10

15

20

https://doi.org/10.5194/egusphere-2025-873
Preprint. Discussion started: 6 May 2025 G
© Author(s) 2025. CC BY 4.0 License. E U Sp here

Quantifying the contribution of transport to Antarctic springtime
ozone column variability

Hannah E. Kessenich!, Annika Seppili!, Dan Smale?, Craig J. Rodger', and Mark Weber?

'Department of Physics, University of Otago, Dunedin, New Zealand
ZNational Institute of Water and Atmospheric Research, Lauder, New Zealand
3Institut fiir Umweltphysik, Universitidt Bremen FB1, Bremen, Germany

Correspondence: Hannah E. Kessenich (hannah.e.kessenich@gmail.com)

Abstract.

Quantifying chemical and dynamical drivers of Antarctic ozone variability remains important while stratospheric chlorine
levels gradually reduce and the ozone hole recovers in response. While chemistry dominates the formation of the ozone hole in
September, the role of dynamics grows as the spring season progresses. To improve our ability to characterize the dynamical
impacts on Antarctic total column ozone (TCO), we use MLS/Aura observations of carbon monoxide to trace the path of an air
parcel that originates in the mesosphere and descends into the springtime polar vortex. We define a new metric, the Mesospheric
Parcel Altitude (MPA), which measures the altitude of the descending mesospheric air parcel at the end of October. The MPA
is highly correlated with October TCO and functions as a diagnostic tool, capturing the dynamical state of the inner-vortex.
Based on the MPA, we classify October ozone holes from 2004-2024 into three mesospheric descent types (Strong, Regular,
and Weak) and provide a formula to estimate the magnitude of horizontal ozone transport (poleward of 70°S and between
17-27 km) during a given October. A higher MPA (>26.5 km) indicates Weak descent, reduced ozone transport, and a larger,
longer-lived ozone hole. A lower MPA (<25 km) indicates Strong descent, increased ozone transport, and a smaller, shorter-
lived ozone hole. When the MPA is used as a proxy for polar cap TCO, approximately 63% of the observed variance during

October is explained by the metric.

1 Introduction

The Antarctic ozone hole has been a yearly phenomenon since its discovery in the 1980’s (Chubachi, 1985; Farman et al.,
1985; World Meteorological Organization, 2022). Complete recovery due to gradually declining stratospheric chlorine levels
is projected to occur between 2060-2090 (Dhomse et al., 2018; World Meteorological Organization, 2022; Robertson et al.,
2023). Early signs of ozone hole recovery have been identified (Solomon et al., 2016; Stone et al., 2018, 2021; Weber et al.,
2022; World Meteorological Organization, 2022; Kessenich et al., 2023; Wang et al., 2025), but many complex dynamical
drivers contribute to large interannual variability and can mask recovery signals (Salby et al., 2012; Chipperfield et al., 2017,
Stone et al., 2018; Ball et al., 2019; World Meteorological Organization, 2022). In recent years (2020-2022), the Antarctic
ozone hole has remained unusually large and deep late into the spring season (Kessenich et al., 2023). Such holes present a

greater UV risk to Antarctic plants and animals (Barnes et al., 2022; Cordero et al., 2022; Robinson et al., 2024) and cascade
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circulation effects across the Southern Hemisphere (SH) (Son et al., 2010; Polvani et al., 2011; Thompson et al., 2011).
Enhancements in polar stratospheric cloud formation and earlier onset of chlorine-driven lower stratospheric ozone depletion
following volcanic and wildfire events has been the subject of many studies in the last decade (Solomon et al., 2016; Ivy et al.,
2017; Stone et al., 2017; Zhu et al., 2018; Yu et al., 2021; Yook et al., 2022; Solomon et al., 2023; Wohltmann et al., 2024;
Fleming et al., 2024; Santee et al., 2024), but these effects are often limited to September and do not explain the full extent of
recent ozone hole trends in October (Kessenich et al., 2023).

Focusing on the latter half of the ozone hole season, Kessenich et al. (2023) identified a link between October ozone con-
centrations and changes in air descending from the mesosphere into the polar vortex. Descent into the polar vortex has been
studied since the first satellite observations were made of the chemical composition within the Antarctic ozone hole (see e.g.
Russell 111 et al., 1993; Rosenfield et al., 1994; Schoeberl et al., 1995; Bacmeister et al., 1995; Abrams et al., 1996; Allen et al.,
1999, 2000; Kawamoto and Shiotani, 2000). Early studies using observations and modelling found evidence of the presence of
mesospheric air descending rapidly and remaining unmixed inside the Antarctic polar vortex each austral winter through the
spring (Russell III et al., 1993; Fisher et al., 1993; Eluszkiewicz et al., 1995; Bacmeister et al., 1995; Abrams et al., 1996; Lee
et al., 2011), with little disturbance from air entering the vortex from outside the vortex edge until mid-November (Bowman,
1990, 1993; Sutton, 1994; Manney et al., 1994; Eluszkiewicz et al., 1995; Schoeberl et al., 1995; Bacmeister et al., 1995;
Abrams et al., 1996). This phenomenon has been detected in both hemispheres, with descending parcels of mesospheric air
making up large percentages of inner-vortex air at altitudes as low as 25 km (Fisher et al., 1993; Russell III et al., 1993;
Eluszkiewicz et al., 1995; Bacmeister et al., 1995; Abrams et al., 1996; Plumb et al., 2002; Engel et al., 2006; Miiller et al.,
2007; Funke et al., 2014). Driven by the vertical propagation of both gravity and planetary waves, as governed by the “down-
ward control” principle (Lindzen, 1981; Holton, 1983; Andrews et al., 1987; Haynes et al., 1991; Garcia and Boville, 1994;
Eluszkiewicz et al., 1995; Siskind et al., 2007), descent from the mesosphere is so significant that the entire mass of the polar
mesosphere has been suggested to flush through the polar vortex each spring (Fisher et al., 1993; Sutton, 1994; Plumb et al.,
2002).

In the current work, we will investigate the link between mesospheric descent, vortex dynamics, and patterns in Antarctic
ozone using a combination of satellite observations and model simulations covering a period of 21 years. Our focus is on the
month of October where the dynamical pathway of the ozone hole often diverges, sometime leading to a small and shallow
ozone hole (as in 2019 (Klekociuk et al., 2021)) or one that remains deep and large late into the spring (as in 2020-2022
(Klekociuk et al., 2022)). We seek to formalize the link identified in Kessenich et al. (2023), ultimately hypothesising that
October TCO outcomes are dominated by descent-modulated horizontal transport effects. We present a new metric based on

this mechanism that allows for a more accurate attribution of dynamical versus chemical drivers of October ozone variation.
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2 Data and methods
2.1 MLS/Aura observations

We use the Microwave Limb Sounder onboard the Aura satellite (MLS/Aura) for Level 2 Version 5 observations of ozone
(O3) (Schwartz et al., 2020) and carbon monoxide (CO) (Schwartz, M. et al., 2020) volume mixing ratios (VMR). MLS/Aura
provides high-latitude (82°N-82°S), vertically-resolved observations from mid-2004 onwards.

MLS/Aura O3 observations allow us to reconstruct SH springtime ozone profiles from 2004-2024, extended from the lower
stratosphere to the mesosphere (with a recommended vertical range of 261-0.0215 hPa). We use the MLS/Aura O3 obser-
vations to form two distinct datasets for further analysis: 1) An approximated inner-vortex daily profile time series, and 2) A
polar cap zonally averaged daily profile time series. For the inner-vortex dataset (1), we perform an iterative process to select
an altitude-dependent approximation of the innermost polar vortex. Starting with grid points between 75°S—82°S, we remove
coordinates where O3 VMR exceeds an initial filtering threshold of 5 ppmv (assumed to be influenced by an off-pole shift of
the polar vortex). These are replaced with the next lower-latitude coordinates (74°S, 73°S,- - -, 50°S) while retaining the same
total area as covered by the initial grid point selection. When 70% of all grid points poleward of 50°S exceed the threshold of 5
ppmv, the filtering threshold is increased to 5.5 ppmv (and then 6 ppmv and 6.5 ppmv iteratively, as needed). If 70% of grid
points exceed the final threshold of 6.5 ppmv, we leave the given level unfiltered and assume the vortex is no longer intact at
this day and altitude. The polar cap dataset (2) is a simple 65°S—82°S latitude selection which is averaged into a single profile
for each day and converted into units of number density (molecules cm™3).

Observations of CO have been used as a dynamical tracer to examine mesospheric mass transport into the lower meso-
sphere and upper stratosphere (Allen et al., 1999, 2000; Lee et al., 2011). The primary source of CO in the mesosphere and
thermosphere is the photolysis of COs, creating large reservoirs of CO in the polar night mesosphere which can then descend
downward into the lower mesosphere and stratosphere (Solomon et al., 1985). We use MLS/Aura CO observations (recom-
mended vertical range 215-0.00564 hPa) from 2004-2024 to reconstruct the yearly austral winter/spring mesospheric descent
into the polar vortex. The MLS/Aura CO observations are analysed to create two separate datasets: 1) A high-latitude zonally-
averaged daily profile time series, and 2) A daily descent-tracking time series. For the high-latitude dataset (1), as stratospheric
CO concentrations are very low beyond the edge of the polar vortex, we use a simple high-latitude (75°S—82°S) zonal average
of daily CO observations. For the descent-tracking dataset (2), we use MLS/Aura CO observations to track the daily location
of the centre of the descending mesospheric parcel. We note that this dataset is not intended to represent the mean descent rate
of the overall atmosphere within the polar vortex, as appropriately cautioned against by Ryan et al. (2018).

To produce the descent-tracking dataset (2), we seek to utilize a location-finding approach that is robust under possible
fluctuations in CO concentration: Other authors have identified impacts to mesospheric CO VMR due to solar-cycle variation
in CO2 photolysis (Lee et al., 2013, 2018). Additionally, there are potential implications to CO from solar proton events
(SPEs), which are known to produce hydroxyl (OH) in the mesosphere (Solomon et al., 1981). Production of OH during the
October-November 2003 major SPEs (Jackman et al., 2008) has been implicated in local reduction of CO (Funke et al., 2011).

The signal from concentration fluctuations in mesospheric CO can be expected to propagate into the stratosphere within the
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descending air parcel. Furthermore, slow chemical loss of CO occurs as the parcel descends into the stratosphere, which must
be accounted for (Minschwaner et al., 2010). To combat these sources of CO fluctuation, we choose a method that uses the
spatial structure of CO rather than a concentration threshold value (similar to Lee et al., 2011) to track the descent of the
mesospheric parcel. We first apply 10-day rolling average to the high-latitude CO dataset and look for a distinctly separated
peak in the CO VMR profile from the larger mesospheric reservoir above, typically occurring once the parcel has descended
below 36 km into the middle stratosphere. We then fit an interpolated curve to the CO profile to extract the altitude of the
profile’s maximum concentration for the day. This is repeated from the day the parcel descends below 36 km until the day the
peak CO VMR drops below 0.02 ppmv (usually around mid-November).

For the generation of the daily time series from MLS/Aura, if any day includes only outliers or data is missing, rather than
applying interpolation, we have opted to fill in the missing day with observations from the day before or day after for best

continuity.
2.2 SBUV Merged Ozone Data Set

Following the typical period of chlorine-driven ozone depletion in the September lower stratosphere (Santee et al., 2005),
October usually marks a pivot point when dynamical effects begin to dominate the evolution of the ozone hole. As cooling in
response to polar stratospheric ozone depletion maximizes in October—December (Randel and Wu, 1999), the extent of polar
ozone loss in October is an important contributor to circulation variation in the SH summer (Thompson et al., 2011). For the
context of this work, we will be focusing on TCO values during the month of October only.

We use the SBUV Merged Ozone Data set (MOD) version 8.7 (Frith et al., 2014) to calculate the average October polar
cap TCO from 2004 to 2024 (more information is available at http://acdb-ext.gsfc.nasa.gov/Dataservices/merged/). The 2024
values in the MOD dataset, as sourced from the Ozone Mapping and Profiling Suite Nadir-Profiler instrument (Kramarova,
2024), are preliminary but not expected to change. We average TCO values over the latitude range 65°S-90°S, replicating what
is commonly used to track the dynamical response to polar cap ozone loss (Thompson et al., 2011; Zambri et al., 2021). We
note that this latitude range likely samples points outside of the inner polar vortex by October, capturing both the area and
depth of the ozone hole in combination with the magnitude of ozone transport into the collar region just outside the vortex.

