
1.  Introduction
Antarctic ozone recovery is expected to continue in the 21st century, with October total column ozone 
(TCO) return dates to 1980 levels projected by 2060 (Dhomse et al., 2018). Significant detection of increasing 
ozone is therefore important for confirming that the recovery is proceeding as expected, and for verifying 
the success of the Montreal Protocal and subsequent amendments. This is especially significant due to the 
recent and unexpected increase in CFC-11 levels (Lickley et al., 2020; Montzka et al., 2018).

In the upper stratosphere mid and polar latitudes, ozone recovery from gas phase chemistry is expected to 
be detectable due to limited interannual variability, however, in the lower stratosphere polar regions, where 
heterogenous chemistry is greatest, variability is large, hindering the significance of recovery trends (e.g., 
Ivy et al., 2016; Stone et al., 2018; Weatherhead et al., 2000). There have been many recent studies that focus 
on the detectability of Antartic ozone recovery, especially during September (Kramarova et al., 2019; Paz-
miño et al., 2018; Solomon et al., 2016; Strahan et al., 2014, 2019). September is the key time period because 
it is relatively stable dynamically and encompasses the initial onset and growth of ozone depletion when the 
sun emerges (e.g., Hassler et al., 2011). The photolysis of Cl2 allows for the key ClO dimer and BrO–ClO cat-
alytic cycles to occur (Molina et al., 1987; Solomon, 1999). Therefore, the rate of early-season ozone deple-
tion is especially dependent on ClO concentrations, which in turn are related closely to equivalent effective 
stratospheric chlorine (EESC) (Engel et al., 2018; Newman et al., 2007). Dynamical variability coupled with 
saturation of ozone loss as concentrations are close to zero impede detection of recovery later in the season.

Indeed, Solomon et al. (2016) showed through the use of a chemistry climate model that Antarctic ozone 
depletion during September has begun to recover. Additionally, Kuttippurath et al. (2018) showed a reduced 
frequency of ozone loss saturation between 13 and 21 km. However, detecting recovery in observations can 
be hampered by a combination of large variability and limited years over the recovery period, that is, since 

Abstract The 2015 and 2020 ozone holes set record sizes in October–December. We show that these 
years, as well as other recent large ozone holes, still adhere to a fundamental recovery metric: the later 
onset of early spring ozone depletion as chlorine and bromine diminishes. This behavior is also captured 
in the Whole Atmosphere Chemistry Climate Model. We quantify observed recovery trends of the onset 
of the ozone hole and in the size of the September ozone hole, with good model agreement. A substantial 
reduction in ozone hole depth during September over the past decade is also seen. Our results indicate 
that, due to dynamical phenomena, it is likely that large ozone holes will continue to occur intermittently 
in October–December, but ozone recovery will still be detectable through the later onset, smaller, and less 
deep September ozone holes: metrics that are governed more by chemical processes.

Plain Language Summary The ozone hole that forms every spring in the Southern 
Hemisphere over Antarctica is expected to recover within the next 50 years. However, there have been 
several large ozone holes recently. In 2015, a record large volcanic eruption injected a large amount of 
sulfur into the upper atmosphere, which helps deplete ozone. In 2020, the Australian bushfires also 
injected a large amount of aerosol into the upper atmosphere, with a possible similar consequence. In this 
study, we show that by investigating a key time period in the early spring when the ozone hole is forming, 
the dynamical influence and the influence of volcanic and bushfire aerosols on ozone depletion over 
Antarctica is not as important and therefore ozone recovery can still be detected.
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2000 (Chipperfield et al., 2017). An important recent paper by Pazmiño et al. (2018) reported significant 
ozone recovery through a reduction of the areas displaying exceptionally deep loss (e.g., under 175 Dobson 
Units [DU]) in recent years. Indicators of ozone recovery, such as minimum polar cap mean TCO and strat-
ospheric partial columns, among others, were also reported in Bodeker and Kremser (2021).

