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ABSTRACT

Heterogeneous halogen chemistry plays a domin#inalriving changes in polar chemical
composition and ozone depletion. Activation of lgalies outside the polar regions may result in
depletion of local ozone, along with changes in ¢hemical budgets of various species in the
lower stratosphere (LS). In this paper, the meadsdsstributions of N@measurements from the
Stratospheric Aerosol and Gas Experiment Il (SAGIE&re compared to simulations from a
coupled climate-chemistry model, in order to bettdraracterize and quantify subpolar
heterogeneous halogen chemistry. -N&bundances from a simulation with heterogeneous
chemistry are drawn from the same distributiontes $SAGE3m observations, while the NO
distribution is different in a simulation withoueterogeneous chemistry. Results indicate that
heterogeneous chemistry plays a significant roleetermining the chemical composition of the
subpolar LS in austral spring and show how analy&istribution functions can provide useful

insights to chemical processes.

Plain Language Summary. Much research has been done on the impacts of aiepleting
substances on the atmospheres of the polar regidrese their impacts, including the infamous
Antarctic ozone hole, are greatest. However, fiassible for these same chemicals to be active
outside the polar regions, where they can destrop® locally as they do near the poles. In this
study, we analyze observations of NQutside the polar region. Because its concentratare
also impacted by the same chemistry that destragsey NQ is a good indicator of where
chemistry involving ozone-depleting substances®@iaing. We provide important evidence for
the active presence of ozone-depleting substandsgle of the polar regions. In addition, we use

a model to show that the chemistry is essentiaxain the observed NQlistributions. The
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results presented here should motivate furtherarekeon the impacts of ozone-depleting

substances on ozone abundances throughout thepdtenes
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1. Introduction

It is well known that heterogeneous halogen chewnist and on polar stratospheric
particles (PSCs) plays a dominant role in driviligutges in polar chemical composition (e.g.,
ClO, HCI, CIONQ, NOy) and ozone depletion. While such processes cdatd lze important
outside the polar regions, their impacts theresamaller and therefore more difficult to identify
(see, e.g., Solomon, 1999, and references thei®ighificant activation of inorganic halogens
outside the polar regions may potentially resulhia following: (i) depletion of ozone, including
possible chemistry-climate coupling (e.g., Andersbal., 2017; Hanson et al., 1994), (ii) changes
in the chemical budgets not only of chlorine andnline species, but also those of nitrogen
compounds in the upper troposphere and lower sphtye (Adams et al., 2017; Solomon et al.,
2016; Zambri et al., 2019); and (iii) alterationtbé local loss rates and lifetimes of some organic
molecules due to enhanced atomic chlorine cond@&rig e.g., @Hs and methane near the
tropopause (Lelieveld et all999). These considerations broaden the scopetehi impacts

associated with the chemistry of the subpolar cttere.

Anderson et al. (2012, 2017) theorized potentisof liquid sulfate aerosols for ozone
loss under cold tropopause conditions at mid-ld&tu along with changes in water vapor
associated with deep convection. Solomon et allgR@sed model calculations to argue that
heterogeneous halogen activation may occur nedrdpgal monsoon regions as well. Near the
mid-latitude tropopause, some modeling studies lenggested that heterogeneous chemistry
might also occur on cirrus cloud particles (e.grrBhann et al., 1996; Solomon et al., 1997). A
number of observational studies have made use loaniz perturbations to provide airborne

and/or satellite evidence for reductions in N3sociated with liquid sulfate aerosol chemistry
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(e.g., Adams et al., 2017; Fahey et al., 1993; Zaetlal., 2019) but the specific reactions invalve

and their chemical impacts are not fully establisHenportant evidence has been presented for
heterogeneous halogen chemistry in the tropopaggerr outside the polar vortices, but its scope
and impacts remain uncertain (e.g., Barrera e2@R0; Santee et al., 2011; Thornton et al., 2003).
For this reason, additional study, especially vattellite methods that can provide extensive

temporal and latitudinal coverage, is useful.

