each data point (referred to as ERA5 Tmin in Fig. 4D-F), providing an estimate of the
199 air parcel’s recent minimum temperature exposure. ERA5 temperatures at the co-located ACE
200 observations agree well with each other (Fig. S6), and we find that the 5-day minimum temperature
201 is rather insensitive to small perturbations in the starting position (Fig. S7). We also verified that
202 the minimum temperature is similar between 5-day and 10-day back trajectories for the air parcels
203 released at 18.5 km (detailed discussion in the Altitude-dependent Cl activation section). Back
204 trajectories going beyond 10-days would require calculation of the air parcel’s radiative field 205

including the effect of the wildfire particles and thus was not considered in this analysis.
206                      Fig. 4D-F shows Cl activation as a function of the 5-day minimum temperature calculated
207        from Lagranto. The 5-day minimum temperature exposure for these measurements is still mainly

208 above 195 K. This further strengthens the idea that wildfire-released organic aerosols can allow
209 heterogeneous reactions to happen at warmer temperatures, which differs from the PSC 210

mechanism that requires the temperature to be lower than 195 K. Further, the PDFs shown in Fig.
211 4D-F for temperatures ≥ 195 K indicate that not only do 2020 and 2021 have different mean values
212 than in 2012, but the spread after the wildfire is also much wider than that in 2012. One plausible
213 explanation for this behavior is variability in the composition and/or abundances of organic aerosols
214 from the wildfire, displaying different chemical properties. Note that the PDF for the sum of 215

HCl+ClONO2 is centered very close to zero for 2012 but displays a distinct offset from zero in 2020
216 and to a lesser extent in 2021, indicating significant enhancements in other species including e.g.
217 HOCl (7) and ClO in those years only (6).
218
219 Cl processing in the polar vortex region
220
221 Fig. 5 shows Cl activation in the polar vortex region at 65 – 90 °S. Cl activation for the total
222 Cly in 2012 shows a sharp transition at 195 K (Fig. 5F), which matches remarkably well with the
223 current understanding of Cl activation on PSCs as first observed with aircraft methods (15). It is
224 noteworthy that even in 2012 when the background CO and aerosol extinctions are at the lower
225 end in the climatology, there is still some ClONO2 being converted from HCl at temperatures 226

between 195 – 205 K (Fig. 5D-E). Observations show that organic aerosols are widespread in the
227 lower stratosphere. Among other sources, tropical biomass burning produces organic aerosols in
228 the upper troposphere (33) that may be transported into the stratosphere. Thus, early-season Cl
229 processing on organic aerosols could occur to some extent every year, albeit with smaller 230

magnitudes than in 2020.
231                      Data in 2020 and 2021 show that a similar Cl processing mechanism also took place in the
232        south polar vortex region at temperatures above 195 K. HCl in 2020 and 2021 continues to indicate
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233 more active Cl compared to other years at all temperatures until the temperature falls below 195
234 K, when the PSCs likely dominate the Cl activation, and these two years merge into the 2004 – 235

2019 climatology. While Cl activation in 2020 was lower at temperatures well below 195 K (Fig. 5F)
236 compared to other years, this does not necessarily mean less total active Cl being present in that
237 year. In particular, the results show that a large amount of Cl has already been activated earlier in
238 the season (at warmer temperatures) and likely stayed in the forms of e.g. HOCl, ClO, and Cl2O2

239 in the polar vortex region (6, 7). Because of less solar radiation at higher latitudes, less NO2 is
240 available from HNO3 photochemistry to transfer these more reactivate forms of Cl back to ClONO2.
241 This is supported by the evidence of large non-zero values of the mean of PDFs for ΔHCl+ClONO2

242 at temperatures above 195 K in Fig. 5F (0.22 ± 0.12 ppb in 2020 and 0.18 ± 0.10 ppb in 2021, 243
compared to 0.02 ± 0.10 ppb in 2012; ± sign followed by 1 standard deviation).