With the SBUV MOD observations, we use a k-means clustering method (Lloyd, 1982) to classify the years from 2004 to
2024 into three categories based on the average severity of ozone depletion in October. We identify a year as having a Minor
ozone hole when October TCO is above 261 Dobson Units (DU), a Moderate ozone hole when October TCO is between
210 and 261 DU, and a Major ozone hole when October TCO is below 210 DU. The individual years classified into each
category are presented in Table 1. Henceforth, we will be using these categorical designations. The combination of Minor and
Moderate ozone hole categories can additionally be referred to as Non-Major ozone holes. We note that these categories are
not intended as definitions, rather they will purely be used within our current study as a means to understand how features
of mesospheric descent vary through the spectrum of ozone hole outcomes. For the classification in Table 1, alternative TCO
latitude ranges have been considered (such as 60°S-90°S, not shown). The years included in each ozone hole category are

found to be insensitive to such variation.
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Table 1. Ozone hole classification using the SBUV Merged Ozone Data Set (https://acd-ext.gsfc.nasa.gov/Data_services/merged/) October
polar (65°S-90°S) TCO (DU) for 2004-2024. October TCO is used to classify years as having Minor (Non-Major), Moderate (Non-Major),

or Major ozone holes using the thresholds given in each column.

SBUV MOD Ozone Hole Classification
Minor (Non-Major) Moderate (Non-Major) Major
TCO > 261 DU 261 DU > TCO > 210 DU TCO <210 DU

Year Oct. TCO (DU) Year Oct. TCO (DU) Year Oct. TCO (DU)
2012 271 2004 252 2006 191
2019 293 2005 223 2008 204

2007 244 2011 183

2009 232 2015 162

2010 219 2018 183

2013 252 2020 181

2014 235 2021 173

2016 231 2022 177

2017 250

2023 215

2024 236

2.3 Model simulations

To model the approximate dynamical and chemical conditions during SH ozone holes from the MLS/Aura time period, we use
the Community Earth System Model, version 2 (CESM2) (Danabasoglu et al., 2020) with the Whole Atmosphere Community
Climate Model with D-region ion chemistry (WACCM-D) (Verronen et al., 2016) as our atmospheric component. For our
simulations, we use a 0.9° latitude by 1.25° longitude grid with 88 vertical levels spanning from the surface to ~140 km. Our
simulations are run with specified dynamics, where model dynamics are matched to observed conditions from the Modern-Era
Retrospective analysis for Research and Applications, version 2 (MERRA-2) (Gelaro et al., 2017). We run the simulation from
2005-2018, and we produce the following daily outputs: O3; CO; chemical reaction rates for the depletion of the Oy family
(O + O3) by the C104-BrOy, NO, and HO, families; and the total O, family production rate. The O3 and CO datasets offer
modelled replications of the MLS/Aura datasets described above. As O3 density is at least one order of magnitude larger than
atomic oxygen (O) over all altitudes of interest in this work (Brasseur and Solomon, 2005), the outputs for chemical changes
in the Oy family are considered a good approximation for changes in Os. The benefit of using loss and production rates for
the Oy family as a whole is that rapid cycling within the O family due to the Chapman cycle will not dominate results. These

model outputs will be used to distinguish areas impacted primarily by chemical loss from areas impacted by transport.
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2.4 Reanalysis Data

We use the eddy heat flux (EHF) calculated from the ERA-5 (Hersbach et al., 2023) monthly reanalysis data set (available at
https://www.iup.uni-bremen.de/OREGANO/index_proxy.html) as a proxy for the Brewer Dobson Circulation (BDC) (Fusco
and Salby, 1999; Randel et al., 2002; Weber et al., 2011, 2018, 2022). Years with strong winter BDC are linked with strong
planetary wave propagation and increased EHF, which collectively work to reduce the strength of the springtime polar vortex
(Kawamoto and Shiotani, 2000; Kravchenko et al., 2012). Alternatively, years with weak winter BDC are linked with weak
planetary wave propagation and reduced EHF, and hence a stronger springtime polar vortex. The EHF is calculated at 100 hPa
and averaged over 45°S-75°S for each month from 2004-2023 (Weber et al., 2018). We use the accumulated SH EHF from
March—October to represent the total yearly influx of vertically propagating planetary waves into the polar stratosphere (from
the time the SH winter polar vortex first forms until the mid-spring). The accumulated EHF term is negative for the SH, so we
take the magnitude of the EHF (|[EHF)|) for a hemisphere-nonspecific analysis.

To assess the yearly strength of the SH polar vortex, we use the instantaneous 3-dimensional 6-hourly data collection (Global
Modeling and Assimilation Office (GMAO), 2015) from the Modern-Era Retrospective analysis for Research and Applications
version 2 (MERRA-2) reanalysis product (Gelaro et al., 2017). This collection has 42 vertical pressure levels and has global
coverage with a horizontal resolution of 0.5° x 0.625°. We use the zonal wind (U) data field, which we average into a single
vertical profile across 45°S—75°S for each day during September and October from 2004-2024. From this point, we use a
maximum-based approach to identify the "peak" zonal wind strength and altitude, similar to that of the MLS/Aura CO descent-
tracking dataset. In each day’s zonal wind profile, we first find the interpolated maximum of zonal wind strength (ms~!). We
then find the corresponding altitude (km) of the maximum. The results for each day across September and October are averaged

to produce estimates of the peak zonal wind 1) strength (ms~—!) and 2) altitude (km) for each year.

3 Results
3.1 Annual descent of mesospheric air inside the Antarctic polar vortex

In Figure 1a—d, we present daily high latitude (75°S—82°S) MLS/Aura CO observations from April through November for two
Moderate ozone hole years (panel a: 2005, panel c: 2010) and two Major ozone hole years (panel b: 2006, panel d: 2011).
Each panel in Fig. 1a—d shows a large reservoir of CO that begins descending from the mesosphere (above 0.1 hPa) in April.
By mid-August, each panel shows a parcel of air separating from the reservoir above and reaching the middle stratosphere
(<36 km, ~4.9 hPa) by October. This general seasonal pattern is present in all years of MLS/Aura observations from 2004—
2024 (see Appendix Figure A1) and confirms the mesospheric origin of the CO-rich air inside the springtime polar vortex.
From here on, we will refer to this high latitude CO-rich air as a descending mesospheric air parcel.

Figure le-h shows the corresponding daily inner-vortex approximated MLS/Aura O3 observations for the same years as
panels a—d (2005, 2006, 2010, and 2011). Overlaid on the ozone contours, we have added blue circles at 15-day intervals

tracking the mesospheric air parcel through to early November (see Methods). The first plotted marker represents the day when
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Figure 1. Sample of MLS/Aura carbon monoxide (CO) and ozone (O3) observations representing two Moderate and two Major
ozone hole years. Daily observations from April to November of (a)-(d) zonally averaged high-latitude (75°S-82°S) CO VMR profiles
(shown with a logarithmic scale), and (e)—(h) inner-vortex approximated O3 VMR profiles overlaid with blue circles at the altitude of the
corresponding day’s CO profile maximum. Panels are labelled with their corresponding year. Moderate ozone hole years are labelled with
cyan squares and Major ozone hole years are labelled with red circles. Months are indicated with their corresponding first letter and are

separated by black dashed lines.

the mesospheric air parcel first descends below 36 km, as this altitude represents a boundary where the air has separated from
its CO reservoir above and enters the middle stratosphere (as can be seen in panels a—d). These markers emphasize the distinct
low-Oj3 signature that coincides with the path of the descending mesospheric parcel. This general pattern is present in all years
of MLS/Aura coverage (see Appendix Figure A2) and occurs regardless of a given year’s distinction as a Major or Non-Major
ozone hole. Additional viewpoints of the mesospheric air parcel during 2005, 2006, 2010, and 2011 are provided Appendix
Figure A3. The maps in Fig. A3 show a pattern of CO-rich air filling the same large areal footprint as the O3-poor signatures,
often extending to 60°S.
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3.2 Characterizing mesospheric descent year-to-year

While the general annual pattern of mesospheric descent into the SH springtime polar vortex is consistent, we now investigate
various metrics of the descending air parcel to determine which features are linked to larger and deep October ozone holes (as
measured by the October TCO). The metrics considered, all based on annual observations and presented in the corresponding

panels of Figure 2, are:

(a) The amount of mesospheric CO contained in the descending parcel, calculated using MLS/Aura high-latitude CO.
We find the magnitude of the CO VMR profile peak for each day in October convert to units of number density
(10*2 molecules cm~?) using the corresponding altitude of the peak. We then average the CO number density results for

the month of October.

(b) The day of year when the first point in the CO descent-tracking dataset (see Methods) descends below 36 km altitude,
as this represents when the mesospheric parcel first enters the middle stratosphere and is distinctly detached from its

reservoir above (as visualised in Fig. 1).

(c) The descent rate of the mesospheric air parcel (km day '), found using the CO descent-tracking dataset from the day
the parcel first descends below 36 km through to November 5th. The November 5th datapoint effectively corresponds to
the average CO location at the end of October 31st (averaged over Oct. 27th—Nov. 5th, due to the 10-day rolling average
applied). We fit a line to the series, with 36 km fixed as the y-intercept and the slope representing the vertical distance

the parcel moves each day.

(d) The final altitude of the mesospheric air parcel at the end of October (in km), represented by the CO descent-tracking
data point from November 5Sth (as above, corresponding to the mean from Oct. 27th—Nov. 5th). This altitude as measured

at the close of October will be formally termed the Mesospheric Parcel Altitude, or MPA.

Fig. 2 shows the above metrics on the z-axes of the individual panels, with the October TCO (as given in Table 1) on the
y-axes. For each panel, we perform a linear fit between the given metric and October TCO for each year (2004-2024) and
report the corresponding R? value. The markers for each year are coloured to represent each category of ozone hole: Green =
Minor, Blue = Moderate, and Red = Major.

Of the results in Fig. 2, two metrics show a strong linear relationship with October TCO: the average descent rate, as shown
in panel ¢ (R? = 0.73), and the Mesospheric Parcel Altitude (MPA), as shown in panel d (R? = (.86). Both are calculated after
the mesospheric air parcel has spent prolonged time in the stratospheric polar vortex, indicating that the interaction between
vertical descent and dynamics within the inner-vortex is important for explaining ozone values. Alternatively, the magnitude of
the CO signal (panel a) and the day the parcel first arrives into the middle stratosphere (panel b) are likely primarily influenced
by the early-spring strength of gravity wave driving from the mesosphere (Andrews et al., 1987; Haynes et al., 1991). The lack
of correlation between these two metrics and Oct. TCO (particularly in panel b with an R? of 0.006) indicates that Major ozone

holes are unlikely to be significantly driven by early-spring changes in gravity wave driving.
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Figure 2. The relationship between October ozone hole outcomes and various mesospheric descent metrics. Ozone hole outcomes are
indicated by SBUV MOD October average polar (65°S-90°S) total column ozone (TCO) (see Table 1) on the y-axis, with x-axis representing:
(a) The average October peak carbon monoxide (CO) value (102 molecules cm™2); (b) The day of year when the mesospheric parcel first
arrives below 36 km (to the middle stratosphere); (¢) The descent rate of the mesospheric parcel (km day_l); and (d) The altitude of the
mesospheric parcel at the close of October, termed the Mesospheric Parcel Altitude (MPA) (km) (data averaged from Oct. 27th—Nov. Sth).
All metrics are calculated from high-latitude (75°S-82°S) MLS/Aura CO data for 2004-2024. A linear fit between October TCO and each
metric is performed, with the result and its 95% confidence bounds shown with red lines and the corresponding R? value presented in each
panel. Points for each year are colour-coded according to the categories in Table 1: Green = Minor, Blue = Moderate, and Red = Major ozone

hole years.
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Figure 3. Average descent rates (below 36 km altitude) and Mesospheric Parcel Altitude (MPA) for each ozone hole category. Results
are shown separately for years with (a) Minor ozone holes, (b) Moderate ozone holes, and (¢) Major ozone holes, as listed in Table 1. Data
points are shown from the day each year when the centre of the descending mesospheric parcel, given by MLS/Aura high-latitude (75°S—
82°S) carbon monoxide (CO) observations, descends below an altitude of 36 km until the end of October. Linear fits to each year’s data
points are shown with black dash-dot lines. We report the average of the individual group member’s slopes (when fitted separately) as the
‘Descent rate’ and the average location of the mesospheric air parcel at the end of October 31st (in km) for each group as the ‘MPA’ within

each panel. 95% confidence intervals are reported on each metric.

