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Abstract

We use satellite ozone records and Global Modeling Initiative (GMI) chemistry transport
madel (CTM) simulations integrated with MERRA2 meteorology to identify a metric that
accurately captures the trend in Antarctic ozone attributable to the decline in ozone depleting
substances (ODSs). The GMI CTM Baseline simulation with realistically varying ODS levels
closely matches observed interannual to decadal scale variations in Antarctic September
ozone over the past 4 decades. The expected increase or recovery trend is obtained from the
differences between the Baseline simulation and one with identical meteorology and fixed
1995 ODS levels. The differences show that vortex-averaged column O3 has the greatest
sensitivity to ODS change from 1-20 Sep. The observed vortex-averaged column O3 during
this period produces a trend consistent with the expected recovery attributable to ODS
decline. Trends from dates after 20 Sep have smaller sensitivity to ODS decline and are more
uncertain due to transport variability. Simulations show that the greatest decrease in O3 loss
(i.es; recovery) occurs inside the vortex near the edge. The polar cap metrics have vortex size-
dependent bias and do not consistently sample this region. Because the 60-90°S 220 DU O3
mass deficit (OMD) metric does not sample the edge region, its trend is lower than the
expected trend; this is improved by area weighting. The 250 DU OMD metric samples more
of the edge region, which increases its trend. Approximately 25% of the September Antarctic
O3 increase is due to higher O3 levels in June prior to winter depletion.

Plain Language Summary

Atmospheric levels of ozone depleting substances (ODSs) are decreasing due to the Montreal
Protocol and its amendments. The Ozone Hole is beginning to shrink, but trends derived from
Antarctic O3 observations differ widely. We compared model simulations with different ODS
levels to reveal where, when, and how much Antarctic O3 increases in response to ODS
decline. We found that trend studies used O3 measurements from different dates and regions,
which usually did not line up with regions where the greatest O3 recovery occurs or with the
time period when O3 changes are most sensitive to declining ODSs. This explains why
reported trends and their uncertainties vary so much.

Our simulations found the strongest, clearest signal of increasing O3 due to ODS change
between 1-20 Sep inside the Antarctic polar vortex. The observed vortex O trend from 1-20
Sepis 1.2-1.6 DU/yr and is consistent with the simulations’ results, indicating that Og is
increasing at the rate expected due to ODS decrease. The greatest recovery occurs inside the
vortex but just outside the O3 220 DU contour, the traditionally defined boundary of the
Ozone Hole. Simulations and observations agree that the September Ozone Hole is shrinking
at 0.24-0.36 million km?/yr.

1 Introduction

Due to the Montreal Protocol and its amendments, stratospheric loading of chlorine
and bromine-containing ozone depleting substances (ODSs) have declined since reaching a
peak in the 1990s. In the upper stratosphere, observations show a decline in HCI, the end
product of chlorofluorocarbon (CFC) destruction (Froidevaux et al., 2006) and an increase in
O3 (Kyrola et al., 2013; Gebhardt et al., 2014). In the past few years, more than one dozen
ozone studies found increasing trends in Antarctic Oz during September, although not all of
the trends were statistically significant (Langematz and Tully in Chapter 4 of the Scientific
Assessment of Ozone Depletion, 2018). It is on this basis that the World Meteorological
Organization (WMO) assessment concludes that the early signs of the second stage of
Antarctic ozone recovery are becoming apparent. Using observations as well as models, some
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studies have attributed some of the positive trend to the decline in ozone depleting substances
(e.g., Solomon et al., 2016; Strahan and Douglass, 2018).

Solomon et al. (2016) and Steinbrecht et al. (2018) note that the expected recovery of
Antarctic O attributable to ODS decline is about 0.5%/yr, or roughly 1 DU/yr. But reported
Antarctic ozone recovery trends, derived from different data sets and analysis techniques
have a wide range of values and uncertainties. Most studies determine a trend by applying
linear or multiple linear regression (MLR) to a specific long term data record; the MLR uses
proxies to account for dynamical and chemical drivers of O3 variation. Satellite observations
of total column Og are often used because they provide excellent coverage of the high
latitudes in late winter (September) and spring. Various metrics are used to calculate recovery
trends from satellite column O3 data sets: 60-90°S or 63-90°S polar cap mean Oz (Solomon et
al.; 2016; Chipperfield et al., 2017; Weber et al., 2018), the area with column O3 <220
Dobson Units (DU) (Solomon et al., 2016), and ozone mass deficits (OMDs) with respect to
220 DU O3 (DelLaat et al., 2017; Pazmifio et al., 2018). The WMO Assessment (Langematz
and Tully, 2018) points out that many factors play a role in the different trends and
uncertainties obtained by these studies, such as possible drifts in the observational data sets,
the length of the data record, procedures used to merge data sets, and formulations of the
regression models, including the choices for proxies. The report notes that the role of the
regression model in trend uncertainty is so great that 2 studies using similar data records and
MLR-models, Chipperfield et al. (2017) and Weber et al. (2018), produced trends that varied
by nearly a factor of 2. The SPARC (2019) report on long-term O3 trends offers a substantial
discussion of the impact of data sets and MLR models on trend calculations.

