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Abstract

Stratospherg¢roposphere exchange (STE) is an important source of tropospheric ozone, affecting

all of atmospheric chemistry, climate, and air qualitye study of impacts needs STléxesto
beresolved by latitude and montand for thisve rely on global chemistmodels whose

results diverge greatlyOverall, we lack guidance from moe®@leasurement metrics that inform
us about processes and pattemiated to the STE flux of 0zor§®s). In this work, we use
modeled tracers (XD, CFCB) whose distributions and budgets can be constrained by satellite
and surface observations, allowing us to follow stratospheric signals across the tropdpause.
satllite derived photochemical loss ob@ on annual and quakiennial cycles can be matched
by the models.The STE flux of NO-depleted air in ouchemistry transport moddtives

surface variability that closely matches observed fluctuations on botlalaamiquasbiennial
cycles, confirming the modeled flux'he observed tracer correlations betwee® lind Q in

the lowermost stratosphere provide a hemispheric scaling of2(&MNE flux to that of Q. For
N20 and CFGJ, we model greater southern hispheric STE fluxes, a result supported by some
metrics, but counter to prevailing theory of wadréven stratospheric circulatiorthe STE flux

of Os, however, is predominantly northern hemispheric gvidenceshows that thisis caused

by the Antarctimzone holgeducing southern hemispherie STEby 14% Our best estimate

of the current STE &flux based on a range of constraints is 400 BYf@©with a onesigma
uncertainty ot15% and with a NH:SH ratio ranging from 50:50 to 60:40. idéatify a range

of observationametricsthatcan better constrain thmeodeledSTE G flux in futureassessments.

1. Introduction & Background

The influx of stratospheric ozone {Onto the troposphere affects its distribution, variability,
lifetime, and thus its role in driving climate change and surface air poll(Zemg et al., 2010;
Hess et al., 2015Villiams et al., 2019 The net stratosphete-troposphere exchange (STE)
flux of Os has a regular seasonal cycle in edemisphere that is an important part of the
tropospheric ®@budget(Stohl et al., 2003)Such fluxes are not directly observable, and we rely
on observational estimates using trgee ratiosin particular tie Os:N20 ratio in the lower
stratospheréMurphy and Fahey, 1994/cLinden et al., 200Q)r dynamical calculations using
measured/modeled winds and &undancefGettelman et al., 199Dlsen et al., 20047ang et
al., 2016) The uncertainty in these estimates does not effectively constrain teeamgegound
in the models being uddo project future ozongroung et al., 201,32018;Griffiths et al.,

2021) Here we present the case for using the observed variations in nitrous ox@jern
the middle stratosphere to the surface in order mstcain the STE flux of © A similar case
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has been made for the radionucli@e (Liu et al., 2016) but NeO has a wealth of model
observation metrics on hemispheric, seasonal, and interannual scatesghiaingts STE flux
very well(Prather et al., 201Ruiz et al., 2021)

Ozonerich stratospheric air has been photochemically aged and is depleted in trace gases such as

N20 and chlorofluorocarbons (CFCdjor these trace gases, the overall circulation from
tropospheric sources stratospheric destruction and back is part of the lifecycle that maintains
their global abundandgiolton, 1990) For NeO and CFCs, this cycle of (i) loss in the middle to
upper stratosphere, (ii) transport to the lowermost stratosfidelten et al., 1995) and then (iii)
influx into the troposphere produces surface variations not related to surface emissions
(Hamilton and Fan, 2000¥evison et al., 20044irsch et al., 20068ylontzka et al., 2018Ray et

al., 2020;Ruiz et al., 2021) In this workwe relate our modeled STE fluxes to variations at the
surface and throughout the stratosphere, linking the fluxes@ft&lGs through stratospheric
measurementsOur goal is to develop a set of model metrics founded on observations that are
related to the BE Os flux and can be used with an ensemble of models to determine a better,
constrained estimate for the flux, including seasonal, interannual, and hemispheric patterns.
approach is similar to efforts involving the ozone depletion recovery(ttrehan et al.,
2011)andprojections of future warmin@-iang et al., 20207 okarska et al., 2020

In a previous worKRuiz et al., 2021hence R2021we showed that historical simulations with
threechemistry transport models (CTMs) were able to match the interannual surface variations
observed in WO. These were clearly driven by the stratospheric goi@sinial oscillation