In recent years, four large (i.e., spatially extensive but not necessarily deep) Antarctic ozone holes have 
occurred. In 2015, volcanic aerosols from the Calbuco volcanic eruption exacerbated ozone depletion, pro-
ducing a record-large October ozone hole that lasted late in the season (Ivy et al., 2017; Solomon et al., 2016; 
Stone et al., 2017; Zhu et al., 2018). In 2020, the 2015 record was exceeded by an even larger and longer-last-
ing Antarctic ozone hole. There is evidence that large aerosol loading from the 2020 Australian bushfires 
may have intensified this depletion, similar to volcanic aerosols in 2015 (Yu et al., 2021). A large ozone hole 
also occurred in 2018 due solely to dynamical variability, which is also a major driver of ozone depletion; 
2021 is also displaying a large ozone hole. Therefore, it is important to establish if recent years are calling 
the expected ozone recovery into question.

In this paper, we identify recovery metrics that are insensitive to the recent large ozone holes. These are: 
(a) the size of the ozone hole below 220 DU in September (size metric based on the standard threshold), (b) 
depth using lower total column thresholds for September, and (c) the ozone hole start dates. All three of 
these metrics are linked to the initial seasonal period of rapid ozone loss and reveal related behavior.

2.  Observations and Model Data
We use observational data from the Bodeker Scientific Filled Total Column Ozone Database V3.5.2 (BS-
TCO) (Bodeker, Kremser, & Tradowsky,  2021). This database combines TCO data from multiple differ-
ent satellite-based instruments at a resolution of 1.25° longitude by 1° latitude and spanning the period 
of October 31, 1978 to December 31, 2019. Bodeker, Kremser, & Tradowsky, 2021 and Bodeker, Nitzbon, 
et al. (2021) use a machine learning approach to account for missing data, which is especially important for 
this paper as we make use of the polar regions. See Bodeker, Nitzbon, et al. (2021) for more information.

As BS-TCO data is not yet available for 2020 and 2021, we use Ozone Monitoring Instrument (OMI) satellite 
data. The instrument is an ultraviolet/visible nadir-viewing solar backscatter spectrometer and the data 
product is released as globally gridded observations at 1° latitude by 1° longitude (Levelt et al., 2006).

We use a 10 member ensemble of the Community Earth System Model, Version 1 (CESM1) Whole Atmos-
phere Chemistry Climate Model, Version 4 (WACCM4). This is a fully coupled chemistry climate model 
and has a horizontal resolution of 1.9° latitude by 2.5° longitude and 66 vertical levels with a high top at 
5.1 × 10−6 hPa. The chemical scheme is the Model of Ozone and Related Tracers (Kinnison et al., 2007). We 
utilize a 10 member ensemble that is run over 1995–2024. Surface area densities (SAD) are prescribed from 
WACCM simulations including interactive stratospheric aerosol, and an emissions database over 1995–2014 
(see Mills et al., 2016; Neely & Schmidt, 2016), after which a repeating 2000 year is used as it represents a 
background state without major volcanic aerosol. Therefore, Calbuco is not represented in this model. This 
version of WACCM4 has a prescribed repeating Quasi-Bienial Oscillation (QBO). See Stone et al. (2019) for 
more information.

In addition to WACCM4, we use data from a three-member ensemble of the newer model version CESM2 
WACCM6 over 1980–2024. Over 1980–2014, the historical simulation is used. Over 2015–2024, the future 
projection simulations used follow SSP2-4.5 (Meinshausen et al., 2020), including constant SO2 emissions 
representing the time average of all volcanic eruptions from 1850 to 2014. The model has a horizontal 
resolution of ∼0.95° latitude by 1.25° longitude and 70 vertical levels with a high top at 4.5 × 10−6 hPa. It 
includes many advancements compared to WACCM4, notably, an interactive QBO and additions to the 
chemical schemes. See Gettelman et al. (2019) for more details.
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3.  Methods
The ozone hole size is calculated by summing all grid boxes south of 40°S where TCO is below a given 
threshold. Three different DU thresholds are used: 220 DU, 175 DU, and 130 DU. To test the hypothesis of 
later onset of ozone depletion in the model and to compare to the observed large ozone hole years, 6 model 
ensemble years for WACCM6 and 10 model ensemble years for WACCM4 between 2015 and 2020 that had 
the largest October ozone hole areas were extracted and averaged.