Even if there were no uncertainties arising from drifts, data set merging, length of the
record, or MLR models, Antarctic O3 recovery trends attributable to ODS decline would not
necessarily agree because the metrics chosen for trend calculations use O3 data with different
spatial and temporal domains. Polar O3 depletion depends on ODS amounts and temperature,
but the balance between O3 changes driven by chemistry and those driven by dynamics varies
strongly with day of the year and latitude, and from year to year. Solomon et al. (2016)
obtained a trend of 2.5 (1.5) DU/yr for 2000-2014 for the 63-90°S September polar cap
average, while Chipperfield et al. (2017) obtained a 4.7% (9.1)/decade (equal to ~1 DU/yr)
trend using a slightly larger September polar cap (60-90°S) and 1 additional year of
observations. (Two standard deviations (2c) of trend results are shown in parentheses.)
Instead of a polar cap average, Pazmifio et al. (2018) averaged September column O3
observations over the vortex and obtained trends from MLR that ranged from 1.8 (1.0) to 2.8
(1.5) DU/yr for 2001-2017; their trends for 15 Sep-15 Oct were about one third smaller. They
attribute the wide range of trend results to their use of different MLR proxies and definitions
for the vortex edge. Interestingly, they also fit trends for the OMD from 60°-90°S, which
when converted to Dobson units produces September trends of 1.1 (0.5) DU/yr — only half as
large as the vortex trends but with greater statistical significance. Some studies have
determined trends for September through November (Salby et al., 2011; Kuttippurath and
Nair, 2017), a period that captures all of the seasonal O3 depletion but is subject to large year-
to-year O3 variations that vary with vortex stability, increasing the possibility that the trend
will have a dynamical component. This dizzying array of trend results is a consequence of
the specific dates and spatial boundaries that define each O3 metric, leading each to have its
own particular sensitivity to ODS decline and dynamical variability.

The trends reported in Langematz and Tully (2018) provide a preponderance of
evidence that Antarctic Os is increasing but that the rate of increase is highly uncertain. A
quantitative measure of Antarctic O3 increase attributable to the known ODS decline is
essential in order to demonstrate that the Montreal Protocol and its amendments are having
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the intended impact. If Antarctic O3 in the coming decades does not respond as we predict,
then we must assess whether this indicates a change in stratospheric chemical or dynamical
processes.controlling O3 or whether it points to unexpected emissions of regulated or
unregulated ODSs (e.g., Montzka et al., 2018; Hossaini et al., 2019).

In this study we quantify the expected Antarctic ozone trend attributable to ODS
decline using a simulation with realistic chemistry and dynamics. We contrast that simulation
to 2 model perturbation experiments that use identical meteorology. The differences between
the simulations isolate the chemical impact of declining ODSs on O3, independent of
dynamical variability and independent of climate change (i.e., upper stratospheric Os
increases resulting from increasing CO,/decreasing temperature). The simulations allow us to
look under the hood of O3 depletion to explore how well different observational metrics
capture the full extent of ozone depletion and to see where and when recovery is occurring.
We will show that some metrics have sensitivity to ODS decline that varies with vortex size,
leading to increased trend uncertainty and possible bias. We identify the observed total
column ozone metric that has the maximum sensitivity to ODS decline and the minimum
sensitivity to dynamics. The trend calculated from this metric best captures the Antarctic
ozone response attributable to declining ODSs and produces a statistically significant trend
froman ordinary least squares linear fit without need for MLR.

2 Observations, Model Simulations, and Model Performance

All analyses and model evaluations in this study use Level 3 daily column O3
measurements, 1980-2018, from the following satellite instruments: Nimbus-7 and EP Total
Ozone Mapping Spectrometers (TOMS), Aura Ozone Measuring Instrument (OMI) (Bhartia,
2012), and Ozone Measurements Profiler Suite (OMPS) (Jaross, 2017). Column Og is
measured only in the sunlit atmosphere. Version 4.2 pressure level O3 measurements from the
Aura Microwave Limb Sounder (MLS), 2004-2018, are also used; daily MLS observations
82°S-82°N are available in all months of the year. These data sets are available from the
NASA Goddard Earth Science Data Center (https://disc.gsfc.nasa.gov/datasets). The Level 3
gridded O3 record has 1.25° longitude x 1° latitude resolution from 1980-2004 and 1°x1°
resolution from 2005 onward. Our observational analyses use Modern Era Retrospective for
Research and Analysis 2 (MERRAZ2) assimilated ozone (which assimilates MLS O3) to fill
data gaps between satellite orbits and in polar night in the TOMS/OMI/OMPS data set
(Wargan et al., 2015). The polar night area shrinks rapidly in September and an average 13%
of the vortex from September 1-20 is filled by assimilated ozone; analyses using the
TOMS/OMI/OMPS data with and without MERRAZ2 ozone filling produce the same trends
and significance. MLS O3 data from 261-0.46 hPa are used to calculate stratospheric
columns; column accuracies are reported to be +4% (Livesey et al., 2017). Tropospheric
ozone columns from the surface to 268 hPa from the chemistry transport model (CTM)
simulation described below are added to the MLS stratospheric columns to create total
columns for MLS data for comparisons with the CTM and the TOMS/OMI/OMPS data set.
The simulated Antarctic tropospheric columns typically vary from 16-18 DU. The CTM
tropospheric O3 columns were evaluated against global sonde observations and found to have
no bias (Ziemke et al., 2014).