(QBO) which appears to libe major interannual signal in stratospheric circulation and STE
(Kinnersley and Tung, 199®8aldwin et al., 20010QIsen et al., 2019)In this work, wecalculate

the monthly latitudinal STE fluxes ofsON2O, and CFCGI(F11), establish a coherent pictaur

relating fluxes to observed abundanaasd summarize the methods in Sectior2section3,

we examine the annual and interannual cycles as well as geographic patterns of modeled STE
flux. In sectiord, we relate the surface variability ob@® to itsSTE flux. We find some

evidence to support our model result that the STE flux of depht@©dair is greater in the

southern hemisphere than in the northern, thus altering the asymmetry in surface emissions in the

source inversion@Nevison et al., 200Thompson et al., 2014)n section5, we examine the
lowermost stratosphere to understand the large sotkh asymmetry found ins@&TE versus

N20 or F11 STE, and find a clear signal of the Antarctic ozone hole in Bilfgection6, we

examine the comstency of the model calculations of STE flux and derive a best estimate for the
Os flux from this and previous studies. @/ gummarize sequence of model metrics, primarily
using @ and NO, thatcannarrow the range in the tropospherigliddgetterms for the multi

model intercomparison projects used in tropospheric chemistry and climate assessments.

2. Methods

The modeled STE fluxes here are calculated with@Gé (University of California Irvine) CTM
driven by 3hour forecast fields from tHeuropean Centre for Mediunange Weather Forecasts
(ECMWEF) Integrated Forecast System (IFSc®B88r1 T159L60 for years 1992017, as are

the calculations in R2021. The CTM uses the IFS native 160x320 Gauss grid (~1.1°) with 60
layers, about 35 of whicare in the troposphere. The stratospheric chemistry usbesdhgzed
model Linoz v3 and includess, N2O, NOy, CH4, and F11 as transported trace gdskss and
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Prather, 2010Prather et al., 201Ruiz et al., 2021) There is no tropospheric chemistry, but
rather a boundariayer efold to a specified abundance, or a surface boundary reset to an

abundance Equivalent effective stratospheric chlorine levels are high enough to drive an

Antarctic ozone hole, which idserved throughout this period. Thus, the ozoole chemistry
in Linoz v3 is activated for all years, and the amount ofi€pleted depends on the Antarctic
meteorology of that yedHsu and Prather, 2010)

The STE flux is calculated using the e90iniéibn of tropospheric grid cell@Prather et al.,

2011)and the change in tropospheric tracer mass from before to after each tracer transport step
as developed at UCI (Hsu et al., 2005; Hsu and Prather, 2009; Hsu and PratherTB®&14).

method igprecse and geographidglaccurate for ®@and isself-consistent with a CTM's tracer
transport calculatiofiTang et al., 20134su and Prather, 2014Extensive comparisons with

other methods of calculating STE are shown in Hsu and Prather (28d)almean STE

fluxes are calculated from the full 2&ar (336 month) time series ashdnth running means,

and the annual cycle of monthly fluxes is the average of the 28 values for each month.

R2021 modeled the surface signal of stratospheric loss witlettayithg tracers, N20OX and

F11X (e.g.(Hamilton and Fan, 200®irsch et al., 2006)These Xtracers have the identical
stratospheric chemical loss frequencies 2 Bind CFGJ, respectively, but no surface sources
and are therefore affected only by thetispheric sink and atmospheric transport. The multi
decade (F11X) to century (N20X) decays are easily rescaled usingnartB smoothing filter

to give stationary results and a tropospheric mean abundance of 320 ppb. We treat F11X like
N20OX with the ame initial conditions and molecular weight. Budgets for N2OX are reported,
as in NO studies (Tian et al., 2020), as Tg of N @a®NThese rescaled N20X and F11X tracers
are designated simply as N20 (nety and F11. Our F11 STE fluxes are thus uisgedlly

large compared to current CE@uxes, but can be easily compared with our N20 results.

When trying to calculate the STE flux ob®depleted air across the tropopause, we found that
the Hsu method was numerically noisy because the gradiergsathe tropopause, unlike that of
Os, was negligible. Thus, for this work we created the complementary tracers cN20X and
cF11X: for each kg of the-¥acer (i.e., N20X) destroyed by photochemistry, 1 kg of its
complementary tracer (cN20OX) is creatédt. parcels that are depleted in N20OX (F11X) are
therefore rich in cN20X (cF11X). After crossing the tropopause, cN20X and cF11X are
removed through rapid uptake in the boundary layer, thus creating sharp gradients at the
tropopause in parallel with thaf Os. As a check, we compared the boundary layer sinks of the
c-tracers with their e9@erived STE fluxesind find that their sums are identical. Theacers

and their STE fluxes are rescaled as are tli@aers to give them a stationary time series
corresponding to a tropospheric abundance of 320 ppb for their parallel X tracers. We designate
these scakbtracers simply as cN20 and cF11.