Missing OMI polar data for 2020 and 2021, when BS-TCO data are not available, are filled in. This is achieved 
by examining whether the southernmost datapoint available for a given longitude grid point is below the 
DU threshold, then assuming that missing data southwards are also below the threshold.

The start date of the ozone hole was calculated by finding the first date when the size of the ozone hole 
went above a selected size threshold and remained above for at least 3 days (to ensure persistence). The 
thresholds are: 8, 5, and 1 million km2 for 220, 175, and 130 DU, respectively, based on behavior at the peak 
of EESC loading around the year 2000 (for 220 DU, 12, 10, and 8 million km2 thresholds were investigated, 
with 8 million km2 producing the strongest trends, see Figure S2).

Trends were calculated using a simple linear regression model. Representation of dynamical variability 
(such as the QBO) through a multiple linear regression was excluded here for simplicity. Therefore, trend 
values should not be taken as an optimal estimate. Trend significance is calculated by the 95th percentile 
following an F-test. Variability of the model ensemble is shown by plotting the ensemble standard deviation 
(SD).

4.  Results
Figure 1 shows the ozone hole size over the course of August–December for BS-TCO, WACCM6, and WAC-
CM4 for different time periods of ozone depletion and recovery, generally defined as: 1980–1988, the be-
ginning of ozone depletion; 1999–2008, the peak of ozone depletion; 2009–2018, the beginning of ozone 
recovery, and 2019–2024; the model extended years.

For the 220 DU threshold (Figures 1a–1c), on average, observed ozone depletion typically begins at the start 
of August, peaks at the end of September and subsides by the end of the year. Periods with larger EESC 
loading and therefore large ozone depletion, such as 1999–2008, display an earlier sharp rise in ozone de-
pletion and earlier peak in ozone hole area compared to other time periods. Both model ensemble means 
show qualitatively similar behavior in these characteristics. In contrast, during October and November, 
there is little change in the size of the observed ozone hole when comparing 1999–2008 to 2009–2018 in ob-
servations. This is also seen in WACCM6 in November. In WACCM4, the ozone hole opens slightly later and 
persists longer into the season, contrary to what was seen in the observations (also, see Figure S1). Earlier 
versions of WACCM did have a SH pole cold bias, but was mostly corrected in WACCM4 onwards through 
modification of the gravity wave scheme (Garcia et al., 2017). However, it is noteworthy that the closing of 
the hole can be expected to be dynamically dominated, while its formation is chemically dominated.

The large ozone holes of 2015, caused by Calbuco volcanic aerosols (Ivy et al., 2017; Solomon et al., 2016; 
Stone et al., 2017); 2018; 2020, likely exacerbated by the 2020 Australian bushfires (Yu et al., 2021); and 2021 
are also plotted in Figures 1a, 1d, and 1e (shown in brown, orange, purple, and white, respectively). The size 
and persistence of the ozone holes during 2015 and 2020 are unusual, and combined, set records for size 
on almost all days after the second week of October (Figure 1a). The ozone hole in 2018 was also large, but 
did not set any records; 2021 was similar (up to October 31). Even though 2015, 2018, 2020, and 2021 had 
large ozone holes, there is a clear later onset of ozone depletion in these years compared to 1999–2008 (the 
peak in stratospheric EESC loading) expressing that ozone recovery is still proceeding following the decline 
in polar EESC since ∼2000 (WMO, World Meteorological Organization, 2018). The 6 largest WACCM6 and 
10 largest WACCM4 October ozone holes between 2015 and 2020 were averaged and plotted. For the 220 
DU threshold, we see larger than average ozone holes during October compared to 1999–2008, but only a 
slight difference in the timing of the onset of depletion in WACCM6 and not much difference in WACCM4. 
However, for 175 and 130 DU, we do see a later start date in the onset of ozone depletion for both WAC-
CM6 and WACCM4. We note that the rate of the key reactions of Antarctic ozone depletion, the ClO dimer 
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and BrO-ClO catalytic cycles, are dependent on ClO concentrations (Molina et al., 1987; Solomon, 1999). 
Therefore, the initial rate of depletion is slower in 2015, 2018, 2020, and 2021 compared to 1999–2008 due 
to lower EESC concentrations.