244 Note that most of the ACE data points in the polar region are over 65 – 70 °S (especially
245        in colder seasons) and may not represent the conditions in the core of the polar vortex. Fig. S8 246
shows the limited data available for Cl activation between 70 – 90 °S (ACE observations for March 247        and
April only). The general behavior of Cl processing at warmer temperatures remains apparent 248        in these
months at high latitudes.
249
250 Altitude-dependent Cl activation in the polar vortex region
251
252 The reaction efficiency of HCl+ClONO2 can be affected not only by different types of 253
surfaces (e.g. organic aerosols and PSCs), but also by water vapor content and pressure, which 254
vary with altitude (34), which has been suggested as a potential mid-latitude ozone depletion 255
mechanism (35, 36). We therefore expand the focus to the range of altitudes from 14.5 km to 18.5 256        km
for 2020, 2021 and 2012 (Fig. 6). Note that data quality may be affected at lower altitudes, with 257        more
missing values at lower levels. An air parcel’s recent minimum temperature exposure 258        becomes
more sensitive to the number of days considered in back trajectories at lower altitudes, 259        where wind
speed is slower, and the distance traveled by the air parcel might be too short to 260        adequately reflect
the lowest temperature experienced by the parcel. Therefore, even in a reference 261        year in 2012, Fig.
6A shows Cl activation occurred at temperatures well above 195 K at altitudes
262 below 18.5 km. However, minimum temperatures from 5-day and 10-day back trajectories are not
263 affected much at 18.5 km where wind speed is fast enough to allow air parcel to travel enough
264 distance.
265 It is noteworthy that in a year without the impact of organic aerosols from large wildfires
266        (2012), a systematic gradient of the onset temperature for Cl activation is indicated, from 200 K at 267
14.5 km to 195 K at 18.5 km using the 10-day back trajectories (Fig. 6D). This agrees surprisingly 268        well
with current understanding, as indicated by a numerical calculation using the kinetics code and 269
composition data from WACCM (Whole Atmosphere Community Climate Model) (14). For example, 270
the reaction efficiency for HCl+ClONO2 is about 80 times more efficient at 14.5 km than at 18.5 km 271
(Fig. S9B), providing observational evidence for this effect in the atmosphere. But such altitude-272
dependency is significantly disturbed by organic aerosols after the 2020 Australian wildfire. Neither
273 2020 nor 2021 demonstrate a clear relationship between Cl activation and altitude. Instead, large
274 amounts of Cl activation took place at all altitudes ranging from 14.5 km to 18.5 km in these years
275 at temperatures warmer than 195 K.
276
277 Discussion
278
279 In conclusion, we have examined the heterogeneous reactions affecting the HCl and
280        ClONO2 reservoir species in the southern hemisphere fall and winter (March-July) for both the 281
Australian wildfire-released organic aerosols and background conditions using satellite data. Our 282
method confirms a sharp increase in Cl activation for temperatures below about 195 K along 5-day 283        air
parcel trajectories characterizing the data, consistent with current understanding (11, 16, 37). 284        This
finding highlights the importance of relatively small temperature perturbations (i.e., less than
285 1 K) on this chemistry (e.g., those due to planetary or gravity waves). The method also successfully
286        demonstrates the altitude-dependency of Cl activation for a reference non-wildfire year (34). These
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287 results illustrate the power of this method for both background conditions and wildfire perturbations
288 in testing chemical understanding.
289 We find evidence for Cl processing at much warmer temperatures (above 220 K) than the
290        current understanding for PSCs after the Australian fires. When such Cl processing happens at 291
mid-latitudes, HCl decreases but nearly all of the active Cl is turned into ClONO2 rapidly because 292        of
ongoing supply of NO2 from HNO3 photolysis and reaction with OH. However, PDFs of the sum
293 of HCl+ClONO2 activation reveal that some enhanced Cl does remain in active forms at
294 temperatures above 195 K in 2020, which can be expected to produce some ozone loss. 295