3. Modeled STE flwes
3.1 Global and hemispheric means

The 28year mean of global £5TE is 390£16 Tg/yr (positive flux means stratosphere to
troposphere, the * values are the standard deviation of the 28 annnalandado not represent
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uncertainty).This value is well within the uncertainty in the observatiased estimates

(Murphy and Fahey, 1994Q)Isen et al., 2001 pand far from the extreme ranges of the 34 models
in the latest Tropospheric Ozone AssessmepbR¢Young et al., 2018)150 to 940 Tg/y The
global STE fluxof cN20 is 11.5+0.7 Tg/yr, and that of cF11 is 23.5+1.5 Tg/yr. These fluxes for
cN20 and cF11 match the total letegm troposphergo-stratosphere flux of N20O and F11 as
derived from theistratospheric losses. The cF11 budget is about twice as large as cN20,
because F11 is photolyzed rapidly in the loweddle stratosphere (~24 km) instead of the

upper stratosphere like N20O (~32 km). The seasonal mean pattern of STE fluxes are shown in
Figure 1. The large majority of STE flux enters the troposphere at25fatitude in each
hemisphere, but there is a broadening of the northern flux to 65°N4dulufhe importance of
this region about the sttbopical jet for STE is supported by shite data where stratospheric
folding events (high ®in the upper troposphere) are found at the bends of tiegey and

Prather, 2010)

Given the small STE fluxes in the core tropics, the northern hemisphere (NH) and southern
hemisphere (SH) fluxeare distinct. The annual mean of NH ®&I'E is208+11 Tg/yr and is
slightly larger than the SH mean of 182+Tg/yr. This NH:SH ratio of 53:47 is typically found
in other studie¢Gettelman et al., 199 Hsu and Prather, 2009ang et al., 2016 xlthough

some have higher ratios lik&82 (Hegglin and Shepherd, 200deul et al., 2018) In contrast,
for cN20 and cF11, the NH flu§.1+0.4 Tg/yr and10.640.8 Tg/y, respectively) is smaller than
the SH flux(6.4+0.5 Tg/yr and129+1.0 Tg/yr, respetively), giving a NH:SH ratio of about
45:55. The established view on STE is that the flux is veliveen and under downward control,
and thus the NH flux is much greater than the SH flux (see Tablélalwin et al., 1995also
Appenzeller et al., 1996)Our unexpected results require further analysis including evidence for
hemispheric asymmetry in observations which is shown in section 4 along with other model
metrics
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Figure 1. The seasonal (latitude by month) cycle of STE flux
(Tglyr) for (a) Os, (b) cN20, andc) cF11. Each month is

averaged for years 199017 (e.g., the 28 Januarys are averag
The colorbar units are % of global, annual mean STE in each
(1 month by~1.1° latitude).




175 3.2 Seasonal cycle

176

177 The seasonal cycles of STE fluxes summed over global, NH, and SH are shown in Figure 2. The
178 scales are given as the annual rate (as if the monthly rate were maintained for the year), and each
179 species has a differeaxis. The right yaxes are kept at a N20O:F11 ratio of 1:2. Despite large
180 differences in the stratospheric chemistry across all three species, the seasonal cycle of STE is
181 highly correlated (Pearson's correlation coefficient cc > 0.98, except forfdicating that

182 all three enter the troposphere from a seasonallyumaéyrm mixture of @:N20:F11 in the

183 lowermost stratosphere.

184

185 Global STE peaks in June and reaches a minimum in November. The two hemispheres have
186 dramatically different seasonal pitudes and somewhat opposite phases. NH peak STE for all
187 3 species occurs in the late boreal spring (Mage), while that in the SH occurs at the start of

188 austral spring (Septemb@rctober). In the NH ©STE peaks a month before théracers, and

189 in the SH the whole annual cycle of { shifted a month earlier. The NH STE seasonal

190 amplitude is very large for all species (~ 4:1 ratio si@rin) with exchange almost ceasing in

191 thefall. In contrast, the SH STE is more uniform yeamd with a 1.5:atio for cN20 and

192 cF11, and 2.2:1 for © Other models with similar NH and SH @uxes show different seasonal

193 amplitudes and phasingde Fig. 6 offang et al., 2021 which will affect tropospheric ©

194 abundances. It is important to develop observational metrics that test the seasonality of the
195 lowermost stratosphere related to STE fluxes, and to establish monthly STE fluxes as a standard
196 model diagnostic.