Figure 2 shows time series of the ozone hole start date for both observations and the WACCM6 ensemble. 
This ensemble shows the best agreement with the observations in Figure 1 (comparison to the WACCM4 
ensemble can be found in Figure S3). The threshold values, although arbitrary, capture ozone depletion and 
recovery trends in both the observations and the model. When using the 220 DU threshold (panel a), over 
the ozone depletion period (1979–1999), the ozone hole opens earlier every year with a statistically signif-
icant trend at the 95th percentile of −24.7 ± 6.5 days/decade. From 2000 onwards, a significant recovery 
trend in the start date of 8.1 ± 3.6 days/decade is seen. The observed recovery trends are broadly similar, but 
slightly less than, the WACCM6 ensemble. The 2015, 2018, 2020, and 2021 start dates are also not significant 
outliers in the observations.

When looking at the 175 DU threshold, which represents an example of a “deeper” portion of the ozone hole, 
the observed decreasing trend is not as large compared to the 220 DU threshold, at −18.0 ± 7.0 days/decade. 

Figure 1.  Daily ozone hole sizes over different mean time periods and different DU thresholds for Bodeker Scientific Filled Total Column Ozone (BS-TCO) (left 
panels), Whole Atmosphere Chemistry Climate Model, Version 6 (WACCM6) (middle panels), and WACCM4 (right panels). Overplotted on the observations are 
the four recent large ozone hole years of 2015, 2018, 2020, and 2021. The shaded region shows the total range of values excluding these years. The mean of the 6 
and 10 largest ensemble years within the 2015–2020 range are overplotted on the WACCM6 and WACCM4 data, respectively.
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The recovery trend is, however, similar compared to the 220 DU threshold with a trend of 7.1 ± 5.1 days/dec-
ade. Interestingly, in 2019, we do not see the formation of an ozone hole at all for the first time since 1988 at 
175 DU due to a sudden stratospheric warming that interrupted ozone loss (e.g., Yamazaki et al., 2020). The 
WACCM6 ensemble also shows a similar recovery trend magnitude for both the 220 and 175 DU thresholds.

The third threshold of deep depletion at 130 DU is interesting in that these values occurred in every year 
between 1987 (the first year) and 2001 (except for 1988) in the depletion time period, but are much rarer 
in the recovery period. This is also seen in the model ensemble, where in the last 5 years of 2000–2024, 

Figure 2.  Observed and model ensemble ozone hole start dates for when the ozone hole exceeded the size thresholds 
of 8 million km2 for 220 DU (a), 5 million km2 for 175 DU (b), and 1 million km2 for 130 DU (c). Trends as days/decade 
are shown over the depletion era at the first year of occurance to 1999 for observations and the model ensemble (solid 
and dashed lines, respectively), and for the recovery era of 2000–2021 in observations and 2000–2024 in the model 
ensemble. Trend 95th percent confidence intervals are shown for the observed trend lines in panels (a) and (b) (dotted 
lines). Model ensemble variability is shown as the shaded area for ±1 SD.
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only 60% of model years reached this threshold. Therefore, we can expect that very deep ozone holes will 
become exceedingly rare in the near future, as suggested in Pazmiño et al. (2018). Since a large number of 
years did not reach the threshold in the recovery era at all, trends were not calculated for 130 DU (similarly 
for Figures 3c and 4c).