We use 3 simulations from the Global Modeling Initiative (GMI) CTM integrated
with MERRA2 meteorology 1980-2018 (Gelaro et al., 2017) to separate the roles of transport
and chemical impacts of ODSs in Antarctic Os trends. All simulations have 1° x 1.25°
horizontal resolution and 72 hybrid sigma-pressure levels from the surface to 0.01 hPa. The
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CTM uses an updated version of chemical mechanism described in Strahan et al. (2013);
stratospheric sulfate surface area densities (Arfeuille et al., 2013) are the same as used in
Chemistry-Climate Model Initiative (CCMI) simulations. Previous studies demonstrated the
realism of polar chemistry and transport in GMI CTM MERRA and MERRAZ2 simulations
(Strahan et al., 2013; Strahan et al., 2016; Strahan and Douglass, 2018). Changes in ODS-
driven Og depletion are coupled to dynamics through radiation. Ozone depletion in Antarctic
spring leads to reduced lower stratospheric temperatures, strengthening of the polar jet,
delayed vortex breakup, and increased high latitude downwelling (Waugh et al., 1999;
Stolarski et al., 2006). These impacts are imbedded in reanalysis meteorology and not
separable in CTM simulations. The results here reflect only the chemical impacts on O3 due
to ODS decline.

The Baseline simulation is forced at the surface by realistic time-dependent mixing
ratios for long-lived source gases (ODSs, N,O, and CH,). The High ODS simulation is
initialized with the Baseline simulation on 1 Jan 1995 and is integrated from 1995-2018 with
the same meteorology as Baseline, but forced at the surface with constant ODS mixing ratios
from 1995. The only differences between the Baseline and High ODS simulations are the
ODS levels. The O differences between these simulations quantify O3 recovery due to ODS
decline independent of dynamical impacts on O3. The ‘No Het’ simulation has the rates for
heterogeneous halogen reactions with O; set to zero (i.e., no polar O depletion). It is
integrated from May to December each year using initial conditions from the corresponding
year of the Baseline simulation on 1 May. Changes in Antarctic O3 in the No Het simulation
are due only to transport and gas phase chemistry; the latter is insignificant in winter.
Because No Het and Baseline have the same transport, the difference between them
quantifies each year’s heterogeneous O3 depletion. The usefulness of vortex-averaged
quantities for diagnosing polar chemical and transport processes was shown in our
aforementioned studies. We use potential vorticity (PV) fields from MERRAZ to define the
vortex edge on the 450 K potential temperature surface in the lower stratosphere (~70 hPa)
where the greatest O3 depletion occurs. All observations and model outputs in this study use
PV of -3.0 x 10™ kg m?s™ to define the vortex edge because it consistently locates the region
of the steepest PV gradients in winter and is usually co-located with steep column O3
gradients. A £10% change in the PV value for the edge produces an approximate +10%
change in vortex area, but the calculated trend of the O3 mean varies by less than +1%.

September Antarctic vortex column O3 values reflect seasonal depletion and transport
changes that occurred since early winter. Figure 1a shows that simulated September vortex-
averaged column O3 from 1980-present matches the variability at interannual to decadal time
scales in the O3 data, with a consistent 13 DU low bias (~6%) except for the few years
following the Mt. Pinatubo eruption in 1991. The black line showing MLS total column O3
since 2004 falls on top of the TOMS/OMI/OMPS data set. Figure 1b compares MLS and
simulated vortex column Og in June, after the vortex has formed but before significant
seasonal depletion has begun. Their RMS difference is 3 DU, which is much smaller than the
4% (11 DU) MLS column measurement uncertainty. That the simulation shows no bias in
June and develops a mean low bias of 13 DU by September suggests that depletion may be
too great.in winter, although errors in transport may contribute. (The bias is in the simulated
stratospheric column because the MLS total columns use the GMI tropospheric columns.)
Fig. 1c shows the year-to-year variations in vortex-averaged depletion and transport during
winter; the 14-year seasonal mean change is removed from both model and data to emphasize
the agreement in the year-to-year O3 change. Both the simulation and observations show a
roughly 20 DU reduction in ozone depletion during the Aura period (dashed lines). This is
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consistent with the reduction in depletion derived from observations reported by Strahan and
Douglass (2018).

3 Identifying Antarctic O3 Recovery Attributable to ODS Decline

Ozone observations inside the Antarctic vortex will provide the strongest signal of
recovery attributable to ODS decline. Ozone depletion occurs almost entirely inside the polar
vortex because temperatures there are low enough to form the polar stratospheric clouds
(PSCs) that transform halogen reservoir gases (i.e., CIONO; and HCI) into reactive species
while denitrifying and dehydrating the air. The PSC-processed air is generally confined by
the vortex, allowing rapid catalytic ozone depletion when sunlight returns in late winter
(Solomon, 1990; Schoeberl and Hartmann, 1991). Most of the ozone-depleted air remains
inside the vortex because sharp gradients in potential vorticity inhibit mixing with air masses
outside the vortex (Hartmann et al., 1989). The potential vorticity gradients weaken and
mixing increases in September as the tropospheric waves that drive stratospheric dynamics
increase.

We show the sensitivity of ozone depletion to ODS change by examining the
differences between the GMI High ODS and the Baseline simulations. Dynamics affects
Antarctic Oz through transport and through the temperature dependence of PSC processing,
but because Baseline and High ODS use the same meteorology, their differences are due only
to changes in ODS-driven O3 loss and not temperature or dynamical variability. Figure 2a
shows the differences in vortex-averaged column O3 in the two simulations as a function of
day of the year 1995-2018. The maximum sensitivity of O3 loss to ODS decline occurs
between 1-20 September (dashed lines), dates which are centered in the 35-day maximum
loss rate period determined by Hassler et al. (2011) using South Pole ozone sondes. Figure 2b
explains why. The rate of O3 loss in High ODS before mid-September is faster than in
Baseline, increasing the O3 difference between them. After that, the loss practically ceases in
the High ODS lower stratosphere from 100-50 hPa because there is little O left. But Baseline
O3 loss continues into October because there is still O3 left to destroy; the continued loss in
Baseline decreases the difference between the simulations. Although lower stratospheric
depletion continues in Baseline, column Oz increases in October in both simulations due to
transport; this will be discussed in Section 4.2. The October sensitivity of O3 loss to ODS
decline is only 2/3 that of 1-20 Sep, making trend attribution more challenging for metrics
using October data. Recovery metrics using 1-30 Sep data (e.g., Solomon et al. (2016),
Pazmifio et al. (2018)) will have ~10% lower sensitivity to ODS decline than metrics using
data from 1-20 Sep.