197

198 Aninteresting result here is thery tight correlation of the monthly cN20 and cF11 STE while
199 the & STE is sometimes shifted. Loss ofNand F11 occurs at very different altitudes in the

200 tropical stratosphere (~32 km and ~24 km, respectively), but both have similar seasonality in
201 loss driven mostly by the intensity of sunlight along the Earth's orbi®(lss peaks in Feb and
202 reaches a minimum in July, see Fig. 4 frBmather et al2015) Photochemical losses ot®

203 and F11 drop quickly for air descending from the altitudes df [mess in the tropics and hence

204  the relative ctN20 and cF11 STE fluxes are locked is.h@wever, continues to evolve

205 photochemically from 24 km to 16 km (upper boundary of the lowermost stratosphere), through
206 net photochemical production in the tropicsldoss at midand highlatitudes that depends on

207 sunlight and is thus seasonal. There may be observational evidence for the patterns modeled
208 here in the correlation of these three tracers in the lowe2@18n) and lowermost (226 km)

209 extratropical statosphere (see section 4).

210
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Figure 2. The annual cycle of monthly STE (Tg/yr) of ®lack lines), cN20
(orange lines), and cF11 (blue lingg) Global STE fluxes, an¢b)

hemispheric STE fluxes (NH, solid lines; SH, dashed lines). Each month i
averaged for years 199017 (e.g., the 28 Januarys are averaged). Note th¢

different yaxes for each tracer in each panel.

3.3Interannual variability

Interannual variabity (IAV) of N20 loss and its lifetime is associated primarily with the QBO

(most recently, R2021). When the QBO is in its easterly (westerly) phase the entire overturning
circulation is enhanced (suppress@ildwin et al., 2001) This results in mordedss) air rich in

N20 and F11 being transported from the troposphere to the lower or middle stratosphere, thereby
increasing (decreasing) the® and F11 sink@Prather et al., 2015; Strahan et al., 20F5pm

the tropical stratosphere, the overturning@iation transports air depleted inMland F11 into

the lowermost extratropical stratosphere, where it enters the troposphere. R2021 showed that the
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observed surface variability of2® from this circulation can be modeled and has a clear QBO
signal, bubne that is not strongly correlated witte QBO signal in stratospheric loss.

We generate the IAV of STE fluxes fos@&N20, and cF11 in Figure 3abc with panels for

global, NH, and SH. Values are-tronth running means, and so the first modeledtgin

1990.5 is the sum @TEfor Jan through Dec of 1990n Figures 3bc, walsoshow the

seasonal amplitudef STEwith doubleheaded arrows on the left{and right (cN20 and

cF11). In a surprising result, the large N&H differences iseasonal amplitude are not reflected
in the IAV where NH and SH amplitudes are similar for all three tracers. The QBO modulation
of the lowermost stratosphere and STE appears to be unrelated to the seasonal cycle in STE.

Global STE for all three traceshiowsQBO-like cycling throughout thet9902017time series

cN20 and cF11 are well correlated (cc ~ 0.9), but either species wigln@ich less so (cc <

0.7). The hemispheric breakdown provides key information regardindrCthe NH the STE

IAV is similar across all three tracers with high correlation coefficigrits=0.82for Os-cN20,

0.83for Os-cF11,and0.94for cN20O-cF11). Conversely in the SH, £8TEdivergesfrom the e

tracer fluxes, showing opposisggn peaks in 2003 and 2016. TdeerepondingSH

correlations arect =0.38, 0.65. 0.85)The loss of correlation between cN20 and cF11 is

unusual: cN20 STE drifts downward relative to cF11 STE, particularly after 2007; nevertheless,
the fine structure after 2007 is well matched in botbetrs.

In the SH, the massive loss of Within the Antarctic vortex, when mixed with tle&trapolar
lowermost stratosphere will systematically shift theSTE to lower values, with less impact on
the cN20 and cF11 STE. The IAV of the Antarctic wintertex, in terms of the amount 060
that is deplete@see Fig. 4 of WMO, 2018) appears to drive the decorrelation of the SH STE
fluxes and is analyzed in section 4.