Focusing now on the parcel descent rate and MPA, we separate the daily CO tracking data for the years 2004—2024 into their
corresponding ozone hole categories to find the average of these two metrics across the individual years within each category.
These are presented in Figure 3, with the average descent rate and MPA quoted with 95% confidence intervals and the location
of the mesospheric parcel plotted at 5-day intervals for best clarity. The descent rate results across the three categories produce
a three tiered structure, with the fastest descent occurring during Minor ozone holes and the slowest descent occurring during
Major ozone holes. The MPA during Major ozone holes remains markedly higher when contrasted to the other two categories,

~28 km for Major ozone holes compared to 23-26 km during Non-Major years.
3.3 The mesospheric imprint on ozone profiles

As the parcel of mesospheric air descends into the polar vortex each year, it leaves behind an imprint on Og profiles (as shown
by the consistent pattern of Oz-poor air along the trajectory of the CO-rich parcel in Fig. 1). To formalize our assessment of
this signature, we calculate the day-to-day change (i.e. a ‘daily delta’) of the inner-vortex MLS/Aura O3 observations. Given
the slower and shallower mesospheric descent found during Major ozone hole years (Figures 2-3), we first separate the obser-
vations into Major and Non-Major ozone hole years and average the daily profiles within each corresponding category. While
already using the inner-vortex approximated O3 dataset, we then further mitigate any influence from early vortex breakdown at

high-latitudes by excluding data points that exceed 5 ppmv after averaging. We then apply a 10-day rolling average to the data
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Figure 4. The imprint of descending mesospheric air on MLS/Aura ozone (O3) VMR profiles from 2004-2024. Day-to-day change
(‘daily delta’) of the inner-vortex approximated O3 profiles (colours represent the change in ppmv day '), separated into (a) Major ozone
hole years (labelled with a red circle) and (b) Non-Major ozone hole years (labelled with a green diamond and cyan square). Overlaid
solid black contours illustrate the average location of the MLS/Aura carbon monoxide (CO) within each category (contour lines shown
at 0.04 ppmv increments). White regions indicate excluded data due to average VMR values over >5 ppmv. See text for details of the

calculation.

to smooth any abrupt day-to-day VMR fluctuations. Finally, we calculate the daily change in O3 across each altitude using the
smoothed data. The results are presented in Figure 4, with Major years shown in panel a and Non-Major years in panel b. Blue
colour contours depict regions where Og at that given altitude is actively reducing, while red contours depict altitudes where
Oj3 is increasing/rebounding back to baseline concentrations. The white areas correspond to the above mentioned excluded
data points. Both panels include an overlay of black contours to illustrate where the average CO descent from MLS/Aura is
found for each category (shown at 0.04 ppmyv intervals).

The daily delta results presented in Fig. 4 indicate a general pattern of increasing O3 along the upper and lower altitude
boundaries of the descending mesospheric parcel, consistent for all years regardless of ozone hole category. We hypothesise
that this pattern could be the result of either 1) new O3z chemical production, or 2) the transport of O3 from lower latitudes
towards the pole. The former is unlikely, as we do not expect the rate of photolysis at these high-latitudes to be sufficient for
substantial O3 increase to occur at this time. However, as this question can not be confirmed from the observations alone, we

will use model results in the following section to investigate further.
3.4 Disentangling chemistry from transport

To test whether the ozone resurgence around the descending parcel shown in Fig. 4 is a transport effect or the result of
chemical production, we use vertically-resolved CESM2 simulations to assess Oy (O + Oj3) chemical production and loss

rates. To provide context for the model results, we first plot MLS/Aura inner-vortex O3 daily deltas for one Moderate ozone
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hole year (2005) and one Major ozone hole year (2006) from August 21st through November with black contour lines only
(similar to Fig. 4, but now for individual years). We then add the model-calculated daily high-latitude (75°S-82°S) O, chemical
production and loss rates from various contributors as coloured contour lines in separate panels: overall production of Oy =
solid green line, loss due to ClO4 and BrOy = dashed red line, loss due to NO = dashed yellow line, and loss due to HOy
= dashed magenta line. For all chemical production (loss) terms, the contour line corresponds to the same positive (negative)
daily VMR change of 0.02 ppmv day !, with shading showing where each term exceeds this threshold. The results are shown
in Figure 5, with 2005 in panel a and 2006 in panel b.

In both example years of Fig. 5, lower stratospheric O3 loss by ClOy & BrOy (red) has ceased by early October, with the
2006 boundary extending slightly later. However, these regions are similar enough (as are the daily Og delta values shown
in dotted contours beneath) to suggest that Major and Non-major ozone holes during October are unlikely to be driven by
differences in September chemistry. Also in both example years of Fig. 5, the lower boundary of the O production contour
(green line) is nearly entirely overlapped to lower altitudes by the NOy loss boundary (yellow line) and is also closely matched
with both the HO, (magenta) and the uppermost ClO, & BrOy (red) boundaries. This indicates that during October, chemical
Oy production is likely negligible, or fully outweighed by chemical loss, from approximately 27 km and below. Meanwhile,
the MLS/Aura O3 positive daily delta is upwards of 0.04 ppmv day ! between 20-27 km from October onward. While we
only show the model results for two years in Fig. 5, this pattern is consistent across the full range of modelled years (2005—
2018) (not shown). These results indicate that chemical O production is unlikely to explain the resurgence of ozone beneath
the descending mesospheric parcel, pointing instead towards horizontal transport.

To form a generalized picture of the “corridor” of horizontal O3 transport that coincides with mesospheric descent over
the pole, we subtract the simulated net Oy chemical change (total production minus total loss) from the high-latitude (75°S—
82°S) CESM2 simulated O3 daily change. For best visualization of the low-concentration, high-density O3 impact in the
region beneath the descending mesospheric parcel, we present these results in number density (molecules cm~2). Model data
from 2005-2018 is separated into Major and Non-Major ozone hole years (see Table 1). To provide a generalised view of
the transport magnitude, we average results across the years and apply smoothing (a 20-day rolling average). This estimated
transport is presented with grey contours in Figure 6a for Major years and in Figure 6b for Non-Major years. We note that all
contours represent positive transport values: no points have a negative transport magnitude exceeding the minimum threshold
for a contour line (-0.025 x 10'? molecules cm ™2 day~!). We add a blue contour line and shading at the location of high-
latitude CESM2 CO (also averaged over the included years). To determine the latitudinal extent of the transport pattern, we
then zonally average the modelled net Oy chemical change from 50°S—82°S for the month of October. To pair with this, we
find the total amount of modelled O3 change during October by zonally averaging the CESM2 O3 data from 50°S—-82°S for
October 31st and 1st and finding the difference between the two days. The modelled chemical change in O is subtracted from
the total O3 change to estimate the total amount of transported O3 during October. As in panels a—b, we separate into Major
and Non-Major modelled years. The estimated O3 transport is presented with the grey contours in Figure 6¢ for Major years
and in Figure 6d for Non-Major years. We again note that all contours represent positive transport values: no points have a

negative transport magnitude exceeding the minimum threshold for a contour line (-1 x 102 molecules cm™3). We add a cyan

12



https://doi.org/10.5194/egusphere-2025-873
Preprint. Discussion started: 6 May 2025 G
© Author(s) 2025. CC BY 4.0 License. E U Sp here

—_~ 10' /E\
©

a 3
< =
N 50»

o e
5

7 o
o S
0 a
o <

-
(@]

[&)]
o

Figure 5. Odd oxygen family (O) chemistry contrasted to daily ozone (O3) changes for one Moderate and one Major ozone hole
year. Results are shown for (a) 2005 (Moderate ozone hole year, labelled with a cyan square) and (b) 2006 (Major ozone hole year, labelled
with a red circle). The daily change in MLS/Aura inner-vortex approximated O3 VMR from August 21st through November is shown with
black contour lines at increments of 0.02 ppmv day ~! (positive with solid lines, and negative with dotted lines). Overlaid are CESM2 model
calculated high-latitude (75°S—82°S) Ox daily concentration changes, with contributors separated into: Ox production (green, solid), loss due
to ClOx and BrOx (red, dashed), loss due to NOx (yellow, dashed), and loss due to HOx (magenta, dashed). The contour line and shading

for the Oy production term is placed where Oy production > 0.02 ppmv day . For the three loss terms, the contour line and shading is
placed where O loss < -0.02 ppmv day .

contour line and shading where the total increase in O3 alone during October is > 1 x 102 molecules cm 3. Areas covered by

275 the contour indicate regions where transport produces a substantial increase in October ozone number density, and areas not
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Figure 6. Model estimated ozone (O3) transport over the pole. Approximations of daily transport of Oz for (a) Major (red cir-
cle) and (b) Non-Major (green diamond and cyan square) ozone hole composites, shown in units of daily number density change
(molecules cm ™ day ~!). O3 transport estimated by using CESM2 model simulated high-latitude (75°S—-82°S) daily O3 deltas from August
21st through November and subtracting the daily net Oy chemical production (O production - Ox loss). The remaining positive O3 changes
(plotted in grey contours) are likely dominated by transport effects. The CESM2 high-latitude carbon monoxide (CO) daily > 0.04 ppmv
VMR contour is shown in blue. Approximations of October zonal mean total transport of O3 between 50°S and 90°S for (¢) Major (red
circle) and (d) Non-Major (green diamond and cyan square) ozone hole composites. The estimate is established by subtracting the October
sum of the daily CESM2 Oy chemical production (as in panels a-b) from the total modelled O3 change from the start to the end of October.
The cyan contour and shading illustrate where the modelled O3 change alone is > 1 x 10*? molecules cm™3. We add a red asterisk at the

altitude of the average modelled Mesospheric Parcel Altitude. Results for model years 2005-2018 are included.

covered by the cyan contour indicate regions where transport and chemical effects are essentially balanced. As in panels a—b,
the results are averaged across the included years to provide a generalized picture of the role of transport.
Fig. 6 provides evidence of large-scale horizontal ozone transport beyond the inner boundary of the polar vortex. The patterns

in panels c—d have a pole-centric structure, with transport between ~27—40 km maximizing over the pole. During Non-Major
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years (panel d), there is an additional pattern of transport between ~17-27 km centred at approximately 75°S which is not
present during Major ozone hole years. The average altitude of the mesospheric parcel as shown by the CO contours in panels
a—b and with the red asterisk in panels c—d provides a point of separation between the two distinct transport patterns. When
accounting for the vortex edge during years with off-pole vortex displacement (not shown) we find that neither pattern can be

explained by high-Og3 transported along the outer boundary of the polar vortex.
3.5 Mesospheric Parcel Altitude as an observable proxy for ozone transport

The results presented in Figs. 5-6 suggest that there is crucial difference in poleward ozone transport from ~17-27 km
during Major and Non-Major ozone hole years. It has been well established that a strong polar vortex presents an effective
barrier to horizontal transport towards the pole (Bowman, 1990, 1993; Sutton, 1994; Manney et al., 1994; Eluszkiewicz et al.,
1995; Schoeberl et al., 1995; Bacmeister et al., 1995; Abrams et al., 1996) suggesting that this difference is likely a result
of stronger/weaker vortex conditions during Major/Non-Major ozone hole years. In Fig. 2, we also identify that the MPA, a
metric calculated after the descending mesospheric parcel has spent considerable time within the polar vortex, has the highest
correlation with October TCO of all the metrics considered. The yearly strength of the springtime polar vortex is linked
with the magnitude of the accumulated EHF, as planetary waves propagate into the stratosphere and act to weaken the zonal
winds (Kawamoto and Shiotani, 2000). We therefore hypothesise that the strength of accumulated EHF, inner-vortex dynamical
conditions, the MPA, and the magnitude of horizontal O3 transport within the October polar vortex are all fundamentally linked.
Model simulations, MLS/Aura observations, ERA-5 accumulated EHF, and MERRA-2 zonal wind fields are used to test this
link. We calculate the correlation coefficients between each of the following metrics: (i) Modelled CESM2 MPA (km); (ii)
Model-estimated horizontal O3 transport (DU), calculated between 70°S-90°S and from 17-27 km; (iii) The average strength
of the peak MERRA-2 zonal wind (U, ms™!), calculated between 45°S—75°S from start of September to end of October (see
Methods); (iv) The average altitude of the peak MERRA-2 zonal wind (U, ms~1!), calculated between 45°S—75°S from start of
September to end of October (see Methods); (v) the magnitude of the ERA-5 SH EHF (|EHF]|, Kms™1), calculated at 100 hPa,
averaged over 45°S—75°S, and accumulated from March—October (see Methods); and (vi) Observed MLS/Aura MPA (km).
The MPA metrics are calculated from high-latitude (75°S-82°S) CO data from CESM2 and MLS/Aura respectively. Modelled
metrics are calculated from 2005-2018, the MLS/Aura and MERRA-2 metrics are calculated from 2004—2024, and the ERA-5
metric is calculated from 2004-2023. The latitude range 70°S-90°S is selected for the model-estimated horizontal Ostransport
calculation, as this was found to produce the best results during the correlation analysis. We present the resulting correlation
coefficients () as a matrix in Figure 7a.

