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Key points 16 
● The 2020 ozone hole area was about 10 million km2 or less,  compared to climatological 17 

maximum of about 23 million km2  18 
● The anomalously high Antarctic total ozone resulted from an unusual polar vortex size 19 

and geometry rather than from chemistry 20 
● Even a minor sudden stratospheric warming in the Southern Hemisphere can have a big 21 

impact on polar total ozone 22 

 23 
Abstract 24 
A rare disturbance of the stratospheric Antarctic polar vortex in September 2019 led to a 25 
significantly higher than usual polar total ozone column. We use assimilation of ozone, HCl, and 26 
N2O data from the Microwave Limb Sounder with the Global Earth Observing System Constituent 27 
Data Assimilation System driven by reanalysis meteorology to study the evolution of the 2019 28 
Antarctic polar ozone. We find that the maximum 2019 ozone hole area was near 10 million km2, 29 
and as little as 20% of that in 2018 in mid-September. However, the magnitude of vortex-averaged 30 
chemical ozone depletion was not significantly different between the two years despite earlier 31 
chlorine deactivation in 2019. The assimilation results show that most of the differences between 32 
2018 and 2019 Antarctic ozone resulted from two factors: (1) the geometry of the 2019 vortex, 33 
with ozone-rich middle-stratospheric air masses overlying the lower portion of the vortex and 34 
leading to a significant reduction of the total column; (2) significantly reduced vortex volume. The 35 
anomalously small ozone hole of 2019 was comparable in size to the record breaking 2002 case 36 
and the mechanisms responsible were similar in the two cases. While the 2019 sudden stratospheric 37 
warming is classified as minor, its impact on ozone was very significant. 38 
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Plain language summary 47 
A significant dynamical disturbance of the stratospheric polar vortex occurred over Antarctica in 48 
September 2019. Named sudden stratospheric warmings (SSWs), such events are relatively 49 
common in the northern hemisphere but exceedingly rare over the southern high latitudes. SSWs 50 
are known to impact polar stratospheric ozone by disturbing its chemical composition and slowing 51 
down the reactions that lead to ozone depletion. In this paper we use observations of chemical 52 
composition of the 2019 Antarctic polar vortex from NASA’s satellite sensor, the Microwave 53 
Limb Sounder, combined with a Global Earth Observing System model simulation to study the 54 
chemistry and dynamics of this unusual polar winter/spring season. We show that the 2019 SSW, 55 
although not classified as “major”, led to more than a 50% reduction of the ozone hole area at its 56 
peak extent, compared to other years since 2004. Furthermore, we demonstrate that most of this 57 
reduction was caused by an unusual geometry and small size of the polar vortex, while the 58 
chemistry of the 2019 ozone hole was comparable to that in the undisturbed year 2018. The 2019 59 
event can be regarded as an example of a minor sudden stratospheric warming with a major impact. 60 
 61 
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1. Introduction 93 
Ozone holes, defined as regions with total ozone column of 220 Dobson units (DU) or less, have 94 
formed over Antarctica every austral spring since the early 1980s (Farman et al., 1985; Komhyr et 95 
al., 1986; Stolarski et al., 1986) and constitute the most dramatic manifestation of the 20th century 96 
anthropogenic ozone destruction. They arise mainly as a result of catalytic depletion of ozone by 97 
chlorine converted from its reservoir species, HCl and ClONO2, into chemically active compounds 98 
on the surfaces of Polar Stratospheric Clouds (PSCs), with an additional contribution from active 99 
bromine (Brasseur and Solomon 2005). The main source of chlorine is photodissociation of 100 
industrial chlorofluorocarbons emitted in the 20th century. Antarctic ozone depletion starts as early 101 
as late June and becomes rapid in late August and September when a significant portion of the 102 
polar vortex is exposed to sunlight that breaks ClO dimer (ClOOCl) molecules releasing atomic 103 
chlorine. The maximum and, in fact, almost complete chemical depletion occurs in the lower-104 
stratospheric portion of the polar vortex between about 15 km and 20 km above the sea level, 105 
where temperatures are low enough for PSCs to form. The intensity of springtime polar ozone 106 
depletion depends on the amount of available chlorine as well as on the meteorological conditions 107 
in the polar stratosphere. The latter affect the temperature dependent amount of PSCs, the diabatic 108 
descent of air within the polar vortex, which resupplies ozone in the lower stratosphere (LS), 109 
permeability of the vortex edge, and the position and size of the vortex, controlling the fraction of 110 
the vortex air exposed to sunlight (WMO 2011). As stratospheric concentrations of total inorganic 111 
chlorine and bromine slowly decrease owing to the implementation of the Montreal Protocol and 112 
its amendments, the formation of ozone holes is expected to cease in the second half of the 21st 113 
century. Several recent studies found evidence of an emerging negative trend in the ozone hole 114 
sizes pointing to a gradual healing tendency of polar ozone (Solomon et al., 2016; Strahan and 115 
Douglass 2018; WMO 2018) and there is a broader effort to understand trends in ozone throughout 116 
the atmosphere (Bourassa et al., 2014, Harris et al., 2015, Ball et al., 2017, 2018, Sofieva et al., 117 
2017, Steinbrecht et al., 2017; Wargan et al., 2018; Orbe et al., 2020; WMO 2018; 118 
SPARC/IO3C/GAW 2019).  119 
 120 
Unlike in the Arctic, the year-to-year variability of the Antarctic ozone is small compared to the 121 
magnitude of chemical loss. Multiple studies demonstrated that, in both hemispheres, this 122 
interannual variability is primarily dynamically controlled, with more wave activity linked to 123 
higher total ozone. For example, Weber et al. (2003) showed that there is a very strong correlation 124 
between the high latitude eddy heat flux at 100 hPa and spring-to-fall ratio of high-latitude total 125 
ozone. Dynamically controlled interannual variability of Antarctic stratospheric ozone is 126 
considerably smaller than that of its Arctic counterpart, due to a significantly greater stability of 127 
the polar vortices in the Southern Hemisphere (SH). In particular, while major sudden stratospheric 128 
warmings (SSWs: Butler et al., 2017), defined as reversal events of the 60oS/N zonal mean zonal 129 
winds at 10 hPa, are common in the Northern Hemisphere (NH), only one major SSW in the SH 130 
occurred since at least the late 1950s (Naujokat and Roscoe 2005; Roscoe et al., 2005). The SH 131 
major SSW occurred in late September 2002 and was a ‘split’ event that led to an almost complete 132 
disintegration of the polar vortex. As a consequence, the 2002 ozone hole was significantly smaller 133 
than in the previous decade (Varotsos et al., 2002; Allen et al., 2003; Baldwin et al., 2003; Scaife 134 
et al., 2003; Sinnhuber et al., 2003; Stolarski et al. 2003; Manney et al., 2005; Newman and Nash 135 
2005; WMO 2006).  136 
 137 
 138 
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 139 
Figure 1. The top two panels:  time series of the MERRA-2 zonal mean zonal wind at 60°S in 2018 140 
(dark magenta), 2019 (blue), and 2002 (yellow) at 10 hPa (a) and 70 hPa (b). Panel (c) shows the 141 
time series mean (solid black) and median (dashed black) ozone hole area calculated from the 142 
MERRA-2 daily total ozone between 2005 and 2018, along with the results from MERRA-2 and 143 
GEOS CoDAS for 2018 and 2019. The yellow line shows the MERRA-2 ozone hole area in 2002. 144 
In all panels the dark and light gray shading represents the 60th and 95th percentiles for the 2005–145 
2018 period. 146 
 147 
In 2019, a very strong displacement of the SH polar vortex developed at the end of August (Hendon 148 
et al., 2019; Yamazaki et al., 2020). While the event did not meet the criteria of a major SSW it 149 
led to a significant weakening of the middle stratospheric zonal winds and strongly impacted polar 150 
ozone. Figure 1 shows the evolution of the 2002, 2018, and 2019 60°S zonal mean zonal wind at 151 
10 hPa and 70 hPa, and the ozone hole area from the Modern-Era Retrospective Analysis for 152 
Research and Applications, Version 2 (MERRA-2: Gelaro et al. 2017; GMAO 2015a, 2015b) and 153 
a Global Earth Observing System (GEOS) assimilation discussed below, along with the 2005–154 
2018 mean, 60 and 95 percentiles derived from MERRA-2. Evident is a rapid deceleration of the 155 
10 hPa 60°S zonal wind starting in late August 2019 associated with the minor SSW. By mid-156 
September the winds had dropped from 80 m/s to less than 20 m/s and stayed well below the 157 
average for the remainder of the austral spring season. At 70 hPa the mean zonal wind stayed 158 
below the 5th percentile threshold from September through November, indicative of the polar 159 
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vortex disturbance extending into the lower stratosphere. While there was no zonal wind reversal 160 
in 2019 the wind deceleration at 10 hPa was significant and during most of September the 2019 161 
wind speed was at least as low or lower than in 2002. At 70 hPa the 2002 SSW was more dramatic 162 
than the 2019 SSW, with the zonal wind dropping rapidly to record low values in the second half 163 
of September.  While the 2019 event is not classified as a major SSW, the synoptic conditions in 164 
2019 were well outside the relatively tight climatological envelope, especially in the middle 165 
stratosphere. In the NH, a 10 hPa zonal mean zonal wind that is 50 m/s below the climatological 166 
mean (which is about 35 m/s in the NH in December) would be easterly and such an SSW would 167 
be classified as major.  As expected from theory, the SSW led to an anomalously small ozone hole 168 
in 2019.  Starting 1 September, the area of the ozone hole stayed below 10 million km2 for the rest 169 
of the season, well below the 5th percentile of the climatology. In mid-September, the 2019 ozone 170 
hole area was 5–7 million km2, compared to the mean and median values of about 22 million km2 171 
and the 2018 maximum of 25 million km2.  Compared to the 2002 case, the development of the 172 
2019 ozone hole stalled much sooner, consistent with the different timings of the two SSW events. 173 
While in 2019 the ozone hole area remained within the 5–10 million km2 range throughout 174 
September and October, in 2002 the area dropped to near 2 million km2 at the end of September 175 
before a partial recovery in the second half of October, after which both cases followed a very 176 
similar trajectory. In addition to the MERRA-2 results, the plot also shows the 2019 and 2018 177 
ozone hole areas from a chemical data assimilation experiment discussed later in the paper. Here, 178 
we note that the results are almost identical between the two types of assimilation experiments.  179 
 180 
The purpose of this study is to 181 