In the NH, he high variability of the Arctic winter stratosphere can modulatéotiaéOs STE

flux (e.g.,Hsu and Prather, 200But appears to maintain the samiatiee ratio with the cN20
and cF11 fluxs. Modelresuls hereindicate thatn the NH, the 1AVof Os, ctN20, and cF11 STE
fluxes are synchronized, and thus the air masses entering the lowermost stratosptaee have
same chemical mixturdeom year to year We know that coldéemperature activation of
halogendriven G depletion in the Arctic winter at altitudes above 400 K (potential temperature)
can produce large IAV in column ozo(Manney et al., 2011 put the magnitude is still much
smaller than in tb Antarctic; and it may not reach into the lowermost stratosphere (<380K
potential temperature). This model accurately simulates Antaretms® (section 4), but we
have not evaluated it for Arctic loss, and the Arctic conditions operate closer toeblealds
initiating loss where Linoz v3 chemistry may be inadequate. The same meteorology and
transport model with full stratospheric chemistry is able to simulate AretiesS (Oslo's

CTM2: Isaksen et al., 2012and thus it will be possible to-evduate the NH IAV with such
models or with lowermost stratosphere tracer measurements.
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270 3.4 The link from g$ratospheric loss to STHux

271

272 What is unusual about the very tight correlation of cN20 and cF11 STE fluxes is that the

273 photochemical loss of N20O and F11 occurs at very different altitudes in the tropical stratosphere,
274  which are not in phase with respect to the QBO as showRad21(their Fig. 2). The separate

275 phasing of cN20 and cF11 production is lost, presumably by diffusive tracer transport, by the
276 time they reach the extratropical lowermost stratosphBne.overallsynchronization of the

277 STE fluxes implies that the absol®&E flux is driven primarily by variations in venting of the
278 lowermost stratosphere as expedtddliton et al., 1995Appenzeller et al., 1996ather than by

279 variations in the chemistry of the middle stratosphere.

280

281 This disconnect between the chemiighals generated by the prominent QBO signature of

282 wind reversals, upwelling in the tropical stratosphere, and the STE fluxes is also clear in the
283 magnitude of the loss versus STE. FaONthe IAV of cN20 production has a range of +0.5

284  Tglyr, whether fom Microwave Limb Sounder (MLS) observations or the model; whereas the
285 IAV of cN20 STE flux is £1.1 Tg/yr. The same is true in relative terms for cFhlis, the

286 modulation of the lowermost stratosphere by the QBO is clearly a part of the overall dnanges
287  stratospheric circulation related to the QBKing and Yang, 1994&innersley and Tung,

288 1999)andis the dominant source of I1A%6r these three greenhouse gases.

289

290 3.5 The QBOsignal

291

292 To examine the QBO cycla STE flux, we builda compositgattern (see R2021, Fig.08 N2O

293 surface variationsby synchronizinghe STE 1AV in Figure 2 witlthe QBO cycle. The sync

294  point (offset = 0 months) is taken from one of the standard definitions of the QBO phase change,
295 i.e., the shift in sign of the 40Pa tropical zonal wind from easterly to westéNgwman,

296 2020) The 199€2017 model period has 12 QBO cycles, but we restrict our analysis here to
297 years 20042016 tooverlapwith the observed surfacee® data. This period includes seven

298 QBO phase transitions (01/2002, 03/2004, 04/2006, 04/2008, 08/2010, 04/2013, 07/2015), but
299 theobservedsurface NO is highly anomalous during the QBO centered on 08/202021) so

300 we remove it from our comparison for consistency with R2021 (see tige84€). The resulting
301 QBO composites for NH and SH in Figure 4 span 28 months.

302

303 Inthe NH, the QBO modulation of all three tracers is similar: STE flux begins to increase at an
304 offset of-8 months and continues to increase slowly for a year, peakargpétsetof +4

305 months thereafter it decreases more rapidly in about %2 year (offset = +10). Taaditl

306 cycle takes about 18 months. In the SH, the pattern for cN20 and cF11 is more sinusoidal and is
307 shifted later by ~3 months. The SH amplitud¢he ctracers is slightly larger relative to the

308 hemispheric mean flux than in the NH, and thus the SH QBO signal is larger than the NH by
309 about 40%. Thus, over thygpical QBO cycle centered on the sync point, more deplet€d N

310 and F11 is entering tHi&H than in the NH. For the SH modulation of STE is irregular and

311 reduced compared with the NH. Our hypothesis here, consistent with the annual cycle of STE
312 (Figure 1), is that the breakup of the Antarctic ozone hole has a major impact on STE,

313 particdarly that of Q, and that its signal has large 1AV that does not synchronize with the QBO.
314  Surprisingly, the large wintertime IAV in the NH Arctim the form of sudden stratospheric

315 warmings,does not seem to have a major role in STE flasesoted atve This model may

10



316 miss some of the Arctic £2lepletion, but it accurately simulates the warmings, which must have
317 asmall impact on STE because they do not disrupt the clear QBO signaltrahers.
318
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Figure 4. QBO composites of the STE ot (black lines; left yaxes), cN20X (orange
lines; orange rightyaxes), and cF11X (blue lines; blue rightiyes) for th€a) NH (0°-
90°N; solid lines) andb) SH (0%90°S; dashed lines). These composites are averag
cenered on the QBO phase transition at 40 hPa throughout the period of surface
observations (years 20@D16, excluding the 08/2010 observed anomaly, for a total
QBOs). Note: the yaxes limits are different for each panel, but the interval scale is
consstent for each tracer.