Fig. 7a shows a high negative correlation (r = —0.91) between modelled MPA and model-estimated O3 transport, confirming
that the relationship between high/low MPA and reduced/enhanced transport is captured in CESM2. We also find a high
positive correlation (r = 0.93) between the modelled and MLS/Aura MPA, although we note that the modelled MPA values
are consistently biased to higher altitudes (see Fig. A4d). The MLS/Aura MPA can be directly linked with modelled transport
(r = —0.90), which will be discussed further below. The EHF shows strong links with both zonal wind metrics (r = —0.87
and » = —0.85), and both zonal wind metrics show strong links with the MLS/Aura MPA (r = 0.92 and r» = 0.9). The signs of
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Figure 7. Mesospheric Parcel Altitude (MPA) linked with modelled horizontal ozone (O3) transport. (a) Correlation coefficients be-
tween (i) modelled CESM2 MPA (km) for 2005-2018, (ii) model-estimated horizontal O3 transport between 70°S-90°S from 17-27 km
(DU) for 2005-2018, (iii) the average strength of the peak 45°S-75°S MERRA-2 zonal wind (U) from start of September to end of Oc-
tober (ms™!) for 2004-2024, (iv) the average altitude of the peak 45°S—75°S MERRA-2 zonal wind (U) from start of September to end
of October (km) for 2004-2024, (v) the magnitude of the ERA-5 eddy heat flux (|JEHF|) accumulated from March—October (Kms™?') for
2004-2023, and (vi) observed MLS/Aura MPA (km) for 2004-2024. The MPA metrics (i/vi) are calculated from high-latitude (75°S-82°S)
carbon monoxide (CO) data. (b) (vi) Observed MLS/Aura MPA (km) plotted against (ii) model-estimated horizontal O3 transport between
70°5-90°S from 17-27 km (DU). A linear fit is performed, with the result and its 95% confidence bounds shown with red lines and the
corresponding R? value presented in the panel. Points for each year are colour-coded according to the categories in Table 1: Green = Minor,

Blue = Moderate, and Red = Major ozone hole years.

the correlations indicate the following: during years with stronger accumulated EHF, the polar vortex weakens and descends to
lower altitudes during September and October, and the MPA follows suit. The MPA offers a single, observable diagnostic that
captures the accumulated inner-vortex conditions at the end of October.

To formalize the link between the MPA and transport, we present the yearly (vi) MLS/Aura MPA (km) and the (ii) model-
estimated Og transport (DU) from 2005-2018 in Figure 7b. Markers are again coloured according to the ozone hole categories
from Table 1 (Green = Minor, Blue = Moderate, and Red = Major ozone hole years). We perform a linear fit between the two
metrics and add the 95% confidence bounds on the fit with red lines. The corresponding R? value is reported. The results in
Fig. 7b demonstrate that the MPA is highly explanatory (R? = 0.82) for the model estimated O3 transport. Appendix Figure A4
provides similar outputs as Fig. 7b for each of the remaining metric pairs from Fig. 7a. As a whole, Fig.7 demonstrates a link
between the EHF, the relative dynamical conditions within the inner-vortex, the MLS/Aura MPA, and the magnitude of new

ozone transported into the polar vortex (poleward of 70°S) between 17-27 km in October.
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3.6 Quantifying transport effects on October total column ozone

From the linear fit presented in Fig. 7b, we provide the following equation to calculate the model-estimated horizontal ozone

transport during a given year,
O3 Transport = a — b x MPA, €Y

where "MPA’ is the MLS/Aura MPA (km), O3 Transport’ is the CESM2 estimated horizontal ozone transported poleward
of 70°S and between 17-27 km in October (DU), and the regression coefficients have the values of a = 417 DU and b
= 13.5 DUkm~!. We note that this equation is specific for the fit between ozone transport and the MLS/Aura MPA: the
CESM2 MPA could be used as an alternative to the MLLA/Aura MPA only if the linear bias between the two is accounted for
appropriately. The MLS/Aura MPA values for 2004-2024 are provided in Table 2, and we add the predicated ozone transport
values as calculated with Equation (1). We repeat a k-means clustering analysis (Lloyd, 1982) to reclassify ozone holes now
based on the MPA. We identify three distinct groups, which we will refer to as having Strong mesospheric descent, Regular
mesospheric descent, or Weak mesospheric descent. We note that 2009, previously identified as a Moderate ozone hole year,
now falls inside the Weak mesospheric descent category. While its MPA (27.1 km) places this year within the Weak descent
cluster, it remains the lowest MPA in the category and thus is a borderline case. The model O3 transport results for 2009 (as
shown by the red marker nearest the cluster of blue markers in Fig. 7b) indicate that the true transport during this year could
be larger than that captured by the MPA. The year 2017, also a Moderate ozone hole, now lands in the Strong mesospheric
descent category. This year also represents a borderline case, but the dynamics as specified by the MPA (24.1 km) are more
closely aligned with the other two Strong descent years (2012 and 2019).

We present in Figure 8a the springtime MLS/Aura O3 composite difference between the Weak descent and Strong/Regular
descent ozone hole years (from Table 2), plotted with contour lines at intervals of 0.2 x 10'? molecules cm 3. The latitude
range here is extended to include 65°S—82°S to provide an expanded view across the wider polar cap to match our TCO range.
Areas with negative (blue) values in Fig. 8a indicate local deficiency of O3 during a Weak descent ozone hole year, likely due
to reduced horizontal transport as indicated by Fig. 6. We add hatching to Fig. 8a where the ozone number density at a given
point correlates highly with the MPA (|r| > 0.7, significant at the 95% level). While the ozone hole classifications have changed
slightly between the TCO categories in Table 1 and the MPA categories in Table 2 (as discussed above), the results from Fig. 8a
indicate that Weak mesospheric descent years show a consistent pattern of O3 deficiency through the mid-spring onwards. We
then demonstrate the contribution of the MPA metric to year-to-year variation in ozone hole outcomes in Figure 8b. The dashed
purple line shows the observed polar cap October TCO values as given in Table 1, with a standard deviation of ~35 DU. We
then perform a linear fit between the MPA and the TCO, and we plot the residual TCO in green (relative to the average TCO,

for a best comparison), with a new standard deviation of ~13 DU.
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Table 2. Mesospheric Parcel Altitude (MPA) and model estimated ozone increase due to horizontal transport (DU) from 70°S-90°S and
17-27 km (2004-2024), with years classified as having Strong, Regular, or Weak mesospheric descent.

Ozone Hole Mesospheric Descent Classification
Strong Descent Regular Descent Weak Descent
MPA < 25 km 25 km < MPA <26.5 km MPA > 26.5 km
Year | MPA Oct. O3 Transport || Year | MPA Oct. O3 Transport || Year | MPA Oct. O3 Transport
2012 | 23.0km | 106+14 DU 2004 | 25.7km | 70£7 DU 2006 | 28.4km | 34+10DU
2017 | 24.1km | 91+11 DU 2005 | 25.7km | 707 DU 2008 | 27.3km | 48+7 DU
2019 | 232km | 103+14 DU 2007 | 25.3km | 76+7 DU 2009 | 27.1km | 5247 DU
2010 | 26.0km | 664+6 DU 2011 | 283 km | 35+10DU
2013 | 25.0km | 7948 DU 2015 | 27.7km | 438 DU
2014 | 26.1 km | 64+6 DU 2018 | 28.0km | 3949 DU
2016 | 26.1 km | 654+6 DU 2020 | 28.5km | 33+11 DU
2023 | 259km | 6846 DU 2021 | 289km | 26£12DU
2024 | 26.1 km | 65+6 DU 2022 | 28.1km | 38+9 DU

4 Discussion

As shown in Fig. 1, an air parcel from the mesosphere (as represented by MLS/Aura CO tracer data) descends into the strato-
spheric polar vortex each spring. As it descends, the parcel remains intact and traceable, usually reaching the lower stratosphere
by mid-October. By using MLS/Aura O3 observations from the innermost polar vortex, a characteristic "cutout" in the ozone
layer can be clearly visualized along the path of the descending mesospheric air parcel through to November.

We explore the connection between ozone hole outcomes in October (as indicated by the polar cap TCO results in Table
1) and characteristics of the CO-rich parcel of descending mesospheric air. When using CO data to track the descent pattern
of the air parcel, we find that slower and shallower mesospheric descent is present during Major ozone holes (see the strong
linear trends in Fig. 2c—d and the three-tiered dynamical metric structure in Fig. 3). The Minor ozone holes fall at the opposite
dynamical extremes to the Major years, with notably faster descent rates and the parcel reaching as low as 23 km in altitude
by the end of October. Rapid mesospheric descent during 2019, a known SSW year (Yamazaki et al., 2020; Klekociuk et al.,
2021), fits well within the current understanding of vortex dynamics during SSWs where downwards transport is accelerated
following the event (Siskind et al., 2010). The parcel descent rate (Fig. 2c) and MPA (Fig. 2d) are both calculated after the
mesospheric air parcel has spent prolonged time in the stratospheric polar vortex, suggesting that the interaction between the
vertical descent pattern and horizontal effects within the inner-vortex (as reflected by the observable CO tracer) is key for

explaining for ozone values.
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Figure 8. Mesospheric Parcel Altitude (MPA) linked with October ozone hole outcomes. (a) Composite difference of the daily averaged
polar cap (65°S—82°S) MLS/Aura ozone (O3) number density between the Weak and Strong/Regular mesospheric descent years (as listed
in Table 2), from August 21st through November for 2004-2024. Hatching indicates points with significant negative correlation with the
MPA (|r| > 0.7, significant at the 95% level). (b) October TCO from SBUV MOD before (purple, dashed lines) and after (green, solid
lines) removing the contribution from a simple linear fit with the MPA. The standard deviation before and after accounting for the MPA are

indicated with the o symbols on the figure.

Daily changes in springtime O3 VMR profiles in Fig. 4 provide the first clue to the mechanism by which descending
mesospheric air leaves its imprint on inner-vortex ozone. During both Major (Fig. 4a) and Non-Major (Fig. 4b) ozone hole
years, we find a positive-negative-positive pattern which follows the trajectory of the mesospheric parcel starting prior to
September (the parcel location is shown by the black CO contour lines overlaid on both panels). The small negative pattern at
the centre of the parcel is likely associated with the downwards movement of the O3-poor, CO-rich envelope of air. The large-
magnitude, positive regions both above and below the parcel indicate that daily enhancements of O3 (~0.02 ppmv day ')
are occurring on the parcel boundaries. Similar between both panels, there is a prominent negative daily change in O3 below
25 km from late-August through September where active ClOy-BrO, depletion of O3 is known to occur each year (Santee
et al., 2005). Remarkably, by the time October begins and the mesospheric parcel is arriving at the lower stratosphere, nearly
all altitudes below 27 km have transitioned to daily increases in O3 which are instead characteristic of the behaviour at the
lower boundary of the parcel. The pattern of increasing Oz the upper and lower boundary of the descending air parcel must
arise from either new O3 production or transport of Os-rich air to higher latitudes. From the evidence provided by the model,
we postulate that O3 production is neither significant nor varied enough below 27 km to explain the observed patterns in Fig. 4.

We use the daily CESM2 SD-WACCM chemical reaction rates presented Figs. 5-6 to confirm that the rate of net positive

O3 production below ~27 km is negligible for the entire spring (see the relationship between the O, production and the
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multiple Oy loss mechanisms which overlap to lower altitudes in Fig. 5). While there is extensive chemical activity above
27 km, Og transport here must be nearly comparable in magnitude to produce the daily delta patterns as shown in Fig. 4.
Fig. 6a—b provide a picture of the corridor of horizontal O3 transport that follows the trajectory of the descending mesospheric
air parcel and dominates the resupply of new ozone between 17-27 km. This transport-dominated region beneath the centre
of the descending mesospheric parcel in October extends to approximately 70°S (see Fig. 6¢c—d) and shows a distinctly weaker
signature during Major ozone hole years. Prior studies have found evidence of reduced mid-latitude ozone resupply during
years with reduced planetary wave activity (with reduced wave activity being a main driver of a stabler, colder vortex) (Huck
et al., 2005; McLandress et al., 2010; Orr et al., 2012; Klekociuk et al., 2021). Our results support the idea of large-scale
horizontal transport into the interior of the polar vortex beginning in October, about a month sooner than expected during
vortex breakdown in November and December (Bowman, 1990, 1993; Sutton, 1994).