In this study, we analyze the chemistry of the Beut Hemisphere (SH) subpolar lower
stratosphere in September and October using satefiservations from the Stratospheric Aerosol
and Gas Experiment Ill on the Meteor-3M satellBAGE3m) in conjunction with the National
Center for Atmospheric Research (NCAR) Communitittie&ystem Model, version 2 (CESM2)
Whole Atmosphere Community Climate Model (WACCM@rabosoglu et al., 2020; Gettelman
et al., 2019). The model is run in specified dyren{SD) mode wherein an observations-based
reanalysis provides the temperatures and windsitbamportant for the chemistry. N@ a useful
indicator of heterogeneous processes. Reactiossidaces (Solomon et al., 2015) converto2NO
from short-lived NQ reservoir species to longer-lived reservoir spedigereby locally depleting
NO2 and “denoxifying” the atmosphere (Table S1). Stmaerogeneous processes result only in
denoxification (e.g., BDs + HLO>2HNGs) and indirectly affect halogens, while others aoly
denoxify but also directly activate halogens framder-lived species to more reactive forms (e.g.,
HCI+CIONO,>HNO3+Clo). Therefore, N@ abundances are a key tool for analysis of
heterogeneous processing and evaluation of cheomcrstanding. We show how comparisons
of not just means but more importantly the modeled observed N£distributions, defined by
their discrete probability density functions (PDd&n be expected to demonstratgere, when,

and by how much heter ogeneous halogen chemistry can perturb chemical composition outside the

This article is protected by copyright. All rights reserved.



polar vortex. The analysis of probability distributions is shote be a useful tool, and can also be
expected to improve understanding of the measurecsrabilities (including sensitivity and

precision).

2. Materialsand Methods

2.1 SAGE3m

The SAGE Il was launched aboard the Russian Astisdind Space Agency’'s Meteor—3M
satellite (Mauldin et al., 1998). The satellite wasnched on December 10, 2001 into a Sun-
synchronous orbit at an altitude of 1020 km andhar approximate 9:00 a.m. equatorial crossing
time on the ascending node. The occultation inggnimprovided N@measurements are reported
at 0.5-km intervals from the tropopause to 45 kamfr2002 to 2005, mostly at high latitudes in
the Northern Hemisphere (between 50° and 80°N)naidltatitudes in the Southern Hemisphere
(between 30° and 50°S). SAGE3m N@bservations are interpolated vertically to the

CESM2(WACCM) grid.

2.2 CESM2(WACCM)

The CESM2(WACCMS6) is the latest version of the CE@Danabosoglu et al., 2020;
Gettelman et al., 2019). The configuration of CEQWACCM) used here features2° (1.9°
latitude x 2.5° longitude) horizontal resolutiordamfinite volume dynamical core (Lin & Rood,
1997). The model was run in specified dynamics mA&ACCM-SD) using the National
Aeronautics and Space Administration Global Modgland Assimilation Office Modern-Era
Retrospective analysis for Research and Applicafigersion 2 (MERRAZ2) meteorological fields

(Gelaro et al., 2017). WACCM-SD allows for the sgtio comparison of model and observations;
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in particular, WACCM has a purpose-built capabilityoutput chemical constituent and other
information at the specific longitude, latitudegddocal time of a given satellite instrument. This
tool has been employed in previous studies, fomgye, to examine sunrise and sunset data for
CIONG; and Q (Sakazaki et al., 2015; Solomon et al., 2015)."\A%e leveraged this capability
to extract the model output at the same times aoakibns as the SAGE3m observations, which

allows for a like-like comparison of model and atvs¢ions.