● Document the evolution of the Antarctic ozone in the austral summer and spring of 2019 182 
against the typical case of 2018 183 

● Analyze the contributions of the polar vortex dynamics and chlorine chemistry to the 184 
unusually high total ozone values over Antarctica in 2019 185 

 186 
Our primary data sets are obtained through data assimilation, a method of combining and 187 
propagating information from observations in space and time using the governing equations for 188 
the atmospheric state, and error estimates. A detailed theoretical description of this methodology 189 
is given in Cohn (1997). In particular, data assimilation allows generation of high-resolution and 190 
high-frequency global distributions of atmospheric constituents even from relatively sparse data 191 
by updating the prior obtained from previous assimilation steps and model integration by 192 
successive applications of Bayes’ theorem as new data become available. While the dynamical 193 
fields from assimilation, and from atmospheric reanalyses in particular, have been widely used in 194 
research, the use of assimilated constituent fields is an emerging area of scientific inquiry. To date, 195 
the utility of data assimilation for scientific studies has been explored for ozone (for example, 196 
Jaeglé et al., 2017; Knowland et al., 2017, Wargan et al., 2018). The first comprehensive chemical 197 
reanalysis of the stratosphere that utilizes a full chemistry model was done at the Belgian Institute 198 
for Space Aeronomy. Named, the Belgian Assimilation System for Chemical ObsErvations 199 
(BASCOE) Reanalysis of Aura MLS, version 2 (BRAM2: Errera et al. 2019) it also assimilates 200 
MLS observations of a number of stratospheric constituents and compares well with independent 201 
observations. This study is the first one to introduce a similar stratospheric chemical assimilation 202 
system developed at NASA GMAO. We highlight some similarities and differences between our 203 
approach and BRAM2 in Section 2.    204 
 205 
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The paper is organized as follows. Section 2 describes the assimilated and independent data sets 206 
used in this study, the assimilation system, and the methodology. Section 3 evaluates the 207 
assimilation results against both the assimilated and independent observations. In Section 4 we 208 
present the results. Section 5 is devoted to a discussion of uncertainties related to model transport 209 
by assimilated winds. Section 6 summarizes the main conclusions of the study.  210 
 211 
2. Data and methods 212 
2.1. Assimilated observations 213 
We assimilate observed stratospheric profiles of ozone, HCl, N2O, water vapor, and HNO3 from 214 
the MLS instrument onboard NASA’s Aura satellite. MLS (Waters et al., 2006) measures thermal 215 
radiation in a broad spectrum of microwave bands allowing high-quality retrievals of temperature 216 
and stratospheric concentrations of a wide variety of constituents. The instrument provides a day 217 
and night near-global coverage between 82oS and 82oN. We use version 4.2 of the MLS retrievals 218 
and follow the data usage recommendations delineated in Livesey et al. (2018). Previous MLS 219 
data versions have been evaluated by Froidevaux et al. (2008a) (stratospheric ozone), Froidevaux 220 
et al. (2008b) (HCl), Lambert et al. (2007) (N2O and water vapor), and Santee et al. (2007) (HNO3). 221 
Table 1 summarizes the vertical ranges, resolution information and the treatment of observation 222 
errors employed in this study. Because of instrument anomalies, MLS data do not exist for three 223 
periods in 2018: 4–11 June, 21–26 June, and 10–19 July. When the data assimilation system runs 224 
with no observations for an extended period of time the results are subject to cumulative model 225 
errors. We indicate the periods of missing data in figures by hatching where appropriate. 226 
Additionally, the system assimilates total ozone column observations from the OMI instrument 227 
also onboard Aura (Levelt et al., 2006; 2018) in the same way as it is done in MERRA-2 (Wargan 228 
et al., 2017). 229 
Table 1. Treatment of MLS observations. 230 

Constituent Vertical range Vertical 
resolution in 

lower to middle 
stratosphere 

Remarks 

Ozone 216 hPa – 0.1 hPa 2.5 km – 3 km Observation errors are calculated as 
in Wargan et al. (2017) 

HCl 100 hPa – 0.32 hPa 3 km Observation errors calculated as for 
ozone and scaled with a coefficient 
tuned using the approach of 
Desroziers et al. 2005 

N2O 
 

68 hPa – 0.46 hPa 4 km – 6 km Observation errors as for HCl 

H2O 
 

215 hPa – 0.01 hPa 
(model top) 

1.5 km – 3 km Observation errors as for HCl 

HNO3 

 

215 hPa – 1.5 hPa 4 km – 4.5 km Observation errors as for HCl. 
HNO3 is not assimilated in regions 
where model-generated PSCs are 
present 