Figure 2c shows the rate of Antarctic O3 recovery in June and September using the
simulation differences in Fig. 2a. The difference in Antarctic stratospheric ODS levels
between the simulations in September is shown by the Equivalent Effective Stratospheric
Chlorine (EESC) at 50 hPa (blue line). EESC is calculated using age-of-air dependent
fractional release values and an age-of-air spectrum (Newman et al., 2007). Weak recovery in
September is seen in the first 3-5 years after ODS emissions began to decline, reflecting the
mean transit time from the surface to the Antarctic lower stratosphere. In this study we
calculate trends starting in 2000 when the full impact of reduced ODS emissions has reached
the Antarctic stratosphere. The reduction in depletion in the 5 years before 2000 is 1.7 DU.
The rate of O3 increase after 2000 is linear at 1.22 DU/yr, with a one-sided 95% confidence
interval of 0.01. The change in EESC after 2000 is also linear (26 ppt/yr). The ratio of these
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lines is the vortex-averaged column Os sensitivity to ODSs. The simulation’s sensitivity is
46.9 DU (1.3) Os/ppb EESC from 2000-2018. Notice that about 25% of the O3 increase
occurs in-June prior to winter depletion (6.5 DU in 2018), suggesting that global O3 recovery
has increased Antarctic O3 at the time of vortex formation in late fall.

Figure 2a indicates that vortex averaged column Oz from 1-20 Sep is an optimal
metric for identifying the trend attributable to ODS decline because of the maximum
sensitivity to ODSs during this period. The TOMS/OMI/OMPS data are suitable for this
metric because sampling reaches 77°S on 1 Sep and 84°S by 20 Sep, covering an average of
87% of the vortex during this period. Unlike the highly significant trend determined by model
differences, trends calculated from observations have greater uncertainty because of the large
interannual O3 variability (IAV) that comes from dynamics; in addition, the trend may
include bias if there is a trend in dynamics.

We test whether this metric accurately identifies the trend attributable to ODSs in a
record-with large IAV by comparing the trend in Baseline with the trend determined by
subtracting High ODS from Baseline O3 (Fig. 2a). Fig. 3a shows the Baseline trend is 1.21
(0.20) DU/yr (95% confidence interval (CI)) during this period, in close agreement with the
known model trend of 1.22 DU/yr discussed above. The uncertainty is much larger because
Baseline, like the observations, has large dynamically-driven IAV. All trends calculated in
this study are reported with 95% confidence intervals.

Figure 3a also shows the vortex averaged O3 from observations (blue). The observed
trend.of 1.39 (0.22) DUl/yr is slightly higher than the Baseline trend but their confidence
intervals overlap, indicating good model agreement with the observations. We calculate the
trend.in High ODS to see whether a trend in dynamics may contribute to the observed trend.
The simulations and the observations have very similar IAV. The High ODS trend in Fig. 3b
(black) is 0.0 (0.2), suggesting that any dynamical contribution to the trend cannot be
detected from the 19-year time period given the O3 IAV. The observed vortex-averaged trend
is between 1.18 and 1.61 DU/yr (95% Cl), consistent with the expected response to declining
ODSs determined from the simulations.

We tested the observed trend’s sensitivity to the choice of meteorological reanalysis
used to define the vortex edge by using ERA-Interim reanalysis PV fields (Dee et al., 2011)
to calculate the observed vortex averaged 1-20 Sep column O3 (‘Os/ERA-I"). For 2000-2018,
vortex averaged Os/ERA-I ranges from 8 DU lower to 2 DU higher than the Os/MERRA2
record in Fig. 3a (mean difference -1.3 DU (0.6%)) and it has a trend of 1.35 to 1.81 DU/yr
(95% CI). This trend is 13% larger than the Os/MERRAZ trend but the trends agree to within
their uncertainties. Severe O3 depletion in 2000 gives each record a very low starting point,
increasing both analyses’ trends for shorter data records: from 1.4-1.7 for O3/ MERRAZ2 and
1.8-2.3 DU/yr for O3/ERA-I for records ending before 2015. For records ending after 2015,
trends calculated for both O3/PV analyses decreased, their differences shrank, and their Cls
narrowed. As the data records have lengthened, the impact of the choice of reanalysis product
on the observed trend has diminished.

4 Why Different O3 Metrics Produce Different Trends

Different O3 recovery metrics have different balances between their sensitivity to
ODS decline and dynamical variability because of the spatial and temporal boundaries that
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define them. In this section we use the GMI simulations to investigate how well several
commonly used 0zone metrics capture ozone loss attributable to ODSs and the extent to
which they are affected by dynamics. The metrics examined are the polar cap average column
O3, the area with column Og less than 220 DU, and the ozone mass deficit relative to 220 DU
O3 over 60-90°S. Trends calculated with OMD are converted to DU for comparison with
other metrics (1 DU = 2.144 x 10 metric tons (MT) Os/km? and the 60-90°S area is 34.4
million km?). Section 4.1 compares metrics and their trends using O3 observations from 1-20
Sep for comparison with the vortex-averaged results in the previous section. Section 4.2
explores the impact of the choice of dates on trend results.