2.3 Defining the subpolar region

The stratospheric polar vortex is a large-scaléoregf air that is contained by strong
westerly winds that circle the polar region. Thigsterly jet stream is usually referred to as the
polar night jet. The polar vortex extends from titegopause through the stratosphere and into the
mesosphere (above 50 km; Waugh, Sobel & PolvardiyR0Cold temperatures and low ozone
abundances, relative to midlatitudes, are assakvaité the air inside the vortex, because the polar
vortex inhibits the exchange of polar and midlatéwir (Fig. 1). The potential vorticity (PV) is a
conserved quantity that acts as a tracer for matioan isentropic surface and is frequently used
to distinguish polar versus midlatitude airmassa$hough the vortex is not completely
impermeable. In the winter, the magnitude of thei$Mrger at the pole than at midlatitudes. The
spacing of PV contours is tightest at the polatesoedge, and widens inside the vortex and at
latitudes equatorward of the vortex edge. The eddle vortex is therefore defined to be where
the contours of PV are closest together, quantéigdhe location of the maximum PV gradient
with respect to equivalent latitude (Nash et @96). In order to identify activation of inorganic
halogens and heterogeneous chemistry, we consntiepoofiles that are outside the vortex and

within 8° of the polar vortex edge for a given d&ig. 1 illustrates the selection of “subpolar”
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SAGE3m retrievals for October 29, 2014. Examinatibrates of chlorine activation in the model
(not shown) indicate that sulfuric acid activatismore than 10x greater than nitric acid trihydrat
activation in this region. The chlorine activatiaiso shows a band of significant activation about
8-10° in the subpolar region, which motivates theice of band width. Latitudes of profiles
considered to be subpolar range from 44°S to %8 ,a mean latitude of 52°S. In addition, Fig.
S1 shows that in a second, more equatorward 8° (b@nd9°-16° from the vortex edge), there is
very little activation, as indicated by the muchrenoomparable WACCMhet and WACCMnoHet

distributions.
2.4 Comparison of observed and modelled NO: distributions

In order to compare the NQdistributions based on SAGE3m observations and the
CESM2(WACCM) simulations with and without heterogens chemistry (WACCMhet; includes
all heterogeneous reactions on natural, sulfate] me polar stratospheric clouds, and
WACCMnoHet; all halogen heterogeneous reactions zamwed), we use the two-sample
Kolmogorov—Smirnov test (K-S test; Smirnov, 1948)e two-sample K-S statistic is given by

D = max|F,(x) — ()], (1)

whereF,; andF, are the empirical distribution functions (ECDF)tbé respective samples. The
K-S test measures the maximum distance betweermnirical distributions; the two data
samples are deemed to be drawn from differentiloigions (i.e., the null hypothesis rejected) at

level a if the distanceD, is smaller than some critical value,

1+
1 a ny
ny, —— . |=m(=)- ) 2
c(a,nqy,ny) - \/ n(z) 2, (2)
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wheren,; andn, are the sample sizes. The K-S test statistitustiated in Fig. 2, which shows
an example of distributions of N@or SAGE3m (black), WACCMhet (blue), and WACCMndHe
(red), where vertical dashed lines indicate théeteht values ob. As discussed further below,
in the UTLS region the polar vortex is not as stranbarrier between polar and subpolar air, and
so we also include the results of a simulation lniclv the heterogeneous chemical reactions were
turned off only poleward of 60°N/S (WACCMnoHet60Nf8een line in Figs. 2-3) to identify the

extent to which mixing may impact the observed esradlelled NQ distributions.