A key take away from Figure 2, is that even though 2020 and 2015 had record large ozone holes later in the 
season, the ozone hole start dates occurred later than a majority of the years within the 1999–2008 decade. 
Only 2004 has a later start date than 2015, 2018, 2020, and 2021 for the 220 DU, 8 million km2 threshold. For 
the deeper thresholds, 2002 and 2008 also have later start dates than 2020 and 2021, but not 2015 and 2018. 
Similar results are seen when using other size thresholds of 12 and 10 million km2 for 220 DU (Figure S2).

Figure 3.  Same as Figure 2, but for the size of the September average ozone hole areas below 220 DU (a), 175 DU (b), 
and 130 DU (c). Observed and modeled depletion and recovery era trends are shown in million km2/decade in (a) and 
(b).
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We next look at trends in the size of the ozone hole for September (Figure 3), a key time period to investigate 
ozone recovery, and compare to October (Figure 4). This is analyzed for the same thresholds of 220, 175, 
and 130 DU. During September for the 220 DU threshold, we see a clear and rapid increase in the size of 
the ozone hole over 1979–1999 at a rate of 12.4 ± 1.9 million km2/decade. We then see a decreasing trend at 
around a quarter of the rate of the past trend of −2.8 ± 2.8 million km2/decade. The rates of the trends are 
in good agreement with the model ensemble.

When we look at the deeper ozone hole threshold of 175 DU, the observed decreasing trend of −4.2 ± 2.9 mil-
lion km2/decade from 2000 to 2020 is larger, and more significant, than the 220 DU threshold. This is also 
seen in WACCM6, which has a slightly larger trend of −3.7 ± 0.95 million km2/decade at 175 DU compared 
to −3.4 ± 1.0 million km2/decade for 220 DU. However, this is not captured in the WACCM4 ensemble (see 
Figure S4), which has a smaller trend, similar to the 220 DU threshold, and is likely due to the later onset of 

Figure 4.  Same as Figure 3, but for October.
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ozone depletion in that model. Interestingly, at 130 DU (Figure 3c), the WACCM6 ensemble shows very few 
years significantly exceeding this threshold after 2010. Between 2010 and 2019 only 80% of WACCM6 years 
reached the threshold, and between 2020 and 2024, only 60% of WACCM6 years did. For observations, only 
2011, 2018, 2020, and 2021 noticeable surpass the threshold, but, still less than half of what was occurring 
during peak EESC loading (1999–2008).

The trends obtained in Figure 3 when only using a simple linear regression model, especially at 175 DU, 
show that during September the ozone hole is still displaying evidence of recovery despite 2015, 2018, 2020, 
and 2021 being outliers later in the season, in agreement with Figure 2.

In the case of October in Figure 4, the observations do not show a significant recovery trend for either the 
220 or 175 DU thresholds at 0.31 ± 3.3 and −0.18 ± 3.5 million km2/decade, respectively. There is a large 
amount of variability after 2000, with the 2015, 2020, and 2021 ozone holes as large, or in the case of 2015, 
larger than previous years of higher EESC loading. This is also seen in the WACCM6 ensemble (Figure 4a), 
which shows October trends for 220 DU of −2.4  ±  1.2  million  km2/decade compared to September of 
−3.4 ± 1.0 million km2/decade. However, it is not captured in the WACCM4 ensemble (see Figure S5a), 
likely due to the delayed onset of ozone depletion (Figure 1). Much larger areas below 130 DU are also seen 
in both the model and observations as compared with September (Figure 3), with many more years reaching 
the threshold, especially in the observations; indeed, only 1998 and 2006 displayed larger observed areas 
compared to 2015, 2020, and 2021.