319

320

321 4. Surface variability of N2O related to STE flux

322

323 Surface variability of NO is driven by surface emissions, stratospheric lossagnadspheric
324 transport that mixes the first two signals. R2021 exploregdhability originatingonly from
325 stratospheric chemistry using thecdging tracer N2OX. Here, wese sufN20 to denote the
326 surfaceabundancesf N2OX when corrected to steady state. R2021 showed that three
327 independent chemistityansport models proded annual and QBO pattennssurfaceN20

328 simply from stratospheric losdn this paper wéink surf-N20 to the STE cN20 flux, which is
329 linked above to the STEsGlux.

330

331 The observed surfacex@, denoted ob$N20 and taken from the NOAA netwo(®lugokencky
332 etal., 2019)shows a slowly increasing abundance (~0.9 ppith a clear signal of annual
333 and interannual variability at some latitudes (see R2021). We calculate annual and QBO
334 composite ob$N20 after detrendingandrestrict analysis ithis section tanodelyears 2001
335 2016 to be consistent with the surface data. The latlyeaonth pattern of obBl2O includes
336 the impact of both stratospheric loss (~13.5 Tggyndsurface emissions (~17 TgN)ywith the
337 preponderance of emissiongrzein the NH(Tian et al., 2020) Total emissions are not
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expected to have large IAV but may have a seasonal cycle. The seasonal variation of surface
N20 can also be driven by seasonality in the interhemispheric mixing of th®HNgradient (~1

ppb).

4.1 Annual cycle

Figure5 replots the hemispheric mean annual cycles of cN20O STE flux alongside the annual
cycles of suHN20 and obs$N20. As noted above, the STE in each hemispheakriest in
opposite phaseas is the modeled st20 (taken from Fig. 5 of R2021)The NH:SH

amplitude ratio is about 2.4:1 for both STE and-N2D. The lag from peak STE flux of cN20
(negative NO) to minimum suAN20 is about 3 months. Suc®@’ phase shift is expected fo
the seasonal variation of a lofiged tracer relative to a seasonal source or sirtie timelag
between the sighat the tropopause and at the surface, the tropospheric turnover time, should be
no more than a month. SurprisinglyetctN20 STE seasahamplitudeis much larger in the NH
(3.4 Tglyr) thanin the SH (x1.3Tg/yr), although the SH mean (6.5 To/ys larger than the NH
(5.2 Tglyr). Essentially, there is more variability of air depleted pOMNentering the NH, but air
entering the SH has larger overall deficit. Thus in our model, the stratosphere createsSH\H
gradientof +0.3 ppbat the surfagewhich is asignificantfraction of the observed-S difference

of +1.3 ppb(R2021) This important result needs to be verified with othedeis or analyses
because it constrains the N&H location of sources.

In the NH, as noted in R2021, the two surface abundances\20rfand obsN20, have the
same amplitude and phase, implying that, if the model is corre@nilssionsdriven surface
signal has no seasonaligithough we know that sonmaportantemissions are seasonal
(ButterbachBanhl et al., 2013) In the SH, the suN20 signal is much smallgin parallel with
thesmallseasonal amplitude in ctN20O STE, bus out of phase with the obd¢20. This result
implies that the SH has some highly seasonal sources, or simply that the forcing of-SRGurf
by the seasonal cycle oN20 is weak Indeed, this is what we might expect from Figure 3: In
the NH the sesonal amplitude in PO overwhelms the IAV amplitude and is driving the-obs
N20; but in the SH, both amplitudes are comparable. Given the-pgadar nature of the

QBO, it would interfere with the seasonal cycle and likely change its phase (as footitefor
models inR2021J).