 231 
 232 
2.2. Data assimilation system 233 
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The data assimilation system used in this work is the GEOS Constituent Data Assimilation System 234 
(GEOS CoDAS), a generalization of the carbon monoxide (Tangborn et al., 2009), carbon dioxide 235 
(Tangborn et al., 2013; Eldering et al., 2017), and ozone (Wargan et al., 2015; 2020) assimilation 236 
systems. This work applies GEOS CoDAS to a full stratospheric chemistry model, StratChem 237 
(Kawa et al., 1995; Douglass et al., 1997; Nielsen et al., 2017). The same version of GEOS CoDAS 238 
was used by Wargan et al. (2020) where it was limited to assimilating ozone only. Here, the major 239 
advance in GEOS CoDAS is the ability to analyze a collection of constituents defined at run time 240 
and has been applied to the additional species HCl, N2O, water vapor and HNO3. 241 
 242 
GEOS CoDAS uses the Gridpoint Statistical Interpolation (GSI; Wu et al., 2002, Purser et al., 243 
2003a,b) to infer three-dimensional constituent mixing ratios on at latitude-longitude grid and 244 
terrain-following vertical levels every 6 hours. The computations for this paper were done on a 245 
0.5´0.625-degree grid and 72 vertical levels. Retrieval error covariances were taken from the 246 
observational data product. Background error covariances are derived separately for each 247 
constituent with, at present, no correlation between different constituents. Ozone background 248 
errors are the same as that used in previous studies (Wargan et al., 2015; 2017). HCl, HNO3, and 249 
water vapor error covariances are proportional to tracer magnitudes, thus allowing greater analysis 250 
corrections at greater tracer values. Horizontal error correlation lengths are roughly 200 km and 251 
vertical error correlation lengths are proportional to the background vertical correlation lengths. 252 
These numbers are constant throughout the atmosphere. This may seem like a simplistic 253 
assumption but, as we show in Sections 3 and 4 it does produce realistic constituent fields in 254 
agreement with observations and consistent with the underlying dynamics. N2O background errors 255 
are treated the same as those of HCl, HNO3, and water vapor except that the error covariances are 256 
not proportional to its value. All observation error covariances were tuned using analysis 257 
diagnostics (Desroziers et al., 2005). As in Wargan et al. (2020) the wind, temperature, surface 258 
pressure and tropospheric water vapor are replayed to the MERRA-2 three-hourly averaged 259 
assimilated fields (GMAO 2015c) as described in Orbe et al. (2017). Lawrence et al. (2018) 260 
demonstrated that the reanalysis meteorology is suitable for polar processing studies. 261 
 262 
GEOS CoDAS is similar to BRAM2 (Errera et al., 2019) in that it assimilates MLS constituent 263 
data with a system equipped with a full chemistry model but several differences exist: the use of 264 
three-dimensional variational data assimilation in GEOS CoDAS (ensemble Kalman filter in 265 
BRAM2), higher horizontal and vertical resolution, replay method of driving the meteorology (a 266 
chemistry transport model approach in BRAM2), and a smaller number of assimilated species, in 267 
addition to different chemistry models used by the two groups. A future study will present a 268 
comprehensive comparison of the two analyses. 269 
 270 
2.3. Independent data 271 
The Atmospheric Chemistry Experiment Fourier Transform Spectrometer (ACE-FTS: Bernath et 272 
al., 2005) measures the extinction of solar radiation between 2.2 μm and 13.3 μm at sunrise and 273 
sunset, producing about 30 profiles per day. Version 3.6 of the ACE-FTS data used in this study 274 
contains retrievals of temperature, pressure, and mixing ratio profiles of over 30 trace gases. 275 
Sheese et al. (2017) found that ACE-FTS ozone is within 5% of that measured by MLS and the 276 
Michelson Interferometer for Passive Atmospheric Sounding in the middle stratosphere. To our 277 
knowledge there are no comprehensive validation results of the recent versions of the ACE-FTS 278 
HCl. An older version (v2.2) was evaluated by Mahieu et al. (2008), who found that the mean HCl 279 
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from ACE-FTS agrees with other data sets to within 5–10%. Froidevaux et al. (2008b) calculated 280 
difference standard deviations between the ACE-FTS and MLS (Version 2.2) HCl and found them 281 
to be about 12% between 40 hPa and 10 hPa and up to 40% at 100 hPa. It should be noted that 282 
these are global comparisons. ACE-FTS data were recently used by Errera et al. (2019) for a 283 
comprehensive evaluation of the BRAM2 reanalysis of the stratosphere.  284 
 285 
South Pole electrochemical concentration cell ozonesondes (Hassler et al., 2011) are launched on 286 
research balloons from the Amundsen-Scott South Pole station (90oS) one to two times a week 287 
during the austral summer and spring seasons. The ozonesondes provide highly accurate 288 
measurements of ozone profiles up to about 34 km above the sea level at a resolution of 100 m. 289 
The ozonesonde data are curated by the National Oceanic and Atmospheric Administration’s Earth 290 
System Laboratory (Johnson et al., 2018). 291 
 292 
2.4. Methods 293 
We performed several assimilation experiments using the setup described in Section 2.2. In 294 
addition to experiments assimilating all the MLS data as delineated above (ozone, HCl, HNO3, 295 
water vapor and N2O) between 1 June and 30 November 2018 and 2019, we used two modified 296 
system configurations. The first one uses a passive ozone tracer instead of assimilated ozone. The 297 
passive tracer was initialized from assimilated ozone on 29 May 2018 and 2019 and then advected 298 
by the MERRA-2 analysis winds until 30 November, with chemistry turned off. The second 299 
configuration initialized N2O with the assimilated values also on 29 May and was run without 300 
assimilation thereafter. We use the passive ozone tracer to estimate chemical ozone depletion in 301 
Section 4, and the passive (not assimilated) N2O to discuss model transport uncertainties in Section 302 
5. 303 
 304 
Of the assimilated constituents, we discuss only ozone, HCl, and N2O. While water vapor and 305 
nitric acid are critical components of polar processing during winter and spring seasons, our goal 306 
is to examine the conditions that directly control ozone depletion within the polar vortex: the vortex 307 
size and shape and the timing of chlorine activation, here estimated from the evolution of the 308 
chlorine reservoir, HCl. We use assimilated N2O to gain insights into the key transport processes: 309 
diabatic descent of air inside the vortex and mixing across the vortex edge. The other assimilated 310 
constituents require further evaluation that will be presented in a future publication. 311 
 312 
To examine transport processes, we map analyzed tracer concentrations onto two types of 313 
dynamical coordinates: potential temperature (theta, vertical) and equivalent latitude (horizontal). 314 
The use of potential temperature allows one to distinguish between relatively rapid adiabatic 315 
transport that takes place on isentropic (constant theta) surfaces from slower diabatic descent inside 316 
the polar vortex. Equivalent latitude is defined as the latitude that encloses the same area as a given 317 
PV contour (Butchart and Remsberg, 1986). An air parcel maintains its equivalent latitude under 318 
reversible processes such as planetary wave driven advection. Consequently, mapping a tracer into 319 
the equivalent rather than geographical coordinate effectively removes the tracer variability 320 
associated with reversible meridional transport due to non-breaking waves, thus emphasizing those 321 
changes that result from wave-breaking driven mixing, chemistry, and diabatic processes. We 322 
define the polar vortex edge using a potential temperature dependent profile of PV scaled in 323 
“vorticity units” (e.g., Dunkerton and Delisi, 1986; implementation as in Manney, et al., 1994; 324 
referred to hereinafter as sPV), with the values at each level defined by examination of winter 325 
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mean sPV gradients as a function of equivalent latitude, as described by Lawrence et al. (2018). 326 
As discussed by Lawrence and Manney (2019), a single value determined by examination of 327 
season-long climatology has several advantages over criteria determined on a daily basis (such as 328 
that developed by Nash et al, 1996), especially early and late in the season and other times when 329 
the vortex is disturbed (which can result in spikes or discontinuities in the vortex edge definition), 330 
and for interannual comparisons such as done in this paper. 331 
 332 
Formation of nitric acid trihydrate (NAT) PSCs occurs when the air temperature falls below a 333 
threshold value, TNAT. In our diagnostics (Figure 12) we use pressure dependent TNAT values 334 
calculated in Lawrence et al. (2018) (their Table A2) and interpolated linearly in potential 335 
temperature. 336 
 337 
3. Performance of GEOS CoDAS 338 
In this section we compare the analysis ozone, HCl, and N2O from the 2019 GEOS CoDAS 339 
experiment with observations from MLS and ACE-FTS. Comparisons of the analysis to MLS 340 
provide a measure of the agreement between the analysis fields and the assimilated data. In a well-341 
tuned system, we expect the agreement to be comparable in magnitude to the estimated observation 342 
uncertainties. Comparisons with ACE-FTS serve as independent evaluation of the analysis. While 343 
the coverage of MLS in the region of interest (90°S–30°S) is nearly complete, the number of ACE-344 
FTS observations is limited due to the nature of the solar occultation measurement technique as 345 
well as strong seasonal variations of the observed latitudes (Bernath 2017, their Figure 6). We 346 
performed the ACE-FTS comparisons for the period between 1 June and 30 September 2019 as 347 
there were no data in the polar region in October and November. For MLS, the period of 348 
comparison is 1 July to 30 November 2019. We did the ozone and HCl comparisons on 6 selected 349 
pressure levels: 100 hPa, 70 hPa, 50 hPa, 30 hPa, 20 hPa, and 10 hPa. For N2O, we used 50 hPa 350 
and 70 hPa as the lowest levels for comparisons with MLS and ACE-FTS, respectively. The 351 
analysis data were subsampled at the geographical locations of the observations.  352 
 353 
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 354 
Figure 2. Comparisons of GEOS CoDAS ozone (a and d), HCl (b and f), and N2O (c and g) with 355 
the assimilated MLS (a–c) and ACE-FTS (d–g) data between 90°S and 30°S. The analysis fields 356 
are subsampled at the observation locations and the observations are interpolated to selected 357 
analysis pressure levels between 100 hPa and 10 hPa (50 hPa to 10 hPa for MLS N2O, and 70 358 
hPa to 10 hPa for ACE-FTS N2O). MLS data between 1 July and 30 November 2019 and ACE-359 
FTS observations between 1 June and 30 September are used. All available ACE-FTS data from 360 
that period are used, while 2,000 randomly selected MLS data per theta level are used.  361 
 362 
Figure 2 shows the results in a form of scatterplots. For MLS, due to a very large number of data 363 
points we show 2,000 randomly selected data points for each level, but we calculate the statistics 364 
(see below) from the full data set. Tables 2 and 3 show the corresponding statistics for MLS and 365 
ACE-FTS, respectively: the mean difference and difference standard deviations relative to the 366 
satellite average, and correlations.  367 
 368 
As seen in Figure 2a and c, and in Tables 2 and 3 the analysis ozone is in excellent agreement with 369 
both satellite data sets. As expected, the agreement with the assimilated MLS observations is very 370 
good, with virtually no bias and difference standard deviations within 5% at pressures greater than 371 
or equal to 50 hPa and within 10% at higher pressures. There is a small negative bias with respect 372 
to ACE-FTS. The difference standard deviations with ACE-FTS are within 10% at pressures less 373 
than 100 hPa, and ~12% at 100 hPa. The analysis-satellite correlations are all 0.94 and higher, 374 
often above 0.99. As expected, the differences between the analysis ozone and MLS are 375 
comparable with the MLS uncertainties (Livesey et al. 2018).  376 
 377 
Comparisons between the analysis and satellite HCl produce larger differences. The mean 378 
differences between the analysis and MLS HCl range between -4.5% and -16% (at 100 hPa), within 379 
the reported accuracy estimates for MLS. The difference standard deviations with MLS and ACE-380 
FTS at the lowest levels (highest pressures) are quantitatively close to those in Errera et al. (2019) 381 
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for the BRAM2 reanalysis (see their Table 2) and close to the precision estimates form MLS HCl. 382 
At pressures smaller than 50 hPa the difference standard deviations are below 20% for MLS and 383 
between 14% and 24% for ACE-FTS. This is higher than the BRAM2 results at 640 K (above the 384 
layer of maximum ozone depletion). Nonetheless, the HCl variability is well represented. The 385 
correlations between the analysis and MLS HCl are between 0.64 and 0.94. For the ACE-FTS 386 
comparisons all the correlations between 100 hPa and 20 hPa are greater than 0.9. Interestingly, 387 
the correlations with ACE-FTS HCl are slightly higher than with MLS, although the difference is 388 
not large. We note, however, that the data sampling and temporal coverage differ between the two. 389 
 390 
The mean differences between the analysis and MLS N2O are between 1.64% and 6.55%, within 391 
or close to the MLS accuracy estimates. The difference standard deviations are between 10% and 392 
22% with lower values at higher pressures. These values are slightly larger than the reported 393 
precision estimates. The analysis–MLS correlations are 0.95 and higher at all levels. The average 394 
differences between the analysis and ACE-FTS N2O are negative between 70 hPa and 20 hPa, and 395 
range between 3% and 12%. The difference standard deviations are within 20% in that pressure 396 
range, comparable to the results reported by Errera et al. (2019) for BRAM2 in the Antarctic 397 
region. Larger discrepancies are seen at 10 hPa with the average difference close to 30%. A 398 
positive bias at 10 hPa is, in part, an expected result of a constraint forcing the analysis tracer 399 
concentrations to be non-negative, as required by the chemistry model, while many MLS N2O 400 
observations show strongly negative values in the middle stratosphere. Livesey et al. (2018) noted 401 
that ignoring the negatives leads to an overestimation of temporal and spatial averages. We 402 
currently have no solution to this issue. However, the 10 hPa pressure level lies above the main 403 
region of interest of this study. 404 
 405 
We provide further comparisons between the analysis and MLS data in Figure 5 discussed in 406 
Section 4.  407 
 408 
Table 2. Mean difference (analysis minus observations), difference standard deviations and 409 
correlations between MLS ozone, HCl, and N2O observations and collocated analysis at selected 410 
pressure levels. The mean difference and standard deviations are given relative to the mean MLS 411 
at each level. 90°S–30°S data between 1 July and 30 November 2019 are used. 412 