4.1 Trend Sensitivity to Spatial Boundaries

The locations of each metric’s spatial boundaries with respect to the distributions of
simulated column O3 and O3 depletion in a strong (cold) and in a disturbed (warm) vortex
reveal weaknesses in the metrics. The left panels of Figure 4 show O3 averaged over the 2"
week of September in a warm, small vortex (2017) and in a cold, large vortex (2018), but
with similar ODS levels. The location of the 2017 vortex edge in this week averaged 2.5°
poleward of the 2018 vortex. The O3 depletion for the same week (right panels) is the
difference between the Baseline and No Het simulations. The 4 boundaries used by the
metrics discussed here are: vortex edge (red), 63°S polar cap (yellow dashed), 60°S polar cap
(orange dashed), and 220 DU contour (white).

The Antarctic vortex is rarely circular and centered on the pole even in a cold year.
Figs. 4b and 4d show that the 60°S and 63°S polar cap boundaries include some non-vortex
air whether the year is warm or cold. (Air north of the red contour in Fig. 4 is non-vortex air.)
In'cold years when the vortex is larger, the 63-90°S cap excludes regions of significant O3
depletion except where non-vortex air protrudes southward (150-200°E in Fig. 4d); thus, the
small polar cap is less sensitive to ODS decline in years with a large vortex. The 60-90°S cap
captures more of the large loss area in a cold year but has reduced sensitivity to ODS decline
in a warm years because it includes so much non-vortex air. Neither metric reliably captures
all regions with large O3 depletion as well as the vortex edge boundary does. During cold
years the 220 DU contour parallels the vortex edge fairly well and captures the areas of
greatest Oz loss (Fig. 4d), but in a dynamically disturbed year that contour is deeper inside the
vortex and excludes regions of large depletion (0-150°E in Fig. 4b). Regardless of vortex
size, the vortex edge always parallels O3 loss contours of 50-70 DU during the 2000-2018
period, with recent years following 50-60 DU contours because some recovery has taken
place. Unlike polar cap averages and the 220 DU contour, the vortex average consistently
samples all locations of O3 depletion >70 DU while consistently excluding non-vortex air.
The polar cap and 220 DU-based metrics have less sensitivity to O3 depletion than the vortex-
averaged metric does, and their sensitivities vary each year depending on vortex size and
shape, increasing their trends’ uncertainties.

Fig. 5a compares trends in the observed vortex-averaged Os data (from Fig. 3a) and
the two polar caps. The 60°S cap trend is close to that of the vortex average but has a wider
confidence interval; the 63°S cap trend is larger than both and its 95% confidence interval is
1.21-1.95 DU/year. The larger uncertainties in the polar cap trends are explained by Fig. 5b.
The differences between both polar cap metrics and the vortex average show a clear
dependence on the mean vortex edge latitude (i.e., vortex size). Compared to the vortex-
averaged column O3, the 63°S cap has an average -10 DU low bias while the 60°S metric has
a mean +5 DU high bias. The average vortex edge latitude during these dates is 59.3°S,
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explaining why the 60°S cap trend is closer to the vortex-average trend. The dependence of
polar cap metrics on vortex size adds uncertainty to their trends.

Fig. 5b shows that the 63-90°S cap is biased up to 20 DU low when the vortex is
large. The years 2000 and 2001 had a very large vortex (63°S cap is 20-22 DU low-biased)
while the years 2012-2014 had small ones (63°S cap is 6-8 DU low-biased). As a result of its
dependence on vortex size, the 63-90°S cap Os trend computed for the 2000-2014 period has
a high bias of nearly +1 DU/yr. This may explain why the 2.5 DU/yr trend in observed
September column O3 from 2000-2014 reported by Solomon et al. (2016) was twice the size
of the ‘chemistry only’ trend from their chemistry climate model. (This study excluded 2002
data.) The 63-90°S polar cap trend calculated from the 2000-2018 record that includes 2002
is 1.58 DU/yr, about 1/3 lower than the trend from the shorter record. This value falls just
inside the confidence interval of the vortex-averaged trend.

Figure 6 examines two frequently used recovery metrics: the area inside the 220 DU
contour-and the OMD inside the 220 DU contour. Fig. 6a shows that area trends attributable
to ODS decline are best calculated using an average of daily September 220 DU O3 areas
rather than the 220 DU area of the monthly averaged September Os. The trend attributable to
ODS change only (not dynamics) is the trend in the area difference between the Baseline and
High ODS simulations: -0.29 to -0.27 million km?/yr (blue line). The trend result for 1-20
Sep daily observed areas is -0.36 to -0.24 million km?/yr (95% Cl), in excellent agreement
with the model result. The trend calculated from the 1-30 Sep daily observed areas is the
same as for 1-20 Sep (not shown). However, the area inside the 220 DU contour determined
from monthly averaged September data (red), the metric used by Solomon et al. (2016), is not
the same quantity as the average of the daily area inside the 220 DU contour. The monthly
averaged area (with 2002 excluded as in Solomon et al.) produces a faster trend, -0.45 to -
0.33 million km?/yr, than the trend from daily observations and is outside of the model trend
attributable to ODS change only. Note that the monthly averaged area is much smaller than
the area calculated with daily data in 2002 and 2017, the 2 most dynamically disturbed years
of the period.