3. Results

Fig. 3 shows ~1000 subpolar N@rofiles for September and October for the SAGE3m
observations and WACCM model simulations, as weslltlzeir relative frequencies of NO
concentrations in the UTLS (164-72 hPa). It is emidthat SAGE3m and WACCMhet NO
abundances are broadly consistent. Note the ocmeref a substantial number of low values of
NO: from ~50 hPa down to near the tropopause in bbsieiwations and model results, although
it is more apparent in the model where values ediower than 10 pptv (likely below the detection
limit of the SAGE3m instrument, which reports arpegted precision of 10%). For this reason,
we are less interested in the extreme low valuég®fand more interested in the values near 50—
100 pptv, which are within the measurement ranggoftl estimated accuracy of the observations.
In particular, SAGE3m and WACCMhet have a similesgortion of retrievals with N©< 100
pptv (8% and 7%, respectively). On the other héesh than 1% of SAGE3m NQ@etrievals are
less than 25 pptv, while 3% of the WACCMhet retalsvshow NQ concentrations below 25 pptv.
Comparison of Fig. 3b (WACCMhet) and Fig. 3d (WACGdHet) shows a stark change in NO

abundancdsased on the inclusion of heterogeneous chemioaépses. In the 16472 hPa region,
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the mean N@abundance for WACCMhet (317 pptv) is within 1%tloé mean for the SAGE3m
observations (318 pptv), while the mean for WACCMgrb (359 pptv) is about 13% higher than
the observed mean. The absence of low Bltundances in WACCMnoHet (Fig. 3d; < 1% below
100 pptv NQ, no retrievals with < 25 pptv Nfprelative to observations (Fig. 3a) and WACCMhet
(Fig. 3b) is a direct indication of heterogeneoalben activation in this region. As more N@®
halogen nitrates is converted to HR@his not only depletes NObut it also increases the
availability of CIO there and can deplete ozonekimg@such observations of N@n important
indicator for chemistry related to ozone depletiodeed, average N@bundances in the 50-100
pptv range are much closer (and lower) for SAGE8th WACCMhet than WACCMnoHet (78,

80, and 89 pptv, respectively).

Fig. 3eshows the PDF approach: we first collect all theagmints for sampled profile
observations and model simulations between 164hB&2 hPa, as in the region denoted in Figs.
3a—d in the heart of the heterogeneous activalibe.relative frequencies are constructed in 25
pptv bins. The observations (black) and model teswith heterogeneous chemistry (blue) are
overall in very good agreement. For 25-100 ppte tormalized frequencies are lower in
WACCMhet (0.04) relative to the observations (0.0Jh the other hand, the model suggests a
higher frequency (0.03) of occurrence of valueoweR5 pptv than the data (0.01). Again,
instrument sensitivity may be an issue in termsobkervation of these very low NO

concentrations.

The WACCMnoHet simulation PDF exhibits a large éase in the probability of NO
values less than 125 pptv, compared to both therabd and WACCMhet PDFs (Fig. 3e). This is

a qualitative but clear indication that heterogerseactivation is indeed occurring. Furthermore,
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the observations and WACCMbhet are in broad agreertias also important to note that there is
a higher probability of N@in the WACCMnoHet simulation in the higher magdguNQ bins
(relative to the WACCMhet simulation and observasip This is consistent with more available
NO: shifting the distribution towards 200 pptv andheg These results are not sensitive to the
model horizontal resolution, as WACCMhet simulasi@t 1° yield almost identical distributions

(Fig. S2).

Though we have excluded retrievals inside the petatex, the vortex edge at these
altitudes is not as efficient a barrier to tran$ord mixing of polar and subpolar air as at higher
altitudes (Mcintyre, 1995), and so the chemical position of subpolar air at these latitudes is
subject to greater exchange between polar and tidle air (Tuck, 1989). Therefore, the
denoxification in the LS in Figure 3 is due to anmnation of heterogeneous activation outside
the polar vortex and chemical processing inside sutassequent transport outside of the polar
vortex. This is illustrated in Figs. 3c, e: WACCM#et60NS shows lower frequencies of NO
concentrations below 100 pptv and higher frequenocieconcentrations in the 100-200 pptv

concentration, relative to WACCMHet.