 Ozone HCl N2O 
Pressure 

[hPa] 
Mean 

difference 
[%] 

Difference 
standard 
deviation 

[%] 

R Mean 
difference 

[%] 

Difference 
standard 
deviation 

[%] 

R Mean 
difference 

[%] 

Difference 
standard 
deviation 

[%] 

R 

100 0.45 9.60 0.97 -15.41 43.47 0.88 - - - 
70 -0.08 6.11 0.99 -8.90 28.76 0.92 - - - 
50 0.81 4.51 0.99 -4.12 21.39 0.94 1.64 10.03 0.96 
30 0.15 2.75 0.99 -4.89 18.36 0.93 3.98 11.52 0.97 
20 -0.11 2.82 0.99 -6.73 16.31 0.94 4.10 14.13 0.97 
10 -0.46 3.20 0.99 -4.44 13.60 0.64 6.55 21.68 0.95 

 413 
 414 
 415 
 416 
 417 
 418 
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Table 3. Mean difference (analysis minus observations), difference standard deviations and 419 
correlations between ACE-FTS ozone, HCl, and N2O observations and collocated analysis at 420 
selected pressure levels. The Mean difference and standard deviations are given relative to the 421 
mean ACE-FTS at each level. 90°S–30°S data between 1 June and 30 September 2019 are used. 422 

 Ozone HCl N2O 
Pressure 

[hPa] 
Mean 

difference 
[%] 

Difference 
standard 
deviation 

[%] 

R Mean 
difference 

[%] 

Difference 
standard 
deviation 

[%] 

R Mean 
difference 

[%] 

Difference 
standard 
deviation 

[%] 

R 

100 -3.54 12.34 0.94 10.11 34.08 0.93 - - - 
70 0.04 9.22 0.95 -3.37 23.54 0.97 -1.48 16.37 0.76 
50 -2.34 8.05 0.96 -2.99 18.71 0.98 -12.11 12.8 0.92 
30 -2.64 6.55 0.98 -12.51 23.27 0.96 -2.48 15.87 0.96 
20 -2.36 6.23 0.98 -17.12 23.94 0.93 -3.87 19.39 0.97 
10 -4.44 5.31 0.98 8.14 13.85 0.53 27.93 35.52 0.97 

 423 

 424 
Figure 3. South Pole ozonesonde ozone partial pressure (black), MERRA-2 (purple) and GEOS 425 
CoDAS (red) profiles at seven selected dates during the austral winter and spring in 2018 (a) and 426 
2019 (b).  427 
 428 
Figure 3 shows seven selected ozone partial pressure profiles from the South Pole ozone sondes in 429 
2018 and 2019 between early August and late October, along with ozone from MERRA-2 and 430 
GEOS CoDAS. In 2018, the ozone partial pressures between 100 hPa and 40 hPa decreased to 431 
almost zero starting in late September. This is a typical evolution of the South Pole ozone in recent 432 
decades (Bell et al., 1999, their Figure 14). By contrast, the 2019 values in that layer remain at 5 433 
mPa or higher. The 8 September profile exhibits a pronounced maximum of about 12 mPa at 70 434 
hPa that was absent in 2018. In the following weeks, the deep layer between 200 hPa and 30 hPa 435 
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shows relatively very high values of at least 5 mPa. In both years there is an excellent agreement 436 
between the GEOS CoDAS analysis and the ozonesondes. MERRA-2 follows the ozonesondes 437 
closely with the exception of a slight overestimations between 100 hPa and 50 hPa on 19 and 25 438 
October 2018, which indicate an advantage in using a full chemistry model to represent Antarctic 439 
ozone loss away from observations (recall that there are no MLS data south of 82°S). 440 
 441 
The results shown above establish the uncertainties of the analysis ozone, HCl, and N2O. These 442 
uncertainties are the smallest for ozone, which is of main interest for this study. The following 443 
section examines the evolution of these tracers and provides process-based comparisons between 444 
the GEOS CoDAS analysis MLS data in a spatial and temporal context. 445 
 446 
4. Evolution of the analyzed polar vortex ozone: dynamics, transport, and chemistry 447 
 448 

 449 
Figure 4. Daily mean total ozone from GEOS CoDAS on 5 August, 8 September, 6 October, and 450 
24 October 2018 (a) and 2019 (b). The black contours indicate 220 Dobson units. Plotted are 451 
latitudes between 30oS and 90oS. 452 
 453 
Figure 4 compares the evolution of the GEOS CoDAS total ozone in 2018 and 2019. The dates are 454 
close to those shown in Figure 3 for the South Pole ozonesondes. In early August, before the ozone 455 
hole had formed and before the 2019 vortex and temperature morphology departed substantially 456 
from climatology, the geographical distribution of total ozone was similar in both years. The 457 
situation was quite different in September and October: while in 2018 the ozone hole covered 458 
almost all of Antarctica, in 2019 its area was less than 50% of that in the preceding year, irregular 459 
in shape and shifted off the South Pole (the pole was inside the ozone hole but near its edge on 6 460 
October), consistent with the ozonesonde soundings shown in Figure 3. In addition, the total ozone 461 
values within the ozone hole in October were larger in 2019 than in 2018. The area-averaged ozone 462 
column within the 220 DU contour was 158.4 DU on 6 October 2018 and 165.4 DU on 24 October 463 
2018. The corresponding numbers for 2019 are 190.1 DU and 200.3 DU, respectively. 464 
 465 
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 466 
Figure 5.	Maps of analysis ozone (a), HCl (b), and N2O (c) on the 520-K isentropic surface on 5 467 
August, 8 September, 6 and 24 October 2019. The circles show locations and values of the 468 
assimilated MLS observations. The black contours mark the edge of the polar vortex.  469 
 470 
Figure 5 shows 12 UTC ozone, HCl, and N2O on the 520-K isentropic surface (inside the polar 471 
vortex, that correspond to altitudes between 20 km and 22 km above the mean sea level) on the 472 
same four dates in 2019. It also plots the MLS measurements of these constituents within ±3 hours 473 
of the analyses. As expected from chemical depletion, a decline of the vortex ozone is evident 474 
between 5 August and 6 October. It is also clear that the polar vortex at this isentropic level was 475 
disturbed and decentered in October compared to early August. On 8 September the vortex was 476 
not yet much deformed, but it had already shifted off the pole towards the eastern South Pacific. 477 
Hydrogen chloride was almost completely depleted within the vortex on 5 August, consistent with 478 
full chlorine activation. On 8 September HCl exhibited slightly larger mixing ratios and some 479 
evidence of dispersal through the vortex edge, indicated by depressed values between 60°E and 480 
120°E and coincident with an irregularity of the vortex edge, indicative of a distortion of the PV 481 
field at 520 K. Evidence of some dispersal of the vortex material is also seen in the ozone field 482 
(Figure 5a) in the form of a local displacement of the high ozone “collar” from the vortex edge 483 
corroborated by the MLS data. By 6 and 24 October the HCl mixing ratios inside the vortex had 484 
increased from near-zero values to 2 ppbv – 2.5 ppbv and to over 3 ppbv, respectively, indicative 485 
of chlorine deactivation (see our discussion of Figure 14 below). The polar vortex N2O exhibited 486 
a gradual decrease, starting with depressed values in the vortex core in August and September and 487 
reaching uniformly low mixing ratios in October. This was associated with a sharpening of the 488 