In the NH, the annual cycle ofs@nd cN20 STE are clearly linked. If we accept thatobs
N20 NH seasonal cyclis simply driven by the STE flux, then how will troposphertcr&pond
seasonally? Anolefraction scaling of ta STE fluxes gives ansN20 ratio of ~25, and thus
scaling the surN20 amplitude gives krgeOs surface seasonality of ~18 ppb. However, the
residence time of a tropospherie @rturbation is ~1 montland thughe peak surface
abundance will laghe peak STE flux by only about a month and not by 3 months ag@r N
Os will equilibrate withtheflux on monthly timescales and not accumulaféus, arr estimate

is that NH30°-90° surface ozone might increase about 5 ppb, peaking in June, deeS®Eh
flux. In the SH seasonal patterns are weaker aatwell definedand thus no obvious ST&s
signal is expected.
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Figure 5. The annual cycle of £&and cN20 STE (black and orange lines;
left y-axes), and the suN20 and ob$\,O (red and blue knotted lines; rig
y-axes) taken from R2021 (see their figure 5) for(#)eNH and(b) SH.
cN20, surfN20, and obsN,O has been rescaled to reflect that of a
tropospheric abundance of 320 ppb. The hemispheric domains for STE,
defined as ©90° while the surfN20 and obsNO is from 30-90° N/S.
Note: the left yaxes limits are different between the tracers, but the inte

scale is the same.

4.2. QBO cyle

The QBO composite of hemispheric mean cN20O STEfflom Figure4 is compared with the
composite oburface abundansé¢sur-N20 and obsN20) in Figure 6 The peak in cN20 flux is
broad and flat, but centers on +2 months for the NH anmuierths for the SH. Unlike the

annual cycle, the QBO cycle in STE flux is almost in phase in both hemispheres, with the NH
preceding the SH. This phasing of the QBO cycle in surfaGewas seen with the three

models in R20211n both hemispheres, the noheled sudN20 peaks before the rise in cN20

and then decreases through most of the period with elevated cN2& faxpectedThe

amplitude of the QBO STE flux is smaller in the NH than SH by about half, and the amplitude of
surt-N20 is likewise smaller The ratio of the amplitudes of stMRO to cN20O STE flux is

similar in both hemispheres (~ 0.4 ppb per Tg/yr), which is encouraging. This ratio is larger than
the corresponding one from the annual cycles (~ 0.1 ppb per Tg/yr) because the length of the
QBO cycle leads to longer accumulation efdNdepleted air from the cN20 flux.

In theSH, where the QBO cycle in cN20 flux has a large amplitude, the modeletl20xf
matches ob20 in amplitude and phase as reported in R2021. In the NH, the compzfrison
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surf-N20 with obsN20 is not so good: obN20 has a much smaller amplitude and a different
phase. This QBO cycle pattern is similar, but reversed, to that of the annual cycle and can be
understood in the same way. The NH QBO cycle has relatively amplitude and thus the
interference with the largamplitude annual cycle adds noise, obscuring the QBO cycle. In the
SH it is the opposite, with its weak annual cycle, the SH QBO cycle is clear. The modeled cN20
fluxes enable us to understand thgéescale variability of the observations.

Thus, for both annual and QBO fluctuations, when the variation in STE flux is dominated by
either cycle, the surface variations are clearly seen and modeled for that dyisléurther
supports the findings iR2021 and other studies, themispherisurface NO variability is

driven by stratospheric loss annual (NH) and QBO (SH) cycles, and it is clearly tied to the
STE flux Given the connection between @hd cN20 STE, this relational metric can be used
constrain the @STE for a model ensemble.

(@) . NWoBO
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(b) GO 03
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L ~a .
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[ e 028
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Figure 6. (a) NH and(b) SH QBO composites of cN20 STE flux
(Tglyr; orange lines, left axis, Fig. 4), and sM2O and obsN,O
(ppb; red and blue knotted lines, right axes, see Fig. 3 of R2021).
Results are shown for years 260016 (6 QBO phase transitions), s¢
Fig. 4. The sif-N20 data is from UCI CTM, and ol#$,O are taken
from NOAA ESRL, see text.

5. Lowermost stratosphere

If we accept that matching the observed annual and QBO cycles in sus@@®istrains the
modeled STE cN20O flux, then how can we use that to alssti@n the modeled STEs@ux?