For a more quantitative comparison of the Nistributions, Fig. 2 shows the ECDFs for
the observations and three model simulations. Hntcal lines indicate the maximum distances
between each of the distributions, which is eq@nato the K-S test statistic. It is clear that the
WACCMnoHet distribution (red) is different from tla¢hers, with the null hypothesis of the K-S
test being rejected at the = 0.00001 level in all three cases (that is, the probabilify
WACCMnoHet NQ being drawn from the same distribution as SAGEBladk), WACCMhet

(blue), or WACCMnoHet60NS (green) ts < 0.00001). On the other hand, SAGE3m and

11
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WACCMhet NG are drawn from the same distribution, with the Ke$§ failing to reject the null
hypothesis at the = 0.05 level. WACCMnoHet60NS is drawn from the same distion as
WACCMhet at thex = 0.1 level, indicating that much of the heterogeneativation evidenced
by low NG concentrations in WACCMhet is occurring at subpdlatitudes. However,
WACCMnoHet60NS is drawn from a different distritartithan SAGE3m: the null hypothesis is
rejected withp < 0.00001; this further indicates that the exchange of pplacessed air with

midlatitude air also contributes to the SAGE3m obséd and WACCMhet N&distributions.

In contrast to the clear heterogeneous halogervaticin illustrated by the N©O
distributions in the lower stratosphere, Fig. 4vwehthe PDFs for the middle stratosphere (11-5
hPa), where heterogeneous chemistry is not expéeteapact NQ concentrations. In this case,
the WACCMhet and WACCMnoHet distributions are ngadentical (Fig. 4a—b), with the K-S
test failing to reject the null hypothesis at the= 0.5 level. On the other hand, the SAGE3m
NO2 concentrations are clearly drawn from a differelstribution than the model NO
concentrations, given the discrepancies in Figsb4Bowever, visual inspection reveals that the
shapes of the distributions are very similar, dr@differences reflect an offset. This stands in
contrast to the differences in shape of the distidms found at lower altitudes between the
observations and the WACCMnoHet case. Thus, weesidbat it is most likely that a model-
observation bias of ~570 pptv (or ~9%) is respdediy these apparently “different” distributions.
To demonstrate this, Figs. 4c—d show the samaliissns with the WACCM NQ@ adjusted to
have the same mean values as the SAGE3m obses/atyaadding the mean difference to each
WACCM profile. In this case, the three distributsoare equal, with the K-S test failing to reject
the null hypothesis at the = 0.25 level for WACCMhet—SAGE3m, and at tee= 0.5 level

for WACCMnoHet—SAGE3m. This is an important consaden, since it shows that the scales
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(i.e., the spreads of the distributions) are aldw] it is the locations (i.e., the means) thaseau
the NQ distributions to be considered different at thkeseels. The bias was calculated as the
difference between the means in this region, batrdsults are indifferent to different methods,
such as scaling by the average difference betweenliserved and modelled profiles. This is in
contrast to the UTLS region (Figs. 2—3), for whikh SAGE3m observations and WACCMnoHet
simulation are deemed to be drawn from differemtritiutions p < 0.00001), even after

adjusting the means as above (Fig. S3).

4. Summary and Conclusions

Much deserved attention has been given to undelisigjithe role of PSC heterogeneous
halogen chemistry in driving changes in polar afphesic composition and ozone depletion. In
addition, important evidence has been presentelddimrogeneous halogen chemistry outside the
polar vortices (Santee et al., 2011; Thornton .e2803), but its scope and impacts have not been
probed. In this study, we have identified substrand consistent occurrence of such chemistry
outside the polar regions, which broadens the sadpgotential impacts associated with the
chemistry of the subpolar stratosphere. While dtative uncertainties remain (such as
incomplete knowledge of thermal fluctuations patdht associated with sub-grid scale gravity
waves, and of the rates of heterogeneous kineticegses measured in the laboratory, etc.), the
approach of analyzing probability distribution ftinas from models and satellite observations

has been shown to provide an improved picture pfdepects of this chemistry.

