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ABSTRACT 

The Antarctic ozone hole remains the focus of scientific attention because of its importance to 
the health of the biosphere and its influence on the climate of the southern hemisphere. Here we 
examine the general characteristics of the 2020 Antarctic ozone hole using a variety of observa
tional and reanalysis data and compare and contrast its behaviour with earlier years. The main 
feature of the 2020 ozone hole was its relatively large size, and persistence to the beginning of the 
2020/2021 summer, with new maximum records being set for the ozone hole daily area and 
ozone mass deficit during November and December. This was in strong contrast to 2019 when 
the ozone hole was one of the smallest observed. We show that a key factor in 2020 was the 
relative stability and strength of the stratospheric polar vortex, which allowed low temperatures 
in the Antarctic lower stratosphere to enhance ozone depletion reactions in relative isolation 
from the rest of the global atmosphere. These conditions were associated with relatively weak 
Rossby wave activity at high southern latitudes that occurred during the strengthening westerly 
phase of the Quasi Biennial Oscillation as well as the emerging La Niña phase of the El Niño 
Southern Oscillation. A consequence of the conditions in early summer was the measurement of 
new maximum values of ultraviolet radiation at Australia’s three Antarctic research stations of 
Mawson, Davis and Casey. Indications of anomalous chlorine partitioning above Arrival Heights in 
Antarctica prior to the 2020 winter are provided, which may relate to effects from the 2019/2020 
Australian wildfires. We also examine the effect of the downward coupling of the 2020 ozone 
hole to the climate of the wider southern hemisphere, which showed regional influences on 
surface temperature and precipitation in common with other strong vortex years.  

Keywords: Antarctica, ‘Black Summer fires’, climate, ozone, ozone hole, ozone hole metrics, 
Rossby waves, stratosphere. 

1. Introduction 

The Antarctic ozone hole continues to be a significant, annually-occurring feature of the 
polar atmosphere. Discovered in the mid-1980s, the ozone hole is directly caused by a chain 
of processes that enable human-made chlorofluorocarbon and related gases to destroy a 
significant fraction of ozone in the lower stratosphere over the Antarctic region during 
spring (Solomon et al. 1986). Controls on ozone-depleting chemicals by the Montreal 
Protocol are helping to reduce ozone depletion, and substantial recovery of the Antarctic 
ozone hole is expected in the next 3–4 decades (Dhomse et al. 2018; Langematz et al. 2018). 

A key factor that promotes the chemical processes leading to ozone depletion are Polar 
Stratospheric Cloud (PSC) particles, which form when strong radiative cooling takes place 
in the Antarctic winter stratosphere (Tritscher et al. 2021). The PSCs promote heteroge
neous chemical reactions that activate the release of reactive chlorine and bromine 
compounds from inert reservoir species. These reactive compounds catalyse chemical 
ozone destruction when sunlight returns at the end of the polar night. The amount of 
available PSC particle area, and hence the amount of stratospheric chemical processing, is 
strongly influenced by the temperature and stability of the polar vortex, with greater 
potential for ozone destruction when the vortex is cold and stable (Solomon et al. 2015). 

For full list of author affiliations and 
declarations see end of paper 

*Correspondence to: 
Andrew R. Klekociuk 
Australian Antarctic Division, Department 
of Agriculture, Water and the Environment, 
Kingston, Tas., Australia 
Email: andrew.klekociuk@awe.gov.au  

Received: 18 June 2021 
Accepted: 28 December 2021 
Published: 2 March 2022 

Cite this: 
Klekociuk AR et al. (2022) 
Journal of Southern Hemisphere Earth 
Systems Science 
72(1), 19–37. doi:10.1071/ES21015 

© 2022 The Author(s) (or their 
employer(s)). Published by 
CSIRO Publishing on behalf of BoM.  
This is an open access article distributed 
under the Creative Commons Attribution- 
NonCommercial-NoDerivatives 4.0 
International License (CC BY-NC-ND) 

OPEN ACCESS  

https://www.publish.csiro.au/
https://www.publish.csiro.au/
https://doi.org/10.1071/ES21015
www.publish.csiro.au/es
www.publish.csiro.au/es
https://orcid.org/0000-0003-3335-0034
https://orcid.org/0000-0003-3385-0880
mailto:andrew.klekociuk@awe.gov.au
https://doi.org/10.1071/ES21015
https://creativecommons.org/licenses/by-nc-nd/4.0/


The ozone hole is recognised as playing an important role 
in the climate of the southern hemisphere. Ozone depletion 
has cooled the stratosphere, and this has trended the Southern 
Annular Mode (SAM) towards a more positive state during 
the austral summers in recent decades (Thompson and 
Grosbois 2002; Polvani et al. 2011; Thompson et al. 2011). 
The tendency in the SAM has influenced the westerly wind 
belt over the Southern Ocean, increasing its strength and 
shifting its core towards Antarctica, and has altered rainfall 
patterns at southern mid-latitudes (Thompson et al. 2011;  
Turner et al. 2014; Smith and Polvani 2017). The mechanism 
behind these changes is associated with a dynamical coupling 
that acts progressively downward in altitude over time 
because of the cooling induced in the lower stratosphere by 
ozone depletion (Thomson and Solomon 2002). In the south
ern hemisphere, the coupling typically takes approximately 
2–3 months to progress from the lower stratosphere to the 
surface, and its strength varies year-to-year depending on the 
characteristics of meteorological patterns in the troposphere 
(Thompson et al. 2005). 

Because of the climate effects of stratosphere–troposphere 
coupling by the polar vortex, it is important to assess the 
annual state of the Antarctic stratosphere and the meteoro
logical and chemical factors that influence its inter-annual 
variability. In turn, understanding the variability assists in 
anticipating future recovery of the ozone hole. The cooling 
effect of ozone depletion is implicated in affecting the 
strength of the Antarctic stratospheric vortex over recent 
decades (Langematz and Kunze 2006; Zhang et al. 2017). 
Additionally, Hu et al. (2021) have shown that the propaga
tion of Rossby waves into the Antarctic stratosphere has 
decreased since around the year 2000, and suggest that 
this is due to warming of sea surface temperatures in the 
extra-tropics. This reduction of stratospheric wave activity 
has potentially strengthened the vortex, countering the effect 
of warming expected with ozone recovery (