Importantly, the data suggest that the remaining aerosols from the 2020 wildfire apparently even
296 continued to affect the Cl species (albeit to a lesser extent) into 2021. Further, diversity in wildfire-
297 released organic aerosols (17, 18) with different chemical properties is suggested by an observed
298 increase in the width of the distribution, i.e., varying amounts of Cl activation.
299 The total Cl budget could be closed by including other species, particularly ClO and Cl2O2.
300        However, one drawback of this tracer-tracer method is that it works well for the rather long-lived 301
species (e.g. HCl and ClONO2), but the large variance in more short-lived species (e.g. ClO and 302
HOCl) can impede the calculation. Furthermore, the ACE satellite produces twilight measurements 303
(which do not indicate daytime ClO values) and it does not have measurements for Cl2O2; although
304 (6) shows enhanced daytime ClO using MLS data, and twilight ClO enhancement is also found
305 from ACE data albeit with larger noise (7). Further studies are needed to evaluate the total Cl 306

budget and to fully quantify to what extent the ozone layer is affected by wildfire-triggered Cl 307
processing. The frequency of wildfires is projected to increase in the future due to climate change

308 (38). A better understanding of the range of composition of organic aerosols, and of heterogeneous
309 reaction rates upon them, is needed to estimate any associated ozone impacts, including potential
310 delay of the recovery in the stratospheric ozone layer in the future.
311
312 Materials and Methods
313
314 Satellite datasets
315
316 Level 2 satellite data from ACE-FTS (Atmospheric Chemistry Experiment-Fourier Transform
317 Spectrometer) version 4.1 for molecules (39) is used in this study. Data range from 2004 to 2021.
318 ACE provides measurements at twilight; both the sunrise and sunset data are used. We remove
319 outliers defined as 3 standard deviations apart from the mean for each month (40).
320
321 Daily level 3 satellite data from MLS (Microwave Limb Sounder) version 5.0 (41) for N2O, HCl and
322 temperature are used in this study. Data range from 2005 to 2021. Both the ascending and 323

descending modes are used, which provide measurements for daytime and nighttime.
324
325 Back trajectory calculation
326
327 Lagranto (Lagrangian Analysis Tool) version 2.0 (22) is used in this study to calculate the back
328 trajectories for each data point in 2020, 2021, and 2012. It iterates three times in each time interval
329 to calculate the average velocity between the starting and ending locations (from every iteration).
330 Lagranto is driven by the ERA5 (European Centre for Medium-Range Weather Forecasts)
331 reanalysis data (23) for pressure, temperature, and 3D wind fields. We used an ERA5 configuration
332 that has 137 vertical model levels, a 1-degree horizontal resolution, and a 3-hour temporal
333 resolution. Subgrid scale gravity waves can introduce temperature variability. ERA5 has been
334 shown to resolve a large portion of that variability (42–44) and will be sampled irrespective of the
335 time interval chosen for transport in the trajectory model. However, short horizontal wavelength
336 disturbances could lead to effective chlorine activation at somewhat colder temperatures than those
337 shown here, which should be considered an upper limit to the activation temperature.
338
339 HCl+ClONO2 reaction efficiency
340
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341 The HCl+ClONO2     reactive uptake probabilities (in Fig. S9B) are calculated using the 342
parameterization described in (14), which is used in the WACCM model. This calculation uses

343 model values of temperature and pressure over an altitude range of 14.5–19.5 km during July at
344 ~63˚S. HCl and ClONO2 volume mixing ratios are held constant at 0.3 and 0.05 ppb respectively.
345 Water vapor volume mixing ratio is held constant at 3.5, 4, and 4.5 ppm. This allows for the effect
346 of water vapor partial pressure over the above altitude to range to be investigated.
347
348
349 Data availability
350
351 Data and code used in this study are available at https://doi.org/10.5281/zenodo.7338322 (45).
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466
467 Fig. 1. The monthly mean ACE data for (A) CO, (B) HF, (C) HCl, and (D) ClONO2 at 18.5 km
468 averaged over 40 – 55 °S. Red dots are from 2020, purple dots are from 2021, blue dots are from
469 2012 (used as a reference year in this study), and gray dots are from 2004 – 2019 (excluding 2012).
470 40 – 55 °S is split into 3 equally spaced latitude bins and months with at least 5 samples (at least 471

1 sample per latitude bin) are considered in the averaging processes.