 15 

N2O gradient across the edge as the midlatitude values remained unchanged. This slow decrease 489 
is consistent with diabatic descent of the vortex air typical for both Antarctic and Arctic winters 490 
that leads to a partial replenishment of chemically depleted lower-stratospheric ozone by ozone-491 
rich air from higher altitudes. A signature of the dispersal seen in HCl and ozone on 8 September 492 
is also present in N2O. 493 
 494 
The analysis ozone and N2O in Figure 5 are in excellent agreement with the MLS data that were 495 
assimilated. For HCl, the MLS observations show considerably more variability than the analysis 496 
does. This is especially evident, but not limited to, the interior of the polar vortex. A detailed 497 
analysis (not shown) reveals that the HCl data from MLS exhibit a considerably flatter power 498 
spectrum than that derived from ozone measurements, indicative of more variability at small 499 
spatial scales. As those variabilities are controlled primarily by transport, different power spectra 500 
for different tracers likely reflect noise in the HCl data. This assertion is consistent with larger 501 
relative uncertainties in the MLS HCl compared to ozone (Livesey et al., 2018). As the assimilation 502 
algorithm takes these uncertainties into account, the HCl data are given proportionally less weight 503 
than the ozone observations. As a result, the analysis tracer spectra, unlike the observed ones, are 504 
very similar between ozone and HCl. For an animated version of Figure 5 see Movie S1. The 505 
animation shows the three species and water vapor at four isentropic levels between 520 K and 506 
800 K. 507 
 508 

 509 
Figure 6.  Assimilated constituent mixing ratios on the 520-K isentrope as functions of time and 510 
equivalent latitude for 2018 (a, c, and e) and 2019 (b, d, and f). Shown are ozone (a and b), HCl 511 
(c and d), and N2O (e and f). The black lines mark the edge of the polar vortex. 512 
 513 
Figure 6 illustrates the evolution of ozone, HCl, and N2O on the 520-K isentropic surface as a 514 
function of equivalent latitude in 2018 and 2019. The vortex ozone between equivalent latitudes 515 
90oS and 70oS (Figure 6a and b) in both years exhibits mixing ratios between 2.3 ppmv and 2.9 516 
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ppmv until mid-August. There is a clear signature of rapid chemical depletion starting around 15 517 
August, first near 70oS equivalent latitude and, by 1 September, throughout the vortex. The onset 518 
of ozone depletion in the vortex core occurred about two weeks sooner in 2019 than in 2018. Both 519 
years featured a pronounced ozone collar with mixing ratios up to 3.9 ppmv around the polar vortex 520 
edge. In 2018 the vortex reached its maximum extent (58oS) in August. That was followed by a 521 
gradual shrinking to 70oS at the end of November. In 2019, the maximum vortex extent was 60oS 522 
in August. The SSW resulted in a rapid decrease by mid-September. The polar vortex had 523 
disintegrated by the end of November 2019 (one to two months earlier than typically seen in the 524 
Antarctic lower stratosphere, e.g., Manney et al. 2005).  Hydrogen chloride (Figure 6c and d) 525 
underwent a fast conversion into active chlorine, as indicated by its rapid depletion inside the polar 526 
vortex in both years. Slightly elevated concentrations of HCl were seen in the vortex core until 527 
July. Rapid chlorine deactivation, indicated by the increase in the HCl concentrations, occurred at 528 
this isentropic level in late September 2018 and mid-September in 2019. The polar vortex N2O 529 
concentrations (Figure 6e and f) exhibited a gradual decrease throughout the austral summer and 530 
spring in both years, consistent with diabatic descent of N2O-poor mid- and upper-stratospheric 531 
air. As lower-stratospheric N2O is chemically inactive on the timescales of interest, it serves as an 532 
excellent transport tracer. There is no evidence of significant irreversible isentropic mixing of air 533 
at the 520-K potential temperature level until late November 2019 during the final warming.  534 
 535 

 536 
Figure 7. N2O mixing ratio averaged within the polar vortex as a function of time and potential 537 
temperature for 2018 (a), 2019 (b), and the difference of the two (c). The contours in (a) and (b) 538 
represent the vortex-averaged geopotential height in kilometers. The dashed contour in (c) 539 
represents zero difference. The periods in 2018 for which MLS data do not exist are indicated by 540 
hatching.   541 
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The polar vortex ozone budget is determined by chemical depletion and dynamical resupply, 542 
mainly from diabatic descent of ozone-rich upper air and, to a much lesser extent, from mixing 543 
across the vortex edge (Manney et al., 1995a; Manney et al., 2015; Livesey et al., 2015; Strahan 544 
et al., 2016). Figure 7 shows the vortex average mixing ratio of assimilated N2O as a function of 545 
time and potential temperature in 2018 and 2019 and the difference of the two. The plots in this 546 
figure and in Figures 8, 9, 12, and 13 also show the average vortex geopotential height contours. 547 
Unlike our other figures, this one is cut off at the 520-K isentropic level in order to show only 548 
those levels at which N2O is assimilated (pressures greater than or equal to 68 hPa). The minor 549 
SSW resulted in a significant downward shift of the isentropes in 2019 compared to 2018. By late 550 
October the isentropic surfaces above 400 K were located about 1 km lower in 2019 than in the 551 
previous year. The gradual decline in N2O concentrations seen in Figure 7 in both years, especially 552 
at the lower levels, is a signature of diabatic descent. A comparison of Figure 7 with a similar time 553 
series of N2O derived directly from MLS observations (see, for example Santee et al., 2008) reveals 554 
some important differences. The analysis N2O does not exhibit a significant signature of descent 555 
above 650 K between June and September in both 2018 and 2019, compared to, for example, 556 
Santee et al. (2008), their Figure 11. This is likely due to the analysis not reflecting the negative 557 
N2O mixing ratios in the MLS data as well as the fact that the N2O mixing ratios at those levels 558 
are often consistent with zero within the observation uncertainties. As a result, the vertical gradient 559 
is not accurately reproduced by the assimilation (or, indeed, MLS N2O observations) above 560 
approximately 650 K. Consequently, the analysis N2O is not a good indicator of mean diabatic 561 
transport in the middle-stratospheric polar vortex. However, we note that these levels lie above the 562 
layer of maximum ozone depletion.  Figure 7c shows a broad descending pattern of negative 563 
differences between 2019 and 2018 N2O starting in mid-September below 600 K, indicative of a 564 
stronger diabatic descent in 2019. This is consistent with increased radiative cooling following the 565 
SSW-induced temperature increase. This rapid descent is evident in Figure 7b between early 566 
September and late October and extends down to at least the 520-K isentropic level.  567 
 568 
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 569 
Figure 8. Ozone mixing ratio averaged within the polar vortex as a function of time and potential 570 
temperature for 2018 (a), 2019 (b), and the difference of the two (c). The contours in (a) and (b) 571 
represent the vortex-averaged geopotential height in kilometers. The times and levels where the 572 
equivalent latitude of the vortex edge is south of 87oS (the vortex area of less than 0.001 of the 573 
earth’s surface) are shown in white. The periods in 2018 for which MLS data do not exist are 574 
indicated by hatching.   575 
 576 
Figure 8 plots the average polar vortex ozone mixing ratios in 2018 and 2019 as functions of time 577 
and potential temperature. The values between 400 K and about 600 K rapidly decreased between 578 
mid-August and mid-September in both years. The vertical pattern of this decrease is similar to 579 
that reported by Santee et al. (2008) for the 2005 Antarctic winter (their Figure 11). Figure 8c 580 
shows the difference between the 2019 and 2018 average vortex ozone mixing ratios relative to 581 
the 2018 values. These differences result from different chemistry as well as the different rate of 582 
ozone resupply through diabatic descent. There was a descending pattern of negative (the 2019 583 
ozone is lower) differences from June to September, culminating in an early September minimum 584 
located between 550 K and 600 K. This pattern reflects lower average ozone in the middle and 585 
upper portion of the polar vortex in 2019, brought downward by slow diabatic descent, and a larger 586 
vertical extent of chemical depletion in 2019 as discussed below (Figure 13; see also Figure S1). 587 
The vortex average ozone in 2019 was very close to the 2018 values in October and November. 588 
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The largest differences of only up to 0.3 ppmv, centered at 400 K, were small compared to about 589 
2.5 ppmv overall decline in ozone between June and October. Until the end of September, the 2019 590 
ozone in the lower portion of the vortex was not larger than it was in 2018. This may seem 591 
inconsistent with the results seen in Figure 1, showing 2019 ozone hole areas rapidly diverging 592 
from the 2018 values as early as in late August. The reasons for this apparent discrepancy are a 593 
substantial difference in the polar vortex size between the two winters, evident in Figure 9 and in 594 
the vertical alignment of the vortex (Figure 10). We will now discuss these two factors in detail.  595 
 596 