We consider the utility of using the MPA metric to track the dynamical conditions of the inner-vortex. Kawamoto and
Shiotani (2000) find that the polar vortex shifts to lower altitudes in years with strong planetary wave activity, resulting in faster
descent within the vortex. We produce complimentary findings, with Fig. 7a showing strong negative correlations between the
ERA-5 accumulated SH EHF (from March—October) and the MERRA-2 zonal wind strength and altitude (from September—
October). The ERA-5 EHF also correlates with the MLS/Aura MPA (r = —0.83), indicating that the descending mesospheric
air parcel remains at higher altitudes when planetary wave driving is weaker. When looking at the MERRA-2 zonal wind
metrics directly, the magnitude of the correlation with the MPA grows (r > 0.9 for both). This would suggest that the MPA
remains higher during years with faster, higher-altitude zonal winds. Based on these links, the trend pointed out in Kessenich
et al. (2023) of reduced mesospheric descent between 2004-2022 is likely the product of a stronger polar vortex in the latter
half of the time series, potentially preconditioned by planetary wave driving. This dynamical explanation is in agreement with
recent findings of a delayed SH vortex breakdown in 2020 (Lecouffe et al., 2022), with year-to-year variation in vortex evolution
driven by the solar cycle, the Quasibiennial Oscillation, and the El Nifio—Southern Oscillation (Baldwin and Dunkerton, 1998;
Li et al., 2016; Domeisen et al., 2019; Lecouffe et al., 2022).

To build a proxy between the MPA (and effectively the dynamical conditions of the inner-vortex) and ozone transport, we
test for correlations between modelled MPA, observed MPA, and model-estimated ozone transport in Fig. 7. We confirm that
the MPA shows a robust relationship with ozone transport, and modelled and observed MPA show a robust linear relationship
with each other. Notably, of all metrics tested in Fig. 7a, the MPA produces the strongest correlation with ozone transport
and offers perhaps the most directly-observable proxy. We apply the linear relationship between MLS/Aura MPA and model-
estimated ozone transport identified in Fig. 7b to produce Equation (1) which estimates the magnitude of horizontal ozone
transport poleward of 70°S and between 17-27 km in October. The results from our MPA calculations and predicted transport
magnitudes are presented in Table 2, and from this we can conclude that transport is reduced when mesospheric descent is
Weak and enhanced when mesospheric descent is Strong. The dynamical evolution of the ozone hole is linked with the MPA,
with 63% of October TCO variation removed when the MPA is accounted for in Fig. 8b. Not only does the MPA account
for the low TCO values during Major ozone hole years, but it also captures the high TCO values during years such as 2012
and 2019. For the years 2020-2022 in particular, we estimate that the TCO would be on average ~40 DU higher without the
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reduction in transport that likely occurred due to vortex dynamics (as proxied by the MPA). Alternatively, the TCO values for
2023 and 2024, the two most recent Regular descent years, are relatively unchanged after accounting for the MPA. We note
that observations of mesospheric descent into early November are needed to calculate the MPA for a given year, meaning that

this metric functions primarily as a diagnostic (rather than a seasonal predictive) tool.

5 Conclusions

An accurate attribution of chemical versus dynamical contributors to Antarctic ozone variability is especially important when
interpreting recent ozone holes (2020-2022) which have remained large and deep late into the spring season. Early October
is particularly interesting, as it represents a transitional period when the chemical evolution of the ozone hole gives way to
predominately dynamical drivers. To improve our diagnostic capability for October TCO, we use MLS/Aura CO observations
to track the springtime descent of a large parcel of mesospheric air that descends through the polar vortex as the ozone hole
develops in the lower stratosphere below. We define a new metric based on the location of this mesospheric parcel at the
close of October, termed the Mesospheric Parcel Altitude (MPA), which we link to the dynamical state of the polar vortex
and large-scale poleward transport of ozone. From this metric, we classify ozone hole years into characteristic descent types
and provide a formula (Eq. 1) that can be used to estimate the magnitude of October ozone transport poleward of 70°S and
between 17-27 km (see Table 2). An ozone hole with Weak mesospheric descent (MPA >26.5 km) is likely to have reduced
ozone transport and remain Major through October, and one with Strong mesospheric descent (MPA <25 km) is likely to have
enhanced transport and be Minor. When applied as a proxy for polar cap TCO, the majority of year-to-year variation during
October can be explained by the MPA.

The circulation effects of large and long-lived Antarctic ozone holes are widespread, propagating across the entire SH
and modulating tropospheric climate (Son et al., 2010; Thompson et al., 2011; Polvani et al., 2011; Orr et al., 2012), with
middle stratospheric ozone loss dominating forcing signals (Keeley et al., 2007). Secondarily, UV levels on the surface of
Antarctica are worsened when the ozone hole remains deep late into the spring (Barnes et al., 2022; Cordero et al., 2022),
exacerbating an already fragile ecosystem with declining ice sheet volume (Purich and Doddridge, 2023). While long-term
trends in stratospheric chlorine loading are relatively predictable, long-term circulation trends due to climate change are less
so. With the caveat that satellite monitoring systems continue to observe the CO tracer in the future, the MPA provided in this

work serves as sensitive diagnostic measure of how the interior of the polar vortex responds to large-scale circulation forcing.
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Figure A1. MLS/Aura carbon monoxide (CO) observations. Daily observations of zonally averaged high-latitude (75°S-82°S) CO VMR
profiles (shown with a logarithmic scale) from April to November. Years are presented consecutively from (a) 2005 to (t) 2024. Minor ozone
hole years are labelled with green diamonds, Moderate ozone hole years are labelled with cyan squares, and Major ozone hole years are

labelled with red circles (see Table 1). Months are indicated with their corresponding first letter and are separated by black dashed lines.
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Figure A2. MLS/Aura ozone (O3) observations. Daily observations of zonally averaged high-latitude (75°S—82°S) inner-vortex approx-
imated O3 VMR profiles from April to November. Years are presented consecutively from (a) 2005 to (t) 2024. Minor ozone hole years
are labelled with green diamonds, Moderate ozone hole years are labelled with cyan squares, and Major ozone hole years are labelled with
red circles (see Table 1). Blue circles are overlaid at the altitude of the corresponding day’s carbon monoxide profile maximum. Months are

indicated with their corresponding first letter and are separated by black dashed lines.
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Figure A3. Maps of MLS/Aura ozone (O3) and carbon monoxide (CO) observations. Side-by-side observations of (a) O3 and (b) CO
at 10 hPa (~31 km) are shown on the 27th September 2005. The day is selected to best show the mesospheric air parcel (tracked with
MLS/Aura CO, see Methods) at 10 hPa. The O3 and CO colour contours (shown in VMR) are scaled for best contrast. Corresponding
maps are shown for (¢)-(d) the 7th October 2006, (e)—(f) the 25th September 2010, and (g)—(h) the 12th October 2011. To aid in spatial
comparison between each pair of maps, a thin black hatched line is drawn around the 50th percentile CO contour, and a thick hatched line is

drawn around the 85th percentile CO contour. Latitude grid lines are shown for 60°S and 75°S, and no data is plotted beyond 82°S.
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Figure A4. The relationship between Mesospheric Parcel Altitude (MPA), modelled horizontal ozone (O3) transport, MERRA-2
zonal wind, and eddy heat flux (EHF). Linear fits are performed between (i) modelled CESM2 MPA (km) for 2005-2018, (ii) model-
estimated horizontal O3 transport between 70°S—90°S from 17-27 km (DU) for 2005-2018, (iii) the average strength of the peak 45°S-75°S
MERRA-2 zonal wind (U) from start of September to end of October (ms™1) for 20042024, (iv) the average altitude of the peak 45°S-75°S
MERRA-2 zonal wind (U) from start of September to end of October (km) for 2004—2024, (v) the magnitude of the ERA-5 eddy heat flux
(|EHF|) accumulated from March—October (Kms™1) for 2004-2023, and (vi) observed MLS/Aura MPA (km) for 2004—2024, as indicated
by the labels in each panel. The result from each fit and its 95% confidence bounds are shown with red lines and the corresponding R? value
is presented in each panel. Points for each year are colour-coded according to the categories in Table 1: Green = Minor, Blue = Moderate,

and Red = Major ozone hole years.
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Code availability. CESM2 source code is distributed through a public subversion code repository (https://www.cesm.ucar.edu/models/

cesm2).

Data availability. All data used in this study is freely available from the following sources:

The MLS/Aura Level 2 Ozone Mixing Ratio Version 5 data are available at https://disc.gsfc.nasa.gov/datasets/ML203_005/summary?
keywords=mls%2003 (Schwartz et al., 2020).

The MLS/Aura Level 2 CO Mixing Ratio Version 5 data are available at https://disc.gsfc.nasa.gov/datasets/ML2CO_005/summary?
keywords=mls%20co (Schwartz, M., Pumphrey, H., Livesey, N., and Read, W., 2020).
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The MERRA-2 3-dimensional 6-hourly data collection is available at https://disc.gsfc.nasa.gov/datasets/M2I6GNPANA_5.12.4/summary?
keywords=merra2 (Global Modeling and Assimilation Office (GMAO), 2015).

The ERA-5 accumulated EHF data is available at https://www.iup.uni-bremen.de/OREGANO/index_proxy.html.

Author contributions. HEK and AS planned the study. HEK ran the CESM2 simulations. HEK analysed the data and prepared the figures
with suggestions from AS, DS, CJR, and MW. HEK wrote the manuscript with comments from AS, DS, CJR, and MW.

Competing interests. The authors declare no competing interests

Acknowledgements. The CESM project is supported primarily by the U.S. National Science Foundation.

The authors wish to acknowledge the use of New Zealand eScience Infrastructure (NeSI) high performance computing facilities and
consulting support as part of this research. New Zealand’s national facilities are provided by NeSI and funded jointly by NeSI’s collaborator
institutions and through the Ministry of Business, Innovation & Employment’s Research Infrastructure programme. URL: https://www.nesi.
org.nz.

This research was undertaken with the assistance of resources from the National Computational Infrastructure (NCI Australia), an NCRIS
enabled capability supported by the Australian Government.

HEK and AS were partially funded by the New Zealand Ministry of Business, Innovation & Employment Endeavour fund Smart Ideas
project PROP-76111-ENDSI-UOO (Contract UOOX2106).

The authors would like to thank Stacey Frith for providing the preliminary 2024 SBUV MOD results for use in this publication.

26



475

480

485

490

495

500

505

https://doi.org/10.5194/egusphere-2025-873
Preprint. Discussion started: 6 May 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

References

Abrams, M. C., Manney, G. L., Gunson, M. R., Abbas, M. M., Chang, A. Y., Goldman, A., Irion, F. W., Michelsen, H. A., Newchurch,
M. J., Rinsland, C. P., Salawitch, R. J., Stiller, G. P., and Zander, R.: ATMOS/ATLAS-3 observations of long-lived tracers and descent
in the Antarctic Vortex in November 1994, Geophysical Research Letters, 23, 2341-2344, https://doi.org/10.1029/96GL00705, _eprint:
https://onlinelibrary.wiley.com/doi/pdf/10.1029/96GL00705, 1996.

Allen, D. R., Stanford, J. L., Lépez-Valverde, M. A., Nakamura, N., Lary, D. J., Douglass, A. R., Cerniglia, M. C., Remedios, J. J., and
Taylor, F. W.: Observations of Middle Atmosphere CO from the UARS ISAMS during the Early Northern Winter 1991/92, Journal of
the Atmospheric Sciences, 56, 563-583, https://doi.org/10.1175/1520-0469(1999)056<0563:O0OMACF>2.0.CO;2, publisher: American
Meteorological Society Section: Journal of the Atmospheric Sciences, 1999.

Allen, D. R., Stanford, J. L., Nakamura, N., Lopez-Valverde, M. A., Lépez-Puertas, M., Taylor, E. W., and Remedios, J. J.: Antarctic po-
lar descent and planetary wave activity observed in ISAMS CO from April to July 1992, Geophysical Research Letters, 27, 665-668,
https://doi.org/10.1029/1999GL010888, _eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1029/1999GL010888, 2000.

Andrews, D. G., Holton, J. R., and Leovy, C. B.: Middle Atmosphere Dynamics, 1987.

Bacmeister, J. T., Schoeberl, M. R., Summers, M. E., Rosenfield, J. R., and Zhu, X.: Descent of long-lived trace gases in the win-
ter polar vortex, Journal of Geophysical Research: Atmospheres, 100, 11669-11684, https://doi.org/10.1029/94JD02958, _eprint:
https://onlinelibrary.wiley.com/doi/pdf/10.1029/94JD02958, 1995.

Baldwin, M. P. and Dunkerton, T. J.: Quasi-biennial modulation of the southern hemisphere stratospheric polar vortex, Geophysical Research
Letters, 25, 3343-3346, https://doi.org/10.1029/98 GL02445, _eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1029/98 GL02445, 1998.

Ball, W. T., Alsing, J., Staehelin, J., Davis, S. M., Froidevaux, L., and Peter, T.: Stratospheric ozone trends for 1985-2018: sensitivity to
recent large variability, Atmospheric Chemistry and Physics, 19, 12 731-12 748, https://doi.org/10.5194/acp-19-12731-2019, publisher:
Copernicus GmbH, 2019.