All evidence, theoretical, observational, and modeled, shows that the STE flux is simultaneous
for all species (e.g., Figure 1) and in proportion to their relative abundances (i.e., tracer:tracer
slopes) in the lowermostratosphere, defined roughly as the region-200 hPa in each
hemisphere outside the tropid@umb and Ko, 1992)

5.1. The Q:N20 slopes and STE fluxes
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We can test the Plumb and Ko hypothesis in our model framework by comparing the relative
STEfluxes for @, cN20 and cF11 with the modeladcertracerslopes in the lowermost
stratosphere. These slopes can then be testedSGISAT-1 ACE-FTS (Scientific Satellitel
Atmospheric Chemistry ExperimeRburier Transform Spectrometer) measuremeh@s and

N20 in the lowemoststratospheréo establistthe ratio of the two STE fluxes

Figure7abshows the NO-Os slopein each hemisphere taken from the ACE climatology dataset
andtheUCI CTM. The current ACE dataset (version 3.5) has been cufiedey measurements
made by ACEFTS from February 2004 to February 2qK®o et al., 2017) The SCISAT orbit
results in irregular seasdatitude coverage, and thus we average the lowermost stratosphere
data over a wide range laftitudes centered on tipeak STE flux (20-60° in both hemispheres).
For both ACE data and the CTM we keep to the lowermost stratospherg@q@0Pa) and

average over the-shonth peak of STHux, FebMay in the NH and Sepec in the SH (see
Figurel). Extending into the upper tropical troposphere at 20° helps define the tropospheric
endpoint of the slope (low &) high NO).

Based on the lonterm mean STE fluxes in the model, we would expectaN:0 slope of
about-24 (ppb/ppb) in the NH and.7 in the SH. The slopes fitted to our modeled-gatd

values of @and N2O in the lowermost stratosphere agenarkablysimilar: -23.2 (NH) and-

17.5 (SH). The ACE data are more scattered but show sjmiitallerslopes 0f19.4 (NH) and
-15.3 (SH) Thus, the NHSH asymmetry in @versus NO STE fluxes is clearly reflected in the
tracertracer slopes, both modeled and observed. Hegglin and Shepherd (2007) had already
identified these NH:SH differences when comparing their model to the ACEobsevations
(their Fig. 13cd)butimplications for STE fluxes were not brought forward.

In the modeled SH (Figure 7b), one can see strings of points that are samples along neighboring
cells and reflect a linear mixing line between two different end pantspf which has

experienced extensives@epletion (i.e., the Antarcticdhole). We know that there is some
chemical loss of ®in the NH lowermost polar stratosphere during very cold wir{fidesiney et

al., 2011jsaksen et al., 201ut it is not extensive enough to systematically affect th¥4

slope over the midatitude lowermost stratosphere in either the ACE obsenstio the CTM
simulations.
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Figure 7. Oz versusN2O (x-axis) scatter plots frorta) SCISAT ACEFTS andb) the UCI CTM.
ACE-FTS data is from monthly climatologies for the period Feb 2004 to Feb 2013 restricted to 2
100 hPa, latitudes about 260°, and months Fellay (NH, red) or Sejpec (SH, blue). e lineasfit
lines (ppb/ppb, values in legend) are restricted to larg@rvdlues (>280 ppb) to more accurately
represent the STE fluxes, see Olsen et al. (2001).

475

476

477 5.2. 1AV of the Antarctic ozone hole and the SH STE flux

478

479 The Antarctic ozone hole appears to be the source of th8Mldsymmetry in the STE fluxes

480 Osversus NO. Itis known that the massive chemical depletion gfiSide the Antarctic vortex
481 between about 13 and 23 km altitude creates an air mass with leWeOQatios than usually

482 found in the midatitude lowermost stratosphere. When tbhetex breaks up, nominally in late

483 November, much of this £depleted air can mix along isentropes into the-laitiude

484 lowermost stratosphere, changing theN20 ratios and reducing the SH STE flix.

485

486 We have additional information on the SH ®T'Eflux from the yeaito-year variations in the

487 size of the ozone hole. The best measure of the scale of Antarctic ozone depletion is the October
488 mean ozone column (DU) averaged from the pole to 63°S equivalent latitude (s&& Big

489 WMO, 2018) Whenwe compare the CTM with the observations (Figure 8), we find remarkable
490 verisimilitude in the model: the rooteansquared difference is 9 DU out of a standard

491 deviation of 29 DU and the correlation coefficient is 0.96. Thus, we have confidence thiat we a
492 simulating the correct IAV of the ozone hole. Next, we plot the modei&ir@ flux (summed

493 over the 12 months following the peak ozone hole, Novei@otober) with the modeled

494  October ozoneolumn and find a fairly linear relationship. If we estimiiee STE Q flux

495 before the @hole, when the mean Octobeg élumn wasabout 307 DUthen our Q@ flux

496 increaseto 209 Tg/yr (see Figurg, red marker), eliminating the hemispheric asymmetryan O
497  STE flux.

498

499 Theannualdeficit in SH STE @flux broughton by the Antarctic ozone hole ranges from about
500 5to 55 Tg/yr and with a central value of 30 Tg/yr or 14% of the total. Using the decadal trends
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