12



472
473 Fig. 2. Tracer-tracer correlation between HF (x-axis) and (A) HCl, (B) ClONO2, and (C) 474

HCl+ClONO2 (y-axes), color-coded by temperature. Each dot represents a single measurement at
475 18.5 km over 40 – 55 °S. Dots in 2020 and 2021 are highlighted with triangles and crosses, 476

respectively (with gray edges). Each subpanel shows a different month from March to July, labeled
477 at the bottom right corner. The number of data plotted in each month is shown in the legend. The
478 thick black lines represent the “no-chemistry” baseline, from the linear fit over March 2004 – 2019
479 data points. The shaded regions indicate a conservative full range of baseline variability bounded
480 by the maximum and minimum baselines constructed by data in individual years from 2004 to 2019.
481 A demonstration of how ΔCl (e.g. in Fig. 4) is calculated is shown here as the vertical blue dashed
482 line in the April panel for HCl, representing the change in Cl due to chemical processes.

13



483
484 Fig. 3. Monthly anomalies for (A) HCl, (B) ClONO2, and (C) HCl+ClONO2 in May 2020 compared
485 to the May climatology in 2004-2019. The maps show a latitudinal range between 50 °S and 90 °S
486 since ACE measurements in May are mainly between 58 – 68 °S. To prevent from biasing the 487

anomalies by latitudinal variations, the climatological mean is constructed at every 5-degree latitude
488 bin. Therefore, the May anomalies presented here are calculated from four latitude bins from the
489 climatology (50 – 55, 55 – 60, 60 – 65 and 65 – 70 °S).
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490
491 Fig. 4. Cl activation as a function of temperature at mid-latitudes (40 – 55 °S) for March-July at
492 18.5 km. Each panel shows the amount of Cl activation on the y-axes (deviation from the “no-493

chemistry” baseline in Fig. 2) as a function of temperature (x-axis) for (A, D) HCl, (B, E) ClONO2,
494 and (C, F) HCl+ClONO2. Panels A-C use the ACE-measured temperature at the satellite overpass,
495 and panels D-F use the minimum temperature (Tmin) calculated along the 5-day back trajectories
496 for each data point for 2020, 2021, and 2012. Thick lines are the average of Cl activation at every
497 2 K temperature ranges (temperature bins with less than 2 samples are not considered for the 498

average). The shading areas indicate the full range of Cl departures from individual baselines using
499 data from single years. Horizontal and vertical gray dashed lines indicate zero Cl activation and
500 195 K, respectively. The probability distribution functions (PDF) of Cl activation at Tmin >= 195 K
501 are shown in panels D-F for 2020, 2021, and 2012.
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502
503 Fig. 5. Cl activation as a function of temperature in the polar vortex region (65 – 90 °S), as in Fig.
504 4 for mid-latitudes. Panels A-C use the ACE-measured temperature at the satellite overpass, and
505 panels D-F use the minimum temperature (Tmin) calculated along the 5-day back trajectories for
506 each data point for 2020, 2021, and 2012.
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507
508 Fig. 6. The altitude-dependent Cl activation in the polar vortex region (65 – 90 °S) for (A, D) 2012,
509 (B, E) 2020, and (C, F) 2021. X-axis shows the minimum temperature calculated along the 5-day
510 back trajectories (panels A-C) and 10-day back (panels D-F), and the y-axis shows the Cl activation
511 from the sum of HCl and ClONO2. Only the Cl activation calculated from baselines using all 512