Figure 6b shows the time series of the 60°-90°S OMD for O3 <220 DU (blue). We
calculate OMD over 60°-90°S as in Pazmifio et al. (2018), however, we find that the OMD
trend is not substantially different if the latitude range is unlimited. Our OMD trend is 0.81
MT/yr, which we compare to our other trends by dividing by the 60°-90°S area and
converting O3 mass to molecules. The resulting deficit trend, -1.06 (0.15) DU/yr, is 25%
lower than the vortex-average Ostrend (Fig. 3a, blue) and the confidence intervals have only
a 0.04 DUlyr overlap. (The negative of the O3 deficit trend is equivalent to a trend in
increasing O3.) The OMD trend confidence interval is similar to that of the vortex average
and both have much smaller Cls than the polar cap average trend. Figure 4 explains why. The
220 DU contour roughly parallels the vortex edge but at a higher latitude. Because O3 and PV
contours behave similarly, this metric is less sensitive to vortex size, eliminating some of the
dynamical variability that affects fixed latitude metrics. And like the vortex-averaged metric
it never includes non-vortex air. However, Figs. 4b and 4d reveal the downside to the 220 DU
OMD: it often excludes areas of substantial O3 depletion. We will later show that the region
of greatest depletion near the vortex edge is also the region where the greatest change in O
loss (i.e., recovery) is occurring.

There are 2 ways to improve the OMD diagnostic: by taking advantage of its
correlation with area and by considering an O3 deficit with respect to a higher O3 threshold,
one that is found closer to the vortex edge. The area IAV in Fig. 6a (black) and the 220 DU
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OMD (Fig. 6b, blue) have a correlation of 0.95. This suggests that weighting the OMD by the
area inside the contour, rather than the 60-90°S polar cap area, may reduce dynamical
variability as well as increase its magnitude. Fig. 6b shows that the area-weighted 220 DU
OMD (black) has an 11% greater O3 recovery rate with a slightly narrower confidence
interval (as a percentage of the trend) compared to the unweighted trend. It is also
significantly closer to the vortex-averaged trend. Figure 4 shows that vortex edge falls within
260-300 DU O3 contours, putting the 250 DU contour inside the vortex but a few degrees
closer to the edge than the 220 contour. This allows the 250 DU OMD metric to capture more
of the region with the greatest sensitivity to ODSs. The 250 DU OMD trend (red) is slightly
larger and has a 95% confidence interval of 1.04-1.38, overlapping well with the 1.17-1.61
DUlyr range for the vortex average. The higher O3 deficit threshold ameliorates some of the
low bias without an increase in uncertainty.

We use the difference between the Baseline and High ODS simulations to show the
location of O3 recovery. Figure 7 shows that the greatest O3 recovery, 25-35 DU, occurs
between the vortex edge (white) and the observed 220 DU contour (red). This region is the
most sensitive to changes in ODSs because it receives the most sunlight, which is required for
the catalytic cycles that destroy O3 (Newman et al. 2004). The recovery trend inside the 220
DU contour is smaller than a trend that includes the edge region because it is deeper inside
the vortex and losses there are lower. The 220 DU trend will always be low biased relative to
the vortex averaged trend. Averaged over 1-20 Sep, the area inside the 207 DU contour in the
Baseline simulation is 4.7 million km? smaller than the 207 DU area in the High ODS
simulation. (We use 207 rather than 220 DU to account for the 13 DU low bias in the
Baseline simulation. The Baseline 207 DU contour has an area very close to the observed 220
DU area). This suggests that the 2018 O3 hole was reduced by 17% as a result of the
Montreal Protocol and its amendments

4.2 Trend Sensitivity to Dates

Ozone recovery trends reflect the balance between ozone’s sensitivity to ODS-driven
loss and to variations in transport, and that balance depends on the dates chosen for the
metric. The previous section demonstrated that some metrics’ sensitivity to ODS decline
depends on vortex size, which increases the trend’s uncertainty. Here we show how increased
dynamical variability after 20 Sep increases uncertainty in all trends. None of the metrics
examined is affected by vortex breakdown, which occurred no earlier than November except
in 2002. Data from 2002 are often excluded from trend analyses.

We isolate the effects of interannual variations in O3 transport by examining vortex-
averaged.O3 changes in No Het from September to October and comparing them to changes
in Baseline. Fig. 8a shows vortex-averaged O3 depletion in winter and spring for all years
since 1995; this is the difference between No Het and Baseline in each year. White dashed
lines mark the 20-day period with the greatest depletion of the entire season, 25 Sep to 14
Oct. This period is 24 days later than the period of greatest sensitivity to ODS change, 1-20
Sep, marked by red dashed lines. Fig. 8b shows the amount of O3 transported into the vortex
since June'in the No Het simulation. (Transport is primarily what affects No Het vortex O3
during this period; there are few DU of gas phase Os loss but this opposes the effect of
transport.) Transport increases vortex-averaged O3 by generally less than 30 DU from June to
20 Sep, but by Oct 14 up to 47 DU more O3 has arrived. The bottom panel quantifies the
competing effects of transport and depletion. The red line in Fig. 8¢c shows the mean O3
increase due to transport between the earlier period (1-20 Sep) the later period (25 Sep-14
Oct). The black line shows the increase in O3 depletion between these 2 periods. From 2000-
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2018 the mean O3 increase due to transport and the mean decrease due to loss are the same
(18 DU), so on average these effects cancel out. But the interannual variability of transport is
3 times greater than that of depletion, causing trends calculated during the latter period to
have more dynamical noise while on average any increase in signal due to O3 depletion will
be negated, resulting in no increase in the signal due to O3 recovery. Worse still, the O
sensitivity to ODS decline in October is about 2/3 what it is during 1-20 Sep (see Fig. 2), so
the trend attributable to ODS decline will be smaller. Our results here explain why reported
October trends are statistically insignificant and smaller than September trends, as noted in
Langematz and Tully (2018). The Baseline and No Het results shown in Fig. 8 demonstrate
that regardless of metric, the choice of dates after 20 Sep will not improve the accuracy or
increase the certainty in O3 trends attributable to ODS decline.