5.  Conclusions
As the Antarctic ozone hole continues to recover, some large ozone holes have continued to occur. In this 
paper, we have analyzed key recovery metrics to investigate these recent large ozone hole years in the con-
text of recovery.

We compared observations to a 10-member ensemble from the CESM1 WACCM4 model and a three-mem-
ber ensemble from the CESM2 WACCM6 model for ozone hole areas in different years as a function of day 
of year, which revealed both the growth period in September and the shrinkage of the hole afterward. Based 
on these characteristics, we utilized three different ozone hole thresholds of 220, 175, and 130 DU and 
defined ozone hole start dates for these thresholds. Finally, time series of monthly ozone hole areas for the 
above thresholds were analyzed for September and October. The analysis illuminated three key metrics for 
Antarctic ozone recovery, and shows its robust continuation despite the occurrence of recent record-large 
ozone hole sizes (i.e., 2015, 2018, 2020, and 2021) at certain times of the year. These are:

1.  Onset dates. The ozone hole start dates for three thresholds of 220, 175, and 130 DU are occurring later 
in the year over the recovery period of 2009–2018 in Figure 1; that is, the ozone hole is forming more 
slowly as EESC concentrations decrease, as expected. The recent extremely large ozone hole years of 
2015, 2018, 2020, and 2021 also show a later ozone hole start date for all thresholds. This is also captured 
in the models for 175 and 130 DU, where it is shown that the 10 largest ensemble years for WACCM4 and 
6 largest ensemble years for WACCM6 between 2015 and 2020 exhibit a clear later start date compared 
to 1999–2008. Ozone hole start date recovery trends over 2000–2021 are significant for both 220 and 175 
DU, in good agreement with WACCM6. The later start dates for the rapid onset of ozone depletion is a 
robust sign of ozone recovery post-2000

2.  Ozone hole size in September. Observed recovery trends over 2000–2021 in the size of the ozone hole 
during September are significant for the 220 and 175 DU thresholds. This is not captured in observed 
October trends, when the extreme ozone years of 2015, 2020, and 2021 are as large or larger compared 
to the 1999–2008. The September recovery trends are also noticeably larger than October in WACCM6

3.  Ozone hole depth. Ozone holes that are deeper than the 130 DU threshold have become rarer after 2010 
in both observations and WACCM6 in September, and this is a particularly robust sign of ozone recovery

As the simple regression model used here does not remove sources of variability such as the QBO, the trend 
values and significance should not be taken as an optimal estimate. However, a difference in the magnitude 
of the trends between September and October can be seen by inspection. Since both the ClO dimer and BrO-
ClO catalytic cycles require ClO, the onset of ozone depletion is governed heavily by EESC concentration 
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after initial photolysis of Cl2. Thus the onset of ozone recovery is a key time period to investigate, despite 
large ozone holes occurring later in the season, such as for 2015, 2018, 2020, and 2021. Indeed, the data sug-
gests that while chemical processes dominate the early part of the ozone hole season from August through 
September, dynamical processes play a leading role in determining ozone hole size and depth later, that is, 
October through December.

Finally, this work indicates that even though large ozone holes will likely continue to occur in the future, 
either through dynamical variability alone, or exacerbated by large volcanic eruptions or major fire smoke 
inputs to the stratosphere, the recovery of the ozone hole is still occurring and will be able to be identified 
by focusing on the three metrics identified here.

Data Availability Statement
BS-TCO data can be obtained at: https://doi.org/10.5281/zenodo.4535247. OMI data can be found at: 
https://earthdata.nasa.gov/earth-observation-data/near-real-time/download-nrt-data/omi-nrt. WACCM4 
data used in this paper are freely available at: http://doi.org/10.7910/DVN/V5R9WV. WACCM6 data used 
in this paper are available at: https://esgf-node.llnl.gov/search/cmip6/.
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