 597 
Figure 9. Polar vortex area as a function of time and potential temperature for 2018 (a), 2019 (b), 598 
and the difference of the two, relative to the 2018 average (c). The areas are shown as fractions 599 
of the Earth’s surface area. The contours in (a) and (b) represent the vortex-averaged geopotential 600 
height in kilometers. The contours in (c) are spaced by 10%, negative relative differences are 601 
shown as dashed lines. The times and levels where the equivalent latitude of the vortex edge is 602 
south of 87oS (the vortex area of less than 0.001 of the earth’s surface) are shown in white. 603 
 604 
The 2019 areas on the isentropic surfaces between 360 K and 800 K (Figure 9) were within 10% 605 
of those in 2018 until the end of July. In August the 2019 areas above 550 K were 10%–20% 606 
smaller than in 2018. Following the onset of the SSW at the August-September boundary, the 2019 607 
vortex areas decreased rapidly. By mid-September, the areas between 600 K and 800 K reached 608 
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about 3% of the Earth’s surface area in late September, about one half of the 2018 values. Since at 609 
those levels ozone mixing ratios are much higher outside the polar vortex than inside of it, it is 610 
reasonable to expect that the size of the ozone hole (defined through a vertical integral of the 611 
mixing ratio) is in part controlled by the spatial extent of the vortex. We explore this in Figure 10, 612 
similar to a plot in Hoppel et al. (2003) for the anomalous 2002 Antarctic ozone hole.  613 
 614 

 615 
Figure 10. Positions of the polar vortex edges on the isentropic surfaces between 360 K and 800 616 
K and the edge of the ozone hole on 5 August, 8 September, 6 and 24 October of 2018 (a) and 617 
2019 (b). Plotted are latitudes between 30oS and 90oS. 618 
 619 
The plots show the 2018 and 2019 polar vortex edges at 12 isentropic surfaces between 360 K and 620 
800 K in 40 K increments, along with the edge of the ozone hole (220 DU) on 5 August, 8 621 
September, and 6 and 24 October. On 5 August, the vortex extended over the entire Antarctic 622 
continent, it was nearly circular and slightly widening with height. While an ozone hole had not 623 
yet formed, two miniholes (Newman et al., 1988; Hood et al., 2001; Iwao and Hirooka 2006) were 624 
present, nested in dents of the 360-K vortex edge associated with anticyclonic anomalies in the 625 
upper troposphere - lower stratosphere. More of these dynamically driven low ozone patches are 626 
seen in an animated version of Figure 10 (Movies S2 and S3). The situation on 8 September was 627 
dramatically different. The 2019 polar vortex exhibited a westward tilt, with the base (360 K – 520 628 
K) wider and more irregular than the middle stratospheric layer (560 K – 800 K) that was displaced 629 
toward South America (the vortex was shaped like a tilted cone). The ozone hole edge was highly 630 
irregular and positioned underneath the middle-to-upper portion of the vortex (600 K and above). 631 
The evolution of the polar vortex from that point on involved shrinking in size and further tilting 632 
(see Movie S2). Crucially, the ozone hole boundary tended to be aligned with the intersection of 633 
the vortex edges up to at least 760 K, rather than with the lower portion of the vortex where most 634 
of the ozone loss occurs.  This was also the case in the undisturbed 2018 case (Figure 10a).  635 
 636 
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 637 
Figure 11. (a and b) 2018 and 2019 time series of 90°S–85°S ozone profiles in DU per km as 638 
functions calculated on potential temperature levels and shown as functions of the average 639 
pressure between 250 hPa and 5 hPa. The contours show the corresponding sPV time series. (c) 640 
the 2019-2018 ozone difference calculated on potential temperature levels; the y-axis shows the 641 
corresponding average 2019 pressures. The light blue and cyan dots mark the times and levels 642 
where the edge of the polar vortex passes over the south pole in 2019, and 2018, respectively. (d) 643 
90°S–85°S ozone vertically integrated between 300 K and 1200 K in 2018 (blue) and 2019 (red). 644 
 645 
These results indicate significant contributions of the entire 400 K – 800 K ozone profile to the 646 
integrated column abundances: a vortex tilt results in layers of relatively high mid-stratospheric 647 
midlatitudinal ozone concentrations sliding over the chemically depleted LS region, raising the 648 
total column values above the 220 DU threshold. This is similar to the effect that the polar vortex 649 
geometry had on total ozone during the 2002 SSW (e.g., WMO 2006). We illustrate the role of the 650 
vortex geometry in Figure 11, which shows the 2018 and 2019 evolution of the ozone profile over 651 
the south pole (the 90°S–85°S average) along with the difference between the two years (Figure 652 
11c) and the vertical integrals between 300 K and 1200 K (Figure 11d). The profiles are shown in 653 
Dobson units per kilometer to help the reader estimate the contributions of ozone in different 654 
layers. Until the end of August there was very little difference between the 2018 and 2019 profiles 655 
and between the integrated columns, but the differences grew rapidly in September. It is clear from 656 
Figure 11c that the September differences were largely due to increased ozone at 800 K and above 657 
(pressures 20 hPa and less) and were associated with a passage of the vortex edge over the South 658 
Pole, marked by a blue dotted line in Figure 11c. This is very similar to the 2002 ozone hole 659 
evolution following the vortex split event (Kondragunta et al., 2005). The very large differences 660 
between the two years in October and November resulted from higher 2019 ozone throughout the 661 
vortex at that time: the absence of strong depletion between 360 K and 550 K, and enhanced values 662 
aloft. The latter were, again, linked to the position of that portion of the 2019 vortex. In particular, 663 
we note the very large differences between 550 K and 800 K (30 hPa – 10 hPa) in November, 664 
when the pole was outside the polar vortex in 2019 but inside of it in 2018. 665 
 666 
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 667 
Figure 12. Fraction of the polar vortex area with temperatures below TNAT as a function of time 668 
and potential temperature for 2018 (a), 2019 (b), and the difference of the two (c). The contours 669 
in (a) and (b) represent the vortex-averaged geopotential height. The times and levels where the 670 
equivalent latitude of the vortex edge is south of 87oS (the vortex area of less than 0.001 of the 671 
earth’s surface) are shown in white. 672 
 673 
We now turn to the factors that directly control the ozone chemistry: the vortex temperature and 674 
its relationship with chlorine activation. Figure 12 shows the fraction of the polar vortex with 675 
temperatures less than or equal TNAT as a function of potential temperature and time in 2018 and 676 
2019, and their difference. In June and July there was a large potential for PSC formation between 677 
360 K and 700 K in both years. Sufficiently low temperatures extended over up to 80% of the polar 678 
vortex area. In 2019, these low temperatures persisted in the entire layer throughout August, 679 
whereas in 2018 the vortex fraction below TNAT began to decrease between 600 K and 700 K and 680 
continued to gradually decrease until the beginning of November. In contrast, in 2019 the TNAT 681 
area declined sharply to nearly zero above 500 K over the course of about three weeks, starting at 682 
the beginning of September, coincident with the SSW. The difference plot (Figure 12c) makes 683 
evident a sharp contrast between the 2019 and 2018 cases: while during August the TNAT area 684 
differences were within 10% of the vortex area (larger in 2019 above 600 K and slightly smaller 685 
below that level), in September, the differences reached 50% within the first two weeks.   686 
 687 