5 Conclusions

It'is essential to have a quantitative and accurate metric for assessing whether
Antarctic Oz recovery is proceeding as expected. Here we used model simulations to identify
the metric that best captures O3 changes attributable to ODS decline. By looking at
differences between simulations that had different ODS levels or that had no ODS-driven
depletion we identified 1) the dates when O3 depletion is most sensitive to ODS decline, 2)
the dates when seasonal O3 depletion reaches a maximum, 3) how transport’s influence on
Antarctic O3 varies, and 4) the location where the greatest recovery is occurring. These
results, summarized in Table 1, allowed us to understand what different O3 metrics measure
and explain why their trends differ.

The simulations revealed that ozone’s greatest sensitivity to ODS change occurs from
1-20 Sep and that the vortex-averaged total column O3 from these dates accurately quantifies
the impact of declining ODSs. The 1-20 Sep vortex-averaged column Oz metric includes
essentially all the area where loss occurs and its sensitivity to ODSs does not depend on
vortex size. A linear fit to the 2000-2018 TOMS/OMI/OMPS data set produced an O3 trend
of 1.17-1.61 DU/yr (95% CI), in agreement with the expected recovery rate of 1.2 DU/yr
calculated from the simulations. This metric’s trend was calculated with data from all years
since 2000, including 2002, the year excluded from many trend studies due to the rare major
stratospheric warming that occurred around 25 Sep (Allen et al., 2003). By differencing the
Baseline and the fixed high ODS simulations, we found that the Montreal Protocol and its
amendments reduced the area of O3 depletion from 1-20 Sep 2018 by 17%, or 4.7 million
km?: Because the CTM simulations use reanalysis meteorology and therefore cannot
represent or quantify the dynamical effects on O3 induced by depletion, this result is an
estimate of the area change due to ODS decline.

The simulations showed that the largest O3 recovery is occurring near the vortex edge.
Trends calculated from polar cap metrics during the optimal 1-20 Sep period do not have
consistent sensitivity to ODS decline from year to year because 1) they do not capture the
entire area:where depletion occurs, 2) they include O3 observations where heterogeneous O3
loss does not occur (i.e., outside the vortex), and 3) their ODS sensitivity depends on vortex
size, which has large interannual variability. The year-to-year variations in the sensitivity to
ODS decline lead to increased uncertainties in trends calculated from polar cap averages
relative to other metrics.
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The 60-90°S 220 DU OMD trend has less impact from dynamical variability because
the 220 DU boundary acts somewhat like a PV contour, which reduces variability in the
metric and uncertainty in its trend compared to polar cap averages. Figure 4 showed that O
contours are quasi-parallel to the vortex edge, which is often near the 280 DU O3 contour.
The variability in OMD is highly correlated with the area variability inside the 220 DU
contour. Area-weighting the 220 DU OMD increases its trend by 11% and slightly reduces its
confidence interval. Its trend is lower than the vortex-averaged trend but overlaps the vortex-
averaged trend’s 95% CI. Because the 220 DU contour is always several degrees inside the
vortex, the boundary of this metric always excludes the region with the largest recovery,
biasing its trend low compared to the vortex-averaged trend. The simulations showed 25-35
DU O3 recovery in the region between the 220 DU contour and the vortex edge in 2018,
while the area inside the 220 DU contour had 15-25 DU Os recovery. The area-weighted
OMD inside the 250 DU contour is a slightly better metric than the 220 DU OMD because it
includes more of the critical recovery region near the vortex edge while continuing to exclude
non-vortex air.

We showed the disadvantages of choosing dates later than 20 Sep for quantifying O3
recovery-attributable to ODS decline, even though O3 depletion in many years continues past
this date. Transport causes O3 to increase in all metrics after this date; the O3 increase has
large 1AV and it always opposes additional O3 depletion. Choosing dates beyond 20 Sep
adds noise to the O3 time series while on average adding no recovery signal. And because O3
is less sensitive to ODS decline in October, its trend will be smaller and harder to detect. A
longer data record will be required to obtain a statistically significant October trend.