available data from 2004 to 2019 is shown here. Each line represents a different altitude range
513 from 14.5 km to 18.5 km. The panels are zoomed in for 190 – 220 K to focus on the onset 514

temperature for Cl activation on PSCs.
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515
516 Fig. S1. Monthly anomalies of (A) HCl and (B) ClONO2 in 2020 compared to the 2004 – 2019
517 climatology, as a function of the month (x-axis) and altitude (y-axis) over 40 – 60 °S.
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518
519 Fig. S2. Tracer-tracer correlation in the polar vortex region (65 – 90 °S), as in Fig. 2 for mid-
520 latitudes. There is no data in June at this latitude range.
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521
522 Fig. S3. Tracer-tracer correlation between N2O (x-axis) and HCl (y-axis) in the mid-latitude (40 –
523 55 °S), similar to Fig. 2, but comparing ACE and MLS measurements in each row. Top row (panel
524 A) shows results from ACE individual measurements at 18.5 km. Middle row (panel B) shows
525 results from MLS zonally averaged data at 68.2 hPa. Bottom row (panel C) shows results from
526 MLS individual measurements at 68.2 hPa.
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527
528 Fig. S4. Tracer-tracer correlation between N2O (x-axis) and HCl (y-axis) in the polar vortex region
529 (65 – 90 °S), as in Fig. S3 for mid-latitudes.
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531

530

532 Fig. S5. Similar to Fig. 3, but for 2021. Note that the colorbar here shows a smaller range
533 because the magnitude of the Cly anomalies are smaller in 2021.
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534
535 Fig. S6. Sanity check on ACE and ERA5 temperature at 18.5 km. X-axis shows the ACE-observed
536 temperature (ACE T), and the y-axis shows the ERA5 temperature at the closest rounded location
537 and time with ACE satellite overpass (ERA5 T0) for individual data points in 2020 (red), 2021 538

(purple), and 2012 (blue) over the full latitude range we use in this study (40 – 90 °S). The black 539
dotted line indicates the 1-1 ratio. The total coefficient of determination R2 value for ACE T and 540
ERA5 T0 (concatenating all three years) is 0.97, with a mean bias of 1.1 K.
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541
542 Fig. S7. Sensitivity test for the back trajectory calculation at different starting locations at 18.5 km.
543 X-axis shows the minimum temperature from the 5-day back trajectory starting at the closest 544

latitude/longitude from ACE observation. Y-axis shows a similar 5-day minimum temperature from
545 back trajectory calculations but for data points released at ± 1 degree latitude and longitude from
546 the satellite overpass location. The dashed black line indicates the 1-1 ratio. With such 547

perturbations in the starting location, Tmin can have a mean bias at -0.8 K.
548
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549
550 Fig. S8. Cl activation as a function of temperature at the core of the polar vortex region (70 – 90
551 °S). Most of the data points in Fig. 5 are over 65 – 70 °S, which might not represent the behaviors
552 within the core of polar vortex. This figure shows data points over 70 – 90 °S, where data is only 553

available in March and April (when temperatures are well above 200 K).
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554
555 Fig. S9. (A) shows the ACE measured July H2O in the polar vortex region (65 – 90 °S) at different
556 altitudes from 14.5 km to 18.5 km. The spread of H2O is around 3.5 ppm to 4.5 ppm. (B) shows the
557 γ value (reaction efficiency of HCl+ClONO2) calculated from a similar parameterization used in
558 WACCM at a fixed temperature of 195 K at different altitudes. γ values are normalized as ratios
559 compared to the reaction efficiency at 18.5 km. An adopted spread in H2O volume mixing ratio of
560 ±0.5 ppm from 4 ppm is shown in panel B, illustrating that water vapor mixing ratio has a small 561

effect on the reaction efficiency, while pressure plays a dominating role for the background 562
condition. At lower altitudes (high pressure), the efficiency of the HCl+ClONO2 reaction is 563
significantly enhanced compared to higher altitudes (low pressure).
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