Barnes, P. W, Robson, T. M., Neale, P. J., Williamson, C. E., Zepp, R. G., Madronich, S., Wilson, S. R., Andrady, A. L., Heikkild, A. M.,
Bernhard, G. H., Bais, A. F, Neale, R. E., Bornman, J. F,, Jansen, M. A. K., Klekociuk, A. R., Martinez-Abaigar, J., Robinson, S. A.,
Wang, Q.-W., Banaszak, A. T., Hédder, D.-P., Hylander, S., Rose, K. C., Wingberg, S.-A., Foereid, B., Hou, W.-C., Ossola, R., Paul, N. D.,
Ukpebor, J. E., Andersen, M. P. S., Longstreth, J., Schikowski, T., Solomon, K. R., Sulzberger, B., Bruckman, L. S., Pandey, K. K., White,
C. C., Zhu, L., Zhu, M., Aucamp, P. J., Liley, J. B., McKenzie, R. L., Berwick, M., Byrne, S. N., Hollestein, L. M., Lucas, R. M., Olsen,
C. M., Rhodes, L. E., Yazar, S., and Young, A. R.: Environmental effects of stratospheric ozone depletion, UV radiation, and interactions
with climate change: UNEP Environmental Effects Assessment Panel, Update 2021, Photochemical & Photobiological Sciences, 21,
275-301, https://doi.org/10.1007/s43630-022-00176-5, 2022.

Bowman, K. P: Evolution of the total ozone field during the breakdown of the Antarctic circumpolar vortex, Jour-
nal of Geophysical Research: Atmospheres, 95, 16529-16543, https://doi.org/10.1029/JD095iD10p16529, _eprint:
https://onlinelibrary.wiley.com/doi/pdf/10.1029/ID095iD10p16529, 1990.

Bowman, K. P: Large-scale isentropic mixing properties of the Antarctic polar vortex from analyzed winds,
Journal of  Geophysical Research:  Atmospheres, 98, 23013-23027, https://doi.org/10.1029/93JD02599,  _eprint:
https://onlinelibrary.wiley.com/doi/pdf/10.1029/93JD02599, 1993.

27



510

515

520

525

530

535

540

https://doi.org/10.5194/egusphere-2025-873
Preprint. Discussion started: 6 May 2025 G
© Author(s) 2025. CC BY 4.0 License. E U Sp here

Brasseur, G. P. and Solomon, S.: Aeronomy of the Middle Atmosphere: Chemistry and Physics of the Stratosphere and Mesosphere, vol. 32
of Atmospheric and Oceanographic Sciences Library, Springer Netherlands, Dordrecht, ISBN 978-1-4020-3284-4 978-1-4020-3824-2,
https://doi.org/10.1007/1-4020-3824-0, 2005.

Chipperfield, M. P., Bekki, S., Dhomse, S., Harris, N. R. P., Hassler, B., Hossaini, R., Steinbrecht, W., Thiéblemont, R., and Weber, M.:
Detecting recovery of the stratospheric ozone layer, Nature, 549, 211-218, https://doi.org/10.1038/nature23681, number: 7671 Publisher:
Nature Publishing Group, 2017.

Chubachi, S.: A Special Ozone Observation at Syowa Station, Antarctica from February 1982 to January 1983, in: Atmospheric Ozone, edited
by Zerefos, C. S. and Ghazi, A., pp. 285-289, Springer Netherlands, Dordrecht, ISBN 978-94-009-5313-0, https://doi.org/10.1007/978-
94-009-5313-0_58, 1985.

Cordero, R. R., Feron, S., Damiani, A., Redondas, A., Carrasco, J., Sepulveda, E., Jorquera, J., Fernandoy, F., Llanillo, P., Rowe, P. M.,
and Seckmeyer, G.: Persistent extreme ultraviolet irradiance in Antarctica despite the ozone recovery onset, Scientific Reports, 12, 1266,
https://doi.org/10.1038/s41598-022-05449-8, number: 1 Publisher: Nature Publishing Group, 2022.

Danabasoglu, G., Lamarque, J.-F., Bacmeister, J., Bailey, D. A., DuVivier, A. K., Edwards, J., Emmons, L. K., Fasullo, J., Garcia, R.,
Gettelman, A., Hannay, C., Holland, M. M., Large, W. G., Lauritzen, P. H., Lawrence, D. M., Lenaerts, J. T. M., Lindsay, K., Lipscomb,
W. H., Mills, M. J., Neale, R., Oleson, K. W., Otto-Bliesner, B., Phillips, A. S., Sacks, W., Tilmes, S., van Kampenhout, L., Vertenstein,
M., Bertini, A., Dennis, J., Deser, C., Fischer, C., Fox-Kemper, B., Kay, J. E., Kinnison, D., Kushner, P. J., Larson, V. E., Long, M. C.,
Mickelson, S., Moore, J. K., Nienhouse, E., Polvani, L., Rasch, P. J., and Strand, W. G.: The Community Earth System Model Version
2 (CESM2), Journal of Advances in Modeling Earth Systems, 12, e2019MS001 916, https://doi.org/10.1029/2019MS001916, _eprint:
https://onlinelibrary.wiley.com/doi/pdf/10.1029/2019MS001916, 2020.

Dhomse, S. S., Kinnison, D., Chipperfield, M. P., Salawitch, R. J., Cionni, 1., Hegglin, M. 1., Abraham, N. L., Akiyoshi, H., Archibald, A. T.,
Bednarz, E. M., Bekki, S., Braesicke, P., Butchart, N., Dameris, M., Deushi, M., Frith, S., Hardiman, S. C., Hassler, B., Horowitz, L. W.,
Hu, R.-M., Jockel, P, Josse, B., Kirner, O., Kremser, S., Langematz, U., Lewis, J., Marchand, M., Lin, M., Mancini, E., Marécal, V.,
Michou, M., Morgenstern, O., O’Connor, F. M., Oman, L., Pitari, G., Plummer, D. A., Pyle, J. A., Revell, L. E., Rozanov, E., Schofield,
R., Stenke, A., Stone, K., Sudo, K., Tilmes, S., Visioni, D., Yamashita, Y., and Zeng, G.: Estimates of ozone return dates from Chemistry-
Climate Model Initiative simulations, Atmospheric Chemistry and Physics, 18, 8409-8438, https://doi.org/10.5194/acp-18-8409-2018,
publisher: Copernicus GmbH, 2018.

Domeisen, D. 1., Garfinkel, C. I., and Butler, A. H.: The Teleconnection of El Nifio Southern Oscillation to the Stratosphere, Reviews of
Geophysics, 57, 5-47, https://doi.org/10.1029/2018RG000596, _eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1029/2018RG000596,
2019.

Eluszkiewicz, J., Plumb, R. A., and Nakamura, N.: Dynamics of wintertime stratospheric transport in the Geophysical Fluid
Dynamics Laboratory SKYHI general circulation model, Journal of Geophysical Research: Atmospheres, 100, 20883-20900,
https://doi.org/10.1029/95JD01884, _eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1029/95JD01884, 1995.

Engel, A., Mobius, T., Haase, H.-P., Bonisch, H., Wetter, T., Schmidt, U., Levin, 1., Reddmann, T., Oelhaf, H., Wetzel, G., Grunow, K., Huret,
N., and Pirre, M.: Observation of mesospheric air inside the arctic stratospheric polar vortex in early 2003, Atmospheric Chemistry and
Physics, 6, 267-282, https://doi.org/10.5194/acp-6-267-2006, publisher: Copernicus GmbH, 2006.

Farman, J. C., Gardiner, B. G., and Shanklin, J. D.: Large losses of total ozone in Antarctica reveal seasonal CIOx/NOx interaction, Nature,

315, 207-210, https://doi.org/10.1038/315207a0, number: 6016 Publisher: Nature Publishing Group, 1985.

28



545

550

555

560

565

570

575

580

https://doi.org/10.5194/egusphere-2025-873
Preprint. Discussion started: 6 May 2025 G
© Author(s) 2025. CC BY 4.0 License. E U Sp here

Fisher, M., O’Neill, A., and Sutton, R.: Rapid descent of mesospheric air into the stratospheric polar vortex, Geophysical Research Letters,
20, 1267-1270, https://doi.org/10.1029/93GL01104, _eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1029/93GL01104, 1993.

Fleming, E. L., Newman, P. A, Liang, Q. and Oman, L. D.: Stratospheric Temperature and Ozone Impacts of the
Hunga Tonga-Hunga Ha’apai Water Vapor Injection, Journal of Geophysical Research: Atmospheres, 129, e2023JD039 298,
https://doi.org/10.1029/2023JD039298, _eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1029/2023JD039298, 2024.

Frith, S. M., Kramarova, N. A., Stolarski, R. S., McPeters, R. D., Bhartia, P. K., and Labow, G. J.: Recent changes in total column
ozone based on the SBUV Version 8.6 Merged Ozone Data Set, Journal of Geophysical Research: Atmospheres, 119, 9735-9751,
https://doi.org/10.1002/2014JD021889, 2014.

Funke, B., Baumgaertner, A., Calisto, M., Egorova, T., Jackman, C. H., Kieser, J., Krivolutsky, A., Lépez-Puertas, M., Marsh, D. R., Red-
dmann, T., Rozanov, E., Salmi, S.-M., Sinnhuber, M., Stiller, G. P., Verronen, P. T., Versick, S., von Clarmann, T., Vyushkova, T. Y.,
Wieters, N., and Wissing, J. M.: Composition changes after the "Halloween" solar proton event: the High Energy Particle Precipitation
in the Atmosphere (HEPPA) model versus MIPAS data intercomparison study, Atmospheric Chemistry and Physics, 11, 9089-9139,
https://doi.org/10.5194/acp-11-9089-2011, publisher: Copernicus GmbH, 2011.

Funke, B., Lépez-Puertas, M., Stiller, G. P., and von Clarmann, T.: Mesospheric and stratospheric NOy produced by energetic particle
precipitation during 2002-2012, Journal of Geophysical Research: Atmospheres, 119, 4429—4446, https://doi.org/10.1002/2013JD021404,
_eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1002/2013JD021404, 2014.

Fusco, A. C. and Salby, M. L.: Interannual Variations of Total Ozone and Their Relationship to Variations of Planetary Wave Activity, https:
/fjournals.ametsoc.org/view/journals/clim/12/6/1520-0442_1999_012_1619_ivotoa_2.0.co_2.xml, section: Journal of Climate, 1999.

Garcia, R. R. and Boville, B. A.: “Downward Control” of the Mean Meridional Circulation and Temperature Distribution of the Polar
Winter Stratosphere, https://journals.ametsoc.org/view/journals/atsc/51/15/1520-0469_1994_051_2238_cotmmc_2_0_co_2.xml, section:
Journal of the Atmospheric Sciences, 1994.

Gelaro, R., McCarty, W., Sudrez, M. J., Todling, R., Molod, A., Takacs, L., Randles, C. A., Darmenov, A., Bosilovich, M. G., Reichle,
R., Wargan, K., Coy, L., Cullather, R., Draper, C., Akella, S., Buchard, V., Conaty, A., Silva, A. M. d., Gu, W., Kim, G.-K., Koster, R.,
Lucchesi, R., Merkova, D., Nielsen, J. E., Partyka, G., Pawson, S., Putman, W., Rienecker, M., Schubert, S. D., Sienkiewicz, M., and
Zhao, B.: The Modern-Era Retrospective Analysis for Research and Applications, Version 2 (MERRA-2), https://doi.org/10.1175/JCLI-
D-16-0758.1, section: Journal of Climate, 2017.

Global Modeling and Assimilation Office (GMAO): MERRA-2 inst6_3d_ana_Np: 3d,6-Hourly,Instantaneous,Pressure-
Level,Analysis,Analyzed Meteorological Fields V5.12.4, https://doi.org/10.5067/A7S6XP56VZWS, 2015.

Haynes, P. H., Mclntyre, M. E., Shepherd, T. G., Marks, C. J., and Shine, K. P.: On the “Downward Control” of Extratropical Diabatic
Circulations by Eddy-Induced Mean Zonal Forces, Journal of the Atmospheric Sciences, 48, 651-678, https://doi.org/10.1175/1520-
0469(1991)048<0651:OTCOED>2.0.CO:;2, publisher: American Meteorological Society Section: Journal of the Atmospheric Sciences,
1991.

Hersbach, H., Bell, B., Berrisford, P., Biavati, G., Hordnyi, A., Mufioz Sabater, J., Nicolas, J., Peubey, C., Radu, R., Rozum, I., Schep-
ers, D., Simmons, A., Soci, C., Dee, D., and Thépaut, J.-N.: ERA5 monthly averaged data on pressure levels from 1940 to present,
https://doi.org/10.24381/cds.6860a573, 2023.