Vortex-averaged column O3 is an appropriate metric for evaluating recovery trends in
chemistry climate models that output daily O3 and PV fields. For those models that do not
save PV fields, the area-weighted 220 or 250 DU OMD for 1-20 Sep is recommended. These
2 metrics have smaller interannual variability than the polar cap metrics and will produce a
meaningful trend over shorter intervals; as of 2018 their trends are ~15% lower than the
vortex average but within its 95% CI. Antarctic O3 recovery consists of 2 components: a
reduction in heterogeneous chemical loss during winter and an increase in O3 levels at the
beginning of winter, the latter reflecting the impact of global O3 recovery on the Antarctic.
Additional insight into CCMs’ performances and reasons for variations in their recovery rates
may come from separately evaluating their Antarctic June trends and their trends in winter
(June to 1-20 Sep). We found that roughly one quarter of the recovery trend, ~0.3 DU/yr, is
present in the June vortex prior to seasonal O3 depletion. This result, based on simulations,
cannot be confirmed by observations (e.g., Fig. 1b) because this trend is small compared to
observed interannual variability.
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Figure 1. Observed and simulated Antarctic vortex-averaged column O3 a) averaged over 1-
20 Sep, 1980-2018 and b) averaged over 1-30 June, 2005-2018. ¢) Vortex column O3 change
2005-2018 between June and Sep 1-20, for MLS and GMI with 14-yr mean removed. The
dashed lines are linear fits to MLS and GMI points. The slopes of the lines, which are the
same for the simulation and observations, indicate a ~20 DU reduction in winter O3 loss from
2005-2018.
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Figure 2. a) The difference between vortex-averaged column Os in the High ODS and
Baseline simulations as a function of day of the year since 1995. The period of greatest ODS
sensitivity is highlighted by the dashed lines. b) VVortex-averaged column Og in the Baseline
and High ODS simulations in 2018. Their difference (blue) shows that O3 loss sensitivity to
ODS decline peaks around 10 Sep. Before mid-September, the High ODS O3 loss is faster so
the differences increase, but after mid-September loss continues at a greater rate in Baseline
because Os levels are higher causing the differences to decrease. c) O3 differences from a)
averaged over 1-20 Sep (black) and 1-30 June (red) and EESC change (Baseline-High ODS,
blue).

© 2019 American Geophysical Union. All rights reserved.



Sep 1-20 Vortex-Averaged Ozone Trends

260  Baseline = 1.21 (0.20) DU/yr A4
Satellite Obs = 1.39 (0.22) DU/yr ’
5“ B
Q 240
o |
c
g e
= 220
O
200
1995 2000 2005 2010 2015
High ODS Ozone Trend
260_ T T T )
Bassline = 1.21 (0.20) DU/yr B
" High ODS = -0.00 (0.20) DU/ I
240F ig (0.20) DU/yr ]
5 I 1
Q
O oonl
~ 220
=
3
(o]
3 I
200
1800 0 o e
1995 2000 2005 2010 2015
Years

Figure 3. 1-20 Sep Antarctic vortex-averaged column O3 and their trends with 95%
confidence intervals in parentheses, 2000-2018, for a) TOMS/OMI/OMPS (blue) and
Baseline (red), and b) the Baseline (red) and High ODS simulations (black).
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Figure 4. a) Baseline column O3 and b) O3 Loss (No Het-Baseline) in DU averaged over 8-
14 Sep in 2017, a warmer than average year. ¢) and d) are the same as a) and b) except for
Sep 8-14 2018, a colder than average year. The vortex edge (red), 220 DU contour (white),
63°S boundary (yellow dashed) and 60°S boundary (orange dashed) identify the boundaries
of the metrics discussed.
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Figure 6. a) Time series, trends, and Cls for area with <220 DU Og3. The areas in black are
calculated using daily areas that are averaged over 1-20 Sep, the areas in blue are the daily
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(blue), and the areas in red calculate the area <220 DU Og after averaging all September O3
observations together. b) OMD metrics, trends and Cls using 220 DU (black) and 250 DU
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Figure 7. The reduction in O3 loss (i.e., recovery) due to declining ODSs from Baseline-High
ODS column O3 on Sep. 15, 2018. The regions with the greatest recovery, 25-35 DU, fall
outside of the observed 220 DU contour (red) but inside the vortex edge (white). The 220 DU
OMD metric excludes the region of largest recovery, which biases its trend low. The 220 DU
observed O3 contour (red) comes from 24 hours of satellite observations. There is a 23 hr lag
between observations at 180°E (bottom of figure) that causes a discontinuity in the contour.

© 2019 American Geophysical Union. All rights reserved.



Years

Years

Vortex O, Depletion (DU) .0

1 Jul 1 Aug 1 Sep 1 Oct 1 Nov

(DU)

Vortex O, Transport Since June

2015
2010
2005

2000

1995
1 Jul 1 Aug 1 Sep 1 Oct 1 Nov

O, Change from Sep to Oct

o
=]

O, Transport
0O, Het Loss

O, Change (DU)
= %) e
= = =

=i
=

]

2000 2005 2010 2015
Years

Figure 8. 1995-2018 vortex-averaged a) O3 Depletion (DU) (No Het-Baseline) and b) O
transport.since June (No Het) as a function of date. c) the vortex-averaged change in
depletion (black) and transport (red) between 1-20 Sep and 25 Sep-14 Oct. These dates are
shown by the red and white dashed lines in a) and b). The date ranges are the periods of
maximum sensitivity of O3 loss to ODSs (Sep, red) and maximum seasonal O3 loss (Oct,

white).
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Table 1. Summary of Antarctic O3 recovery metric differences with respect to the 1-20 Sep
Vortex-Averaged Column O3 metric

Issue

Impact on Trend

Metric Affected

Inconsistent sensitivity to
ODS decline

Increased uncertainty,
possible bias that depends on
dynamical variability in the
record

Fixed latitude polar cap Os
averages

Lower sensitivity to ODS
decline

Low bias, longer record
required for trend significance

All O3 metrics using October
observations

Dynamical Variability

Increased uncertainty, longer
record required for trend
significance

All O3 metrics using October
observations

Regions with greatest O3
recovery not included

Low bias

220 DU OMD, 250 DU OMD
(has less low bias)

Information lost by averaging

Possible bias that depends on
dynamical variability in the
record

Area inside 220 DU O3
contour in monthly averaged
column O3
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