 23 

 688 
Figure 13. HCl mixing ratio averaged within the polar vortex as a function of time and potential 689 
temperature for 2018 (a), 2019 (b), and the difference of the two (c). The contours in (a) and (b) 690 
represent the vortex-averaged geopotential height. The times and levels where the equivalent 691 
latitude of the vortex edge is south of 87oS (the vortex area of less than 0.001 of the earth’s surface) 692 
are shown in white. The periods in 2018 for which MLS data do not exist are indicated by 693 
hatching.   694 
 695 
This evolution of the lowest vortex temperatures is consistent with the behavior of the average 696 
vortex mixing ratios of HCl (Figure 13), which we use as a proxy for chlorine activation. The 697 
initial HCl values in early June were lower in 2019 than in 2018 by up to 0.4 ppbv. The negative 698 
differences seen in Figure 13c between 600 K and 750 K indicate stronger chlorine activation in 699 
2019 and are consistent with larger areas below TNAT in that layer (see Figure 12c). This is 700 
particularly evident at the end of August and in early September when the low temperatures 701 
extended higher in 2019 than in the preceding year. Positive 2019-2018 HCl differences of up to 702 
0.7 ppbv in the 400 K – 550 K layer in late August provide evidence that chlorine deactivation 703 
occurred about two weeks earlier in 2019 than it did in 2018, again, consistent with the TNAT 704 
results.  705 
 706 
We estimate the chemical contribution to the polar vortex ozone change using a variation of the 707 
passive tracer subtraction method introduced by Manney et al. (1995a, b). We use the additional 708 
assimilation experiments with an idealized passive tracer initialized with the assimilated ozone on 709 
30 May. As this passive “ozone” is subject to transport only, the chemical contribution to ozone 710 
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changes can be calculated by differencing it with the assimilated ozone. This approach comes with 711 
two caveats. First, constituent assimilation corrects for inaccuracies in both the model chemistry 712 
and transport, and there is no clear way to separate the two. Therefore, some of the differences 713 
between the passive tracer and ozone result not from chemistry but from transport errors. We will 714 
return to this point in Section 5. Second, the difference between the assimilated ozone and the 715 
passive tracer shown below should not be interpreted simply as a result of local ozone depletion. 716 
Instead, they represent the cumulative effect of potentially complex chemistry (not only chemical 717 
ozone loss in the lower stratosphere, but also chemical production in the middle and upper 718 
stratosphere) along air parcel trajectories between 30 May and any given date. As such, these 719 
differences are not independent of transport.  720 

 721 
Figure 14.  Difference between assimilated ozone and the passive tracer mixing ratio as functions 722 
of time and potential temperature in 2018 (a) and 2019 (b), and the difference between the two 723 
(c).  The contour spacing in (c) is 0.25 ppmv. The periods in 2018 for which MLS data do not exist 724 
are indicated by hatching.  725 
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 726 
Figure 15. Difference between assimilated ozone and the passive tracer mixing ratio at 480 K (a) 727 
and 520 K (b) as functions of time for 2018 (black) and 2019 (red). The periods in 2018 for which 728 
MLS data do not exist are indicated by hatching.   729 
 730 
The results of passive tracer subtraction are shown in Figures 14, 15, and 16 for 2018 and 2019. 731 
Figure 14 shows the vortex averaged differences between the assimilated ozone and the passive 732 
tracer as functions of potential temperature and time. It also plots the difference between the two 733 
years. In both, 2018 and 2019 there were descending layers of negative differences resulting from 734 
gas-phase chemistry between 600 K and 800 K from July and September. Non-negligible ozone 735 
depletion in that layer is in agreement with the findings of Livesey et al. (2015) (their Figure 6), 736 
however it does not significantly contribute to vortex-integrated loss, as shown in our discussion 737 
of Figure 16 below. The impact of heterogeneous chemistry on the ozone mixing ratios was largest 738 
between 400 K and 600 K starting in August, consistent with catalytic destruction of ozone by 739 
chlorine activated on the surfaces of PSCs. The maximum loss occurred at about 500 K starting 740 
mid-September in both years. Figure 15, which shows the impacts of chemistry at 480 K and 520 741 
K, reveals that the intensity of ozone depletion was slightly greater in 2019 than in 2018, reaching 742 
2.5 ppm at both levels at the end of September. These results are quantitatively similar to the 743 
chemical ozone depletion estimates obtained by Livesey et al. (2015) using a match-based method 744 
(their Figure 6). However, we note that that technique produced estimates based on 15-day 745 
trajectories, in contrast to our approach that implicitly folds in the entire “chemical history” of air 746 
parcels, as explained above. Figure 14c clearly shows the impact of the different dynamical 747 
conditions between the two years on the vortex chemistry above 600 K. As seen in Figure 10 the 748 
mid-stratospheric portion of the vortex was strongly displaced towards the midlatitudes, and, 749 
consequently, more exposed to sunlight (Movie S3). In addition, in 2019 there was a strong 750 
diabatic descent in that layer associated with the SSW that lasted through October and transported 751 
photochemically ozone-enriched air from the upper stratosphere (Figure S1). To summarize the 752 
results shown in Figures 14 and 15, the overall impact of chemistry on the 2018–2019 vortex-753 
averaged ozone differences was large above 600 K but fairly small in the lower portion of the 754 
vortex, where the effects of early chlorine deactivation were not seen until late September, and 755 
even then only around 400 K. 756 
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 757 
Figure 16. Time series of the change in the polar vortex ozone content in moles due to chemical 758 
processes, calculated using the passive tracer subtraction method. The top two panels show the 759 
ozone change in moles per degree Kelvin between 360 K and 800 K for 2018 (a) and 2019 (b). 760 
The total vortex ozone change computed by integrating over the layers is shown in panel (c) for 761 
2018 (blue) and 2019 (red). The black line is the difference between the two. The periods in 2018 762 
for which MLS data do not exist are indicated by hatching.   763 
 764 
Next, we examine the assimilated ozone – passive tracer differences expressed in moles of ozone 765 
per 1-K isentropic layer (Figure 16). This method of presentation combines the ozone changes due 766 
to chemistry and the effects of the changing polar vortex area at each layer and, unlike the average 767 
mixing ratio, provides a measure of the ozone content changes integrated over the entire lower and 768 
middle-stratospheric polar vortex.  Unlike the previous figures in this study, Figure 16 covers the 769 
period from July to November as the impacts of chemistry were small in June. In both years, the 770 
largest changes occurred in the lowest portion of the vortex because of a relatively high air density 771 
there. There was a gradual decrease in the ozone content between August and mid-September in 772 
both 2018 and 2019. In 2018, that tendency continued until the end of September, and the 773 
ozone/passive tracer differences remained approximately constant for about a month thereafter. In 774 
contrast, in 2019 the differences started increasing (becoming less negative) in the second half of 775 
September and continued to increase slowly throughout October. A comparison with Figures 9 776 
and 13 suggests that this increase was due to the shrinking size of the polar vortex followed by 777 
early termination of chemical depletion. Figure 16c shows the ozone–passive tracer difference 778 
summed between 360 K and 800 K. The evolution of the vortex ozone content was almost identical 779 
between the two winters until mid-September, resulting in a total ozone loss of 200×1010 moles. 780 
By early October the loss reached approximately 270×1010 moles in 2018 but the 2019 ozone had 781 
begun to recover. At the end of November, the 2019 ozone-passive tracer difference was back to 782 
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nearly zero while in 2018 it was 180×1010 moles or 66% of the maximum loss.  The combined 783 
effects of differences in chemical loss, diabatic descent, and the vortex size led to the vortex ozone 784 
content decrease at the end of October 2019 at 60% of that in 2018. These numbers do not translate 785 
directly into the size of the ozone hole (Figure 1), which in 2019 was 60% of that in 2018 already 786 
at the beginning of September and 25% of that in 2018 by the end of October. These results indicate 787 
a dominant role of the three-dimensional vortex geometry in the anomalously low total ozone 788 
column and the ozone hole size in 2019, as elaborated in our discussion of Figure 10.  789 
 790 
5. Uncertainties related to transport 791 
The ozone loss estimates presented in the previous section come with uncertainties primarily 792 
related to model transport errors in the passive ozone tracer. Transport errors arise from 793 
inaccuracies in both diabatic motions within the polar vortex and mixing across the vortex edge. 794 
Consequently, they are difficult to estimate using the available suite of tracers and data. In this 795 
section, we only attempt a somewhat crude estimate of transport errors resulting from vortex-796 
averaged diabatic processes within the vortex. As suggested by Figures 4 and 5, mixing, while 797 
present, plays a relatively small role below the 600 K potential temperature level where most ozone 798 
depletion occurs. We calculate approximate vortex-averaged rates of descent from assimilated N2O	799 
and	 a	 separate	 experiment,	 in	which	 N2O	was	 “passive”	 (not	 assimilated)	 and	 apply	 the	800 
differences	between	the	two	(representing	estimates	of	vertical	motion	errors)	to	the	vortex-801 
averaged	passive	ozone	tracer	gradients.		802 
	803 
	804 
	805 
	806 
	807 
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 808 
Figure 17. Left column: approximate vortex-averaged rate of diabatic motion estimated from 809 
assimilated (solid) and passive (dotted) N2O in 2018 (blue) and 2019 (red) at 620 K (a), 580 K (c), 810 
and 540 K (e). Negative values correspond to descent.  Right column: The differences in diabatic 811 
motion rates between passive and active N2O multiplied by passive ozone vertical gradients 812 
integrated in time between 1 June and a given time in 2018 and 2019 at 620 K (b), 580 K (d), and 813 
540 K (f). These values estimate the passive ozone tracer errors resulting from transport. Positive 814 
numbers indicate that the passive tracer mixing ratio is likely underestimated.  815 
	816 
We	 show	 the	 results	 in	 Figure	 17.	We	 note	 several	 caveats.	 First,	 the	 notion	 of	 vortex-817 
averaged	diabatic	descent	rate,	while	used	in	previous	ozone	loss	estimates	(Manney	et	al.,	818 
2006;	Jin	et	al.,	2006;	WMO	2007)	is	an	approximate	one	as	it	relies	on	the	assumption	that	819 
the	actual	descent	rate	varies	little	across	the	vortex	area	at	any	given	isentropic	level	(Ray	820 
et	al.,	2002;	Plumb	et	al.,	2007)	and	that	mixing	across	the	vortex	edge	is	negligible	(Livesey	821 
et	al.	2015).	Because	of	differential	vertical	motion	as	well	as	mixing,	mean	diabatic	rates	822 
calculated	 from	 different	 tracers	 will	 in	 general	 be	 different.	 Second,	 by	 applying	 the	823 
estimated	errors	in	diabatic	rates	to	the	passive	ozone	tracer	gradients	we	implicitly	assume	824 
that	these	gradients	and	their	evolution	are	correct.	Third,	the	vertical	range	within	which	825 
N2O	 is	 useful	 for	 these	 calculations	 is	 limited,	 as	 explained	 in	 the	discussion	of	 Figure	7.	826 
Because	of	these	factors	our	confidence	in	these	calculations	is	limited	and	we	present	them	827 
mainly	as	a	first	step	toward	uncertainty	analysis	for	future	chemical	ozone	loss	estimates.	828 
Panels a, c, and e of Figure 17 show vortex-averaged diabatic transport rates, defined as the rate 829 
of change of potential temperature, calculated from passive and assimilated N2O.	The	rates	were	830 
mainly	negative	indicating	diabatic	descent,	reaching	up	to	about	2	K	per	day	before	the	2019	831 
SSW.	Following	the	onset	of	the	SSW,	there	was	a	rapid	acceleration	of	the	descent,	with	the	832 
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rates	 reaching	 –6	 K	 per	 day	 at	 the	 620	 K	 level.	 That	 acceleration	 was	 significantly	833 
underestimated	 by	 the	model	 transport	 driven	 by	 assimilated	winds,	 as	 seen	 in	 the	 red	834 
dotted	lines	representing	passive	N2O.	This	underestimate	is	consistent	with	the	behavior	of	835 
the	residual	circulation	in	a	GEOS	model	simulation	of	the	2009	Arctic	SSW	(Wargan	and	Coy,	836 
2016).	The	right-hand	side	panels	of	Figure	17	show	the	estimated	cumulative	errors	in	the	837 
passive	ozone	tracer	mixing	ratios	 in	2018	and	2019.	Positive	values	 indicate	 insufficient	838 
diabatic	descent	and	translate	into	underestimates	of	chemical	ozone	depletion	in	Figures	839 
14,	15,	and	16.	The	errors	are	largest	at	620	K	(up	to	1	ppmv	or	80%	more	ozone	depletion)	840 
and	smallest	at	540	K	(no	greater	than	0.3	ppmv	or	15%	more	depletion).	We	note	however,	841 
that	the	magnitude	of	ozone	depletion	in	terms	of	the	molar	content	(Figure	16)	at	520	K	is	842 
at	most	25%	of	that	at	the	peak	level,400	K.	At	620	K	the	number	is	only	10%.		Assuming	that	843 
the	magnitude	of	the	error	continues	to	decrease	with	decreasing	potential	temperature,	the	844 
resulting	 underestimate	 of	 ozone	 depletion	 is	 relatively	 small.	 Furthermore,	 the	 relative	845 
magnitude	 and	 sign	 of	 the	 errors	 in	 2019	 and	 2018	 suggest	 that	 the	 depletion	 is	846 
underestimated	slightly	more	in	2019	than	in	2018,	strengthening	our	conclusion	that	the	847 
vortex	averages	of	chemically	depleted	ozone	in	2019	and	2018	were	similar	in	both	years,	848 
and	the	main	impacts		of	the	SSW	on	ozone	came	from	the	vortex	geometry	and	volume. 849 
 850 
6. Conclusions 851 
We have used a novel configuration of the GEOS data assimilation system with a chemistry model 852 
to analyze the anomalous evolution of the Antarctic polar vortex ozone associated with the minor 853 
SSW that occurred in late August – early September 2019 and compare it with the more typical 854 
case of 2018. Assimilation of ozone, HCl and N2O data from the MLS instrument into GEOS 855 
driven by meteorological analyses from the MERRA-2 reanalysis allowed a comprehensive study 856 
of the dynamical and chemical factors that directly influenced the 2019 Antarctic ozone. This work 857 
is the first one to explore the utility of the recently developed stratospheric chemical data 858 
assimilation capability in GEOS for scientific inquiry. It is a part of an ongoing effort to produce 859 
a mission-long reanalysis of MLS constituent observation. 860 
 861 
We summarize our main findings as follows. 862 