Holton, J. R.: The Influence of Gravity Wave Breaking on the General Circulation of the Middle Atmosphere, Journal of the Atmospheric
Sciences, 40, 2497-2507, https://doi.org/10.1175/1520-0469(1983)040<2497:TIOGWB>2.0.CO;2, publisher: American Meteorological

Society Section: Journal of the Atmospheric Sciences, 1983.

29



585

590

595

600

605

610

615

620

https://doi.org/10.5194/egusphere-2025-873
Preprint. Discussion started: 6 May 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

Huck, P. E., McDonald, A. J., Bodeker, G. E., and Struthers, H.: Interannual variability in Antarctic ozone depletion controlled
by planetary waves and polar temperature, Geophysical Research Letters, 32, https://doi.org/10.1029/2005GL022943, _eprint:
https://onlinelibrary.wiley.com/doi/pdf/10.1029/2005GL022943, 2005.

Ivy, D. J., Solomon, S., Kinnison, D., Mills, M. J., Schmidt, A., and Neely III, R. R.: The influence of the Calbuco eruption
on the 2015 Antarctic ozone hole in a fully coupled chemistry-climate model, Geophysical Research Letters, 44, 2556-2561,
https://doi.org/10.1002/2016GL071925, _eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1002/2016GL071925, 2017.

Jackman, C. H., Marsh, D. R., Vitt, F. M., Garcia, R. R., Fleming, E. L., Labow, G. J., Randall, C. E., Lépez-Puertas, M., Funke, B., von
Clarmann, T., and Stiller, G. P.: Short- and medium-term atmospheric constituent effects of very large solar proton events, Atmospheric
Chemistry and Physics, 8, 765-785, https://doi.org/10.5194/acp-8-765-2008, publisher: Copernicus GmbH, 2008.

Kawamoto, N. and Shiotani, M.: Interannual variability of the vertical descent rate in the Antarctic polar vortex, Journal of Geophysical
Research: Atmospheres, 105, 11935-11 946, https://doi.org/10.1029/2000JD900076, 2000.

Keeley, S. P. E., Gillett, N. P., Thompson, D. W. J., Solomon, S., and Forster, P. M.: Is Antarctic climate most sensitive to ozone
depletion in the middle or lower stratosphere?, Geophysical Research Letters, 34, https://doi.org/10.1029/2007GL031238, _eprint:
https://onlinelibrary.wiley.com/doi/pdf/10.1029/2007GL031238, 2007.

Kessenich, H. E., Seppild, A., and Rodger, C. J.: Potential drivers of the recent large Antarctic ozone holes, Nature Communications, 14,
7259, https://doi.org/10.1038/s41467-023-42637-0, number: 1 Publisher: Nature Publishing Group, 2023.

Klekociuk, A. R., Tully, M. B., Krummel, P. B., Henderson, S. I., Smale, D., Querel, R., Nichol, S., Alexander, S. P., Fraser, P. J., Nedoluha,
G., Klekociuk, A. R., Tully, M. B., Krummel, P. B., Henderson, S. L., Smale, D., Querel, R., Nichol, S., Alexander, S. P., Fraser, P. J.,
and Nedoluha, G.: The Antarctic ozone hole during 2018 and 2019, Journal of Southern Hemisphere Earth Systems Science, 71, 66-91,
https://doi.org/10.1071/ES20010, publisher: CSIRO PUBLISHING, 2021.

Klekociuk, A. R., Tully, M. B., Krummel, P. B., Henderson, S. I, Smale, D., Querel, R., Nichol, S., Alexander, S. P., Fraser, P. J.,
and Nedoluha, G.: The Antarctic ozone hole during 2020, Journal of Southern Hemisphere Earth Systems Science, 72, 19-37,
https://doi.org/10.1071/ES21015, publisher: CSIRO PUBLISHING, 2022.

Kramarova, N. A.: OMPS-NPP L2 NP Ozone (O3) Vertical Profile swath orbital V2.9, https://doi.org/10.5067/FXX5S2VP2FVI, 2024.

Kravchenko, V. O., Evtushevsky, O. M., Grytsai, A. V., Klekociuk, A. R., Milinevsky, G. P., and Grytsai, Z. I.: Quasi-stationary planetary
waves in late winter Antarctic stratosphere temperature as a possible indicator of spring total ozone, Atmospheric Chemistry and Physics,
12, 2865-2879, https://doi.org/10.5194/acp-12-2865-2012, publisher: Copernicus GmbH, 2012.

Lecouffe, A., Godin-Beekmann, S., Pazmifio, A., and Hauchecorne, A.: Evolution of the intensity and duration of the South-
ern Hemisphere stratospheric polar vortex edge for the period 1979-2020, Atmospheric Chemistry and Physics, 22, 4187-4200,
https://doi.org/10.5194/acp-22-4187-2022, publisher: Copernicus GmbH, 2022.

Lee, J. N, Wu, D. L, Manney, G. L., Schwartz, M. J.,, Lambert, A., Livesey, N. J., Minschwaner, K. R., Pumphrey,
H. C., and Read, W. G.: Aura Microwave Limb Sounder observations of the polar middle atmosphere: Dynamics and trans-
port of CO and H2O, Journal of Geophysical Research: Atmospheres, 116, https://doi.org/10.1029/2010JD014608, _eprint:
https://onlinelibrary.wiley.com/doi/pdf/10.1029/2010JD014608, 2011.

Lee, J. N., Wu, D. L., and Ruzmaikin, A.: Interannual variations of MLS carbon monoxide induced by solar cycle, Journal of Atmospheric
and Solar-Terrestrial Physics, 102, 99-104, https://doi.org/10.1016/j.jastp.2013.05.012, 2013.

Lee, J. N., Wu, D. L., Ruzmaikin, A., and Fontenla, J.: Solar cycle variations in mesospheric carbon monoxide, Journal of Atmospheric and

Solar-Terrestrial Physics, 170, 21-34, https://doi.org/10.1016/j.jastp.2018.02.001, 2018.

30



625

630

635

640

645

650

655

https://doi.org/10.5194/egusphere-2025-873
Preprint. Discussion started: 6 May 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

Li, T., Calvo, N., Yue, J., Russell, J. M., Smith, A. K., Mlynczak, M. G., Chandran, A., Dou, X., and Liu, A. Z.: Southern Hemisphere
Summer Mesopause Responses to El Nifio—Southern Oscillation, https://doi.org/10.1175/JCLI-D-15-0816.1, section: Journal of Climate,
2016.

Lindzen, R. S.: Turbulence and stress owing to gravity wave and tidal breakdown, Journal of Geophysical Research: Oceans, 86, 9707-9714,
https://doi.org/10.1029/JC086iC10p09707, _eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1029/JC0861C10p09707, 1981.

Lloyd, S.. Least squares quantization in PCM, IEEE Transactions on Information Theory, 28, 129-137,
https://doi.org/10.1109/TIT.1982.1056489, conference Name: IEEE Transactions on Information Theory, 1982.

Manney, G. L., Zurek, R. W., O’Neill, A., and Swinbank, R.: On the Motion of Air through the Stratospheric Polar Vortex, Journal of
the Atmospheric Sciences, 51, 2973-2994, https://doi.org/10.1175/1520-0469(1994)051<2973:0OTMOAT>2.0.CO;2, publisher: American
Meteorological Society Section: Journal of the Atmospheric Sciences, 1994.

McLandress, C., Jonsson, A. 1., Plummer, D. A., Reader, M. C., Scinocca, J. F., and Shepherd, T. G.: Separating the Dynamical
Effects of Climate Change and Ozone Depletion. Part I: Southern Hemisphere Stratosphere, Journal of Climate, 23, 5002-5020,
https://doi.org/10.1175/2010JCLI3586.1, publisher: American Meteorological Society Section: Journal of Climate, 2010.

Minschwaner, K., Manney, G. L., Livesey, N. J., Pumphrey, H. C., Pickett, H. M., Froidevaux, L., Lambert, A., Schwartz, M. J.,
Bernath, P. F., Walker, K. A., and Boone, C. D.: The photochemistry of carbon monoxide in the stratosphere and mesosphere evalu-
ated from observations by the Microwave Limb Sounder on the Aura satellite, Journal of Geophysical Research: Atmospheres, 115,
https://doi.org/10.1029/2009JD012654, _eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1029/2009JD012654, 2010.

Miiller, R., Tilmes, S., Groo8, J.-U., Engel, A., Oelhaf, H., Wetzel, G., Huret, N., Pirre, M., Catoire, V., Toon, G., and Nakajima, H.: Impact
of mesospheric intrusions on ozone-tracer relations in the stratospheric polar vortex, Journal of Geophysical Research: Atmospheres, 112,
https://doi.org/10.1029/2006JD008315, _eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1029/2006JD008315, 2007.

Orr, A., Bracegirdle, T. J., Hosking, J. S., Jung, T., Haigh, J. D., Phillips, T., and Feng, W.: Possible Dynamical Mechanisms for Southern
Hemisphere Climate Change due to the Ozone Hole, Journal of the Atmospheric Sciences, 69, 2917-2932, https://doi.org/10.1175/JAS-
D-11-0210.1, publisher: American Meteorological Society Section: Journal of the Atmospheric Sciences, 2012.

Plumb, R. A., Heres, W., Neu, J. L., Mahowald, N. M., del Corral, J., Toon, G. C., Ray, E., Moore, F., and Andrews, A. E.: Global tracer
modeling during SOLVE: High-latitude descent and mixing, Journal of Geophysical Research: Atmospheres, 107, SOL 52-1-SOL 52-14,
https://doi.org/10.1029/2001JD001023, _eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1029/2001JD001023, 2002.

Polvani, L. M., Waugh, D. W., Correa, G. J. P,, and Son, S.-W.: Stratospheric Ozone Depletion: The Main Driver of Twentieth-Century
Atmospheric Circulation Changes in the Southern Hemisphere, Journal of Climate, 24, 795-812, https://doi.org/10.1175/2010JCLI3772.1,
publisher: American Meteorological Society Section: Journal of Climate, 2011.

Purich, A. and Doddridge, E. W.: Record low Antarctic sea ice coverage indicates a new sea ice state, Communications Earth & Environment,
4, 1-9, https://doi.org/10.1038/s43247-023-00961-9, publisher: Nature Publishing Group, 2023.

Randel, W. J. and Wu, F.: Cooling of the Arctic and Antarctic Polar Stratospheres due to Ozone Depletion, https://journals.ametsoc.org/view/
journals/clim/12/5/1520-0442_1999_012_1467_cotaaa_2.0.co_2.xml, section: Journal of Climate, 1999.

Randel, W. J., Wu, E,, and Stolarski, R.: Changes in Column Ozone Correlated with the Stratospheric EP Flux, Journal of the Meteorological
Society of Japan. Ser. II, 80, 849-862, https://doi.org/10.2151/jms;j.80.849, 2002.

Robertson, F., Revell, L. E., Douglas, H., Archibald, A. T., Morgenstern, O., and Frame, D.: Signal-To-Noise Calculations
of Emergence and De-Emergence of Stratospheric Ozone Depletion, Geophysical Research Letters, 50, €2023GL104 246,
https://doi.org/10.1029/2023GL104246, _eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1029/2023GL 104246, 2023.

31



660

665

670

675

680

685

690

https://doi.org/10.5194/egusphere-2025-873
Preprint. Discussion started: 6 May 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

Robinson, S. A., Revell, L. E., Mackenzie, R., and Ossola, R.: Extended ozone depletion and reduced snow and ice
cover—Consequences for Antarctic biota, Global Change Biology, 30, el17283, https://doi.org/10.1111/gcb.17283, _eprint:
https://onlinelibrary.wiley.com/doi/pdf/10.1111/gcb.17283, 2024.

Rosenfield, J. E., Newman, P. A., and Schoeberl, M. R.: Computations of diabatic descent in the stratospheric po-
lar vortex, Journal of Geophysical Research: Atmospheres, 99, 16677-16689, https://doi.org/10.1029/94JD01156, _eprint:
https://onlinelibrary.wiley.com/doi/pdf/10.1029/94JD01156, 1994.

Russell III, J. M., Tuck, A. F, Gordley, L. L., Park, J. H., Drayson, S. R., Harries, J. E., Cicerone, R. J., and Crutzen, P. J.: Haloe
Antarctic observations in the spring of 1991, Geophysical Research Letters, 20, 719-722, https://doi.org/10.1029/93GL00497, _eprint:
https://onlinelibrary.wiley.com/doi/pdf/10.1029/93GL00497, 1993.

Ryan, N. J., Kinnison, D. E., Garcia, R. R., Hoffmann, C. G., Palm, M., Raffalski, U., and Notholt, J.: Assessing the ability to derive
rates of polar middle-atmospheric descent using trace gas measurements from remote sensors, Atmospheric Chemistry and Physics, 18,
1457-1474, https://doi.org/10.5194/acp-18-1457-2018, publisher: Copernicus GmbH, 2018.