In particular, we have shown that: (1) there isorgfr evidence for considerable
heterogeneous halogen activation occurring locatlythe subpolar lower stratosphere in
September—October, as illustrated by the occurrehegtremely low NQ concentrations in the

13
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observations and WACCMhet; (2) concentrations of Nf@®m observations and model
simulations with heterogeneous chemistry turnedrerdrawn from the same distribution, and the
inclusion of heterogeneous chemistry at both swbpanid polar latitudes appears toessential

for model-observation agreement; (3) at highertualds, where there is no heterogeneous
activation, the model simulations with and withbeterogeneous chemistry are nearly identical,
and show the same scale (spread) as the obsewdtiongh the mean of the observations is about

9% higher than the model.

These results indicate that heterogeneous activafibalogens could play a role in ozone
variability and trends in the subpolar lower stspitere that is thus-far unaccounted for.
WACCMnoHet60NS subpolar ozone abundances in the 1%B4Pa region are on average 4%
lower than those for WACCMnoHet. It also highlighit® importance of examining not only the
mean state of atmospheric composition, but alsadigéribution. Impacts of heterogeneous
processes in the modelled B@bundances are evident in this region throughbat year.
However, we focus here on September—October bea#ude density of observations in the
subpolar region for this time perio@verall, these results act to enhance understanafing
heterogeneous chemical processes and their imipetis stratosphere.
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SAGE3m retrievals and MERRA2 O, (ppbv) for 20041029
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Figure 1. Locations of SAGE3m retrievals in the Southern lépimere for October 29, 2004 as
an example. Open and filled circles representaedis that were excluded from and included in
the analysis, respectively, based on proximityhtouvortex edge. Black contours indicate the
subpolar region as determined by the maximum PYigrd on the 460 K isentrope on that day.
Also shown are the MERRA23@oncentrations at 460 K, to highlight the changes
atmospheric composition inside and outside therpagex.
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Empirical NO2 distribution functions: Sep-Oct subpolar retrievals, 164-72 hPa
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Figure 2. ECDFs for (black) SAGE3m, (blue) WACCMhet, (gre8dACCMnoHet60NS, and
(red) WACCMnoHet. Vertical dashed lines indicate ttvo-sample K-S test statistics, which are
the maximum distances between two samples (ma@irasafor WACCMnoHet60NS).
Distribution functions shown are for September—®etaand 164—-72 hPa.
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(a) SAGE3m Sep-Oct NO2

(b) WACCMhet Sep-Oct NO,
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Figure 3. (a)—(d): September—October WEoncentrations for subpolar retrievals for (a)
SAGE3m, (b) WACCMhet, (c) WACCMhet60NS, and (d) WBRInoHet. (e) PDFs for 164—72
hPa for (black) SAGE3m, (blue) WACCMhet, (green) G&Mhet60NS, and (red)
WACCMnoHet. Black horizontal dashed lines in (a)H(dlicate the vertical range for the
distributions in (e); red horizontal dashed linedicate the vertical range for Fig. 4. Solid curves
in (e) are the Epanechnikov kernel density estim@Epanechnikov, 1968); dashed vertical lines
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are the mean Nfvalues for each distribution. Nprofiles represehesnumber of profiles that
lie inside the polar vortex region for a given year
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(a) Sep-Oct NO,,, SH subpolar Lat, 180E-180W, 11-5 hPa

;" = T (b) NO, Sep-Oct subpolar retrievals, 11-5 hPa
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(c) Sep-Oct NO,, SH subpolar Lat, 180E-180W, 11-5 hPa, bias-adjusted (d) Bias-adjusted NO, Sep-Oct subpolar retrievals, 11-5 hPa
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Figure4. (a) PDFs and (b) ECDFs of September—October ¢ét@centrations for subpolar
retrievals for 11-5 hPa for (black) SAGE3m, (bIMeACCMhet, and (red) WACCMnoHet. (c)—
(d): as (a)—(b), but with WACCM means adjusted tich the SAGE3m mean.
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