● The area of the 2019 ozone hole started diverging from the MERRA-2 climatology and the 863 
2018 case at the beginning of September. The area stayed between 5×106 km2 and 10×106 864 
km2 in September and October 2019, compared to 20×106 km2 and 25×106 km2 in 2018. 865 

● The combined effects of chemistry and diabatic descent (stronger in 2019) contributed to 866 
very similar magnitude of ozone depletion in the 360 K – 600 K layer in both years; in fact, 867 
somewhat stronger depletion (between 0.25 ppmv and 0.5 ppmv) occurred in 2019 between 868 
500 K and 600 K in September. 869 

● Vortex size (smaller in 2019) had a larger effect than chemistry did. Chemical depletion 870 
together with the differences in the size of the 2019 and 2018 vortices, the cumulative end 871 
of October vortex ozone loss in 2019 was 60% of that in 2018 (Figure 16c). 872 

● The anomalous geometry of the polar vortex (its tilt and decrease in size with altitude) 873 
accounted for all of the difference in the ozone hole area between 2018 and 2019 during 874 
the first half of September and more than half of the difference afterward.  875 

 876 
The fact that the vortex-averaged LS chemical ozone depletion in 2019 was not significantly 877 
different than that in 2018 until mid-September resembles the findings of Sinnhuber et al. (2003), 878 
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who estimated chemical depletion south of 60oS for the major SSW year 2002 and found it to not 879 
be significantly different than that in the more typical years 2000 and 2001, and attributed all of 880 
the difference between the polar ozone in 2002 and other years to dynamics. Weber et al. (2003) 881 
reached similar conclusions based on an analysis of observed OClO column amounts. Hoppel et 882 
al. (2003) estimated the 2002 chemical ozone loss within the vortex to be about 20% lower than 883 
in typical years after the SSW occurred. These findings are compatible with ours for the 2019 884 
austral summer/spring season. Similarly, the dominant role of the overlaying of the ozone-rich 885 
upper-stratospheric air in the anomalously small ozone hole area was previously identified for the 886 
2002 case by Allen et al. (2003), Kondragunta et al., 2005, Randall et al. (2005), and Yela et al. 887 
(2005). These findings were summarized in WMO (2007). These similarities may seem 888 
remarkable, given the ‘minor’ character of the 2019 SSW, compared to the major SSW of 2002. 889 
However, we reiterate that the 2019 event was significant.  A NH vortex disturbance as far outside 890 
the climatological envelope as the 2019 SH event would entail a 10 hPa 60oN average wind 891 
reversal, and it would fall under the category of a major SSW.  Echoing a study of the 2014/2015 892 
Arctic polar winter by Manney et al. (2015), the 2019 event can be regarded as a minor sudden 893 
stratospheric warming with a major impact. 894 
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