Salby, M. L., Titova, E. A., and Deschamps, L.: Changes of the Antarctic ozone hole: Controlling mechanisms, seasonal pre-
dictability, and evolution, Journal of Geophysical Research: Atmospheres, 117, https://doi.org/10.1029/2011JD016285, _eprint:
https://onlinelibrary.wiley.com/doi/pdf/10.1029/2011JD016285, 2012.

Santee, M. L., Manney, G. L., Livesey, N. J., Froidevaux, L., MacKenzie, I. A., Pumphrey, H. C., Read, W. G., Schwartz, M. J., Waters, J. W,
and Harwood, R. S.: Polar processing and development of the 2004 Antarctic ozone hole: First results from MLS on Aura, Geophysical
Research Letters, 32, https://doi.org/10.1029/2005GL022582, _eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1029/2005GL022582,
2005.

Santee, M. L., Manney, G. L., Lambert, A., Millan, L. E, Livesey, N. J., Pitts, M. C., Froidevaux, L., Read, W. G., and
Fuller, R. A.: The Influence of Stratospheric Hydration From the Hunga Eruption on Chemical Processing in the 2023 Antarc-
tic Vortex, Journal of Geophysical Research: Atmospheres, 129, €2023JD040 687, https://doi.org/10.1029/2023JD040687, _eprint:
https://onlinelibrary.wiley.com/doi/pdf/10.1029/2023JD040687, 2024.

Schoeberl, M. R., Luo, M., and Rosenfield, J. E.: An analysis of the Antarctic Halogen Occultation Experiment trace
gas observations, Journal of Geophysical Research: Atmospheres, 100, 5159-5172, https://doi.org/10.1029/94JD02749, _eprint:
https://onlinelibrary.wiley.com/doi/pdf/10.1029/94JD02749, 1995.

Schwartz, M., Froidevaux, L., Livesey, N., and Read, W.: MLS/Aura Level 2 Ozone (O3) Mixing Ratio V005, https://doi.org/10.5067/Aura/
MLS/DATA2516, 2020.

Schwartz, M., Pumphrey, H., Livesey, N., and Read, W.: MLS/Aura Level 2 Carbon Monoxide (CO) Mixing Ratio V005, https://doi.org/10.
5067/Aura/MLS/DATA2506, 2020.

Siskind, D. E., Eckermann, S. D., Coy, L., McCormack, J. P,, and Randall, C. E.: On recent interannual variability of the Arctic win-
ter mesosphere: Implications for tracer descent, Geophysical Research Letters, 34, https://doi.org/10.1029/2007GL029293, _eprint:
https://onlinelibrary.wiley.com/doi/pdf/10.1029/2007GL029293, 2007.

Siskind, D. E., Eckermann, S. D., McCormack, J. P., Coy, L., Hoppel, K. W., and Baker, N. L.: Case studies of the meso-
spheric response to recent minor, major, and extended stratospheric warmings, Journal of Geophysical Research: Atmospheres, 115,

https://doi.org/10.1029/2010JD014114, _eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1029/2010JD014114, 2010.

32



695

700

705

710

715

720

725

730

https://doi.org/10.5194/egusphere-2025-873
Preprint. Discussion started: 6 May 2025 EG U
sphere

(© Author(s) 2025. CC BY 4.0 License.

Solomon, S., Rusch, D., Gérard, J., Reid, G., and Crutzen, P.: The effect of particle precipitation events on the neutral and ion chemistry
of the middle atmosphere: II. Odd hydrogen, Planetary and Space Science, 29, 885-893, https://doi.org/10.1016/0032-0633(81)90078-7,
1981.

Solomon, S., Garcia, R. R., Olivero, J. J., Bevilacqua, R. M., Schwartz, P. R., Clancy, R. T., and Muhleman, D. O.: Photochemistry and Trans-
port of Carbon Monoxide in the Middle Atmosphere, Journal of the Atmospheric Sciences, 42, 1072—-1083, https://doi.org/10.1175/1520-
0469(1985)042<1072:PATOCM>2.0.CO;2, publisher: American Meteorological Society Section: Journal of the Atmospheric Sciences,
1985.

Solomon, S., Ivy, D. J., Kinnison, D., Mills, M. J., Neely, R. R., and Schmidt, A.: Emergence of healing in the Antarctic ozone layer, Science,
353, 269-274, https://doi.org/10.1126/science.aae0061, publisher: American Association for the Advancement of Science, 2016.

Solomon, S., Stone, K., Yu, P., Murphy, D. M., Kinnison, D., Ravishankara, A. R., and Wang, P.: Chlorine activation and enhanced ozone de-
pletion induced by wildfire aerosol, Nature, 615, 259264, https://doi.org/10.1038/s41586-022-05683-0, number: 7951 Publisher: Nature
Publishing Group, 2023.

Son, S.-W., Gerber, E. P., Perlwitz, J., Polvani, L. M., Gillett, N. P,, Seo, K.-H., Eyring, V., Shepherd, T. G., Waugh, D., Akiyoshi, H., Austin,
J., Baumgaertner, A., Bekki, S., Braesicke, P., Briihl, C., Butchart, N., Chipperfield, M. P., Cugnet, D., Dameris, M., Dhomse, S., Frith, S.,
Garny, H., Garcia, R., Hardiman, S. C., Jockel, P., Lamarque, J. F., Mancini, E., Marchand, M., Michou, M., Nakamura, T., Morgenstern,
0., Pitari, G., Plummer, D. A., Pyle, J., Rozanov, E., Scinocca, J. F., Shibata, K., Smale, D., Teyssedre, H., Tian, W., and Yamashita, Y.: Im-
pact of stratospheric ozone on Southern Hemisphere circulation change: A multimodel assessment, Journal of Geophysical Research: At-
mospheres, 115, https://doi.org/10.1029/2010JD014271, _eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1029/2010JD014271, 2010.

Stone, K. A., Solomon, S., Kinnison, D. E., Pitts, M. C., Poole, L. R., Mills, M. J., Schmidt, A., Neely III, R. R., Ivy, D., Schwartz,
M. J., Vernier, J.-P., Johnson, B. J., Tully, M. B., Klekociuk, A. R., Konig-Langlo, G., and Hagiya, S.: Observing the Impact of Cal-
buco Volcanic Aerosols on South Polar Ozone Depletion in 2015, Journal of Geophysical Research: Atmospheres, 122, 11,862-11,879,
https://doi.org/10.1002/2017JD026987, _eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1002/2017JD026987, 2017.

Stone, K. A., Solomon, S., and Kinnison, D. E.: On the Identification of Ozone Recovery, Geophysical Research Letters, 45, 5158-5165,
https://doi.org/10.1029/2018GL077955, _eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1029/2018 GL077955, 2018.

Stone, K. A., Solomon, S., Kinnison, D. E., and Mills, M. J.: On Recent Large Antarctic Ozone Holes and Ozone Re-
covery Metrics, Geophysical Research Letters, 48, €2021GL095232, https://doi.org/10.1029/2021GL095232, _eprint:
https://onlinelibrary.wiley.com/doi/pdf/10.1029/2021GL095232, 2021.

Sutton, R.: Lagrangian flow in the middle atmosphere, Quarterly Journal of the Royal Meteorological Society, 120, 1299-1321,
https://doi.org/10.1002/qj.49712051909, _eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1002/qj.49712051909, 1994.

Thompson, D. W. J., Solomon, S., Kushner, P. J., England, M. H., Grise, K. M., and Karoly, D. J.: Signatures of the Antarctic ozone hole in
Southern Hemisphere surface climate change, Nature Geoscience, 4, 741-749, https://doi.org/10.1038/nge01296, number: 11 Publisher:
Nature Publishing Group, 2011.

Verronen, P. T., Andersson, M. E., Marsh, D. R., Kovécs, T., and Plane, J. M. C.: WACCM-D—Whole Atmosphere Community Climate
Model with D-region ion chemistry, Journal of Advances in Modeling Earth Systems, 8, 954-975, https://doi.org/10.1002/2015MS000592,
_eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1002/2015MS000592, 2016.

Wang, P., Solomon, S., Santer, B. D., Kinnison, D. E., Fu, Q., Stone, K. A., Zhang, J., Manney, G. L., and Millan, L. F.: Fingerprinting the
recovery of Antarctic ozone, Nature, 639, 646-651, https://doi.org/10.1038/s41586-025-08640-9, publisher: Nature Publishing Group,
2025.

33



735

740

745

750

755

760

https://doi.org/10.5194/egusphere-2025-873
Preprint. Discussion started: 6 May 2025 G
© Author(s) 2025. CC BY 4.0 License. E U Sp here

Weber, M., Dikty, S., Burrows, J. P., Garny, H., Dameris, M., Kubin, A., Abalichin, J., and Langematz, U.: The Brewer-Dobson circulation
and total ozone from seasonal to decadal time scales, Atmospheric Chemistry and Physics, 11, 11 221-11 235, https://doi.org/10.5194/acp-
11-11221-2011, publisher: Copernicus GmbH, 2011.

Weber, M., Coldewey-Egbers, M., Fioletov, V. E., Frith, S. M., Wild, J. D., Burrows, J. P., Long, C. S., and Loyola, D.: Total ozone trends
from 1979 to 2016 derived from five merged observational datasets — the emergence into ozone recovery, Atmospheric Chemistry and
Physics, 18, 2097-2117, https://doi.org/10.5194/acp-18-2097-2018, publisher: Copernicus GmbH, 2018.

Weber, M., Arosio, C., Coldewey-Egbers, M., Fioletov, V. E., Frith, S. M., Wild, J. D., Tourpali, K., Burrows, J. P., and Loyola, D.: Global
total ozone recovery trends attributed to ozone-depleting substance (ODS) changes derived from five merged ozone datasets, Atmospheric
Chemistry and Physics, 22, 6843-6859, https://doi.org/10.5194/acp-22-6843-2022, 2022.

Wohltmann, I., Santee, M. L., Manney, G. L., and Millan, L. F.: The Chemical Effect of Increased Water Vapor From the
Hunga Tonga-Hunga Ha’apai Eruption on the Antarctic Ozone Hole, Geophysical Research Letters, 51, €2023GL106980,
https://doi.org/10.1029/2023GL106980, _eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1029/2023GL106980, 2024.

World Meteorological Organization, W.: Scientific Assessment of Ozone Depletion: 2022, GAW Report 278, WMO, Geneva, 2022.

Yamazaki, Y., Matthias, V., Miyoshi, Y., Stolle, C., Siddiqui, T., Kervalishvili, G., Lastovicka, J., Kozubek, M., Ward, W., The-
mens, D. R., Kristoffersen, S., and Alken, P.: September 2019 Antarctic Sudden Stratospheric Warming: Quasi-6-Day Wave
Burst and Ionospheric Effects, Geophysical Research Letters, 47, €2019GL086 577, https://doi.org/10.1029/2019GL086577, _eprint:
https://onlinelibrary.wiley.com/doi/pdf/10.1029/2019GL086577, 2020.

Yook, S., Thompson, D. W. J., and Solomon, S.: Climate Impacts and Potential Drivers of the Unprecedented Antarctic Ozone
Holes of 2020 and 2021, Geophysical Research Letters, 49, €2022GL098 064, https://doi.org/10.1029/2022GL098064, _eprint:
https://onlinelibrary.wiley.com/doi/pdf/10.1029/2022GL098064, 2022.

Yu, P, Davis, S. M., Toon, O. B., Portmann, R. W.,, Bardeen, C. G., Barnes, J. E., Telg, H., Maloney, C., and Rosenlof, K. H.: Per-
sistent Stratospheric Warming Due to 2019-2020 Australian Wildfire Smoke, Geophysical Research Letters, 48, €2021GL092 609,
https://doi.org/10.1029/2021GL092609, _eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1029/2021GL092609, 2021.

Zambri, B., Solomon, S., Thompson, D. W. J., and Fu, Q.: Emergence of Southern Hemisphere stratospheric circulation changes in response
to ozone recovery, Nature Geoscience, 14, 638—644, https://doi.org/10.1038/s41561-021-00803-3, number: 9 Publisher: Nature Publishing
Group, 2021.

Zhu, Y., Toon, O. B., Kinnison, D., Harvey, V. L., Mills, M. J., Bardeen, C. G., Pitts, M., Begue, N., Renard, J.-B., Berthet, G.,
and Jégou, F.: Stratospheric Aerosols, Polar Stratospheric Clouds, and Polar Ozone Depletion After the Mount Calbuco Erup-
tion in 2015, Journal of Geophysical Research: Atmospheres, 123, 12,308-12,331, https://doi.org/10.1029/2018JD028974, _eprint:
https://onlinelibrary.wiley.com/doi/pdf/10.1029/2018JD028974, 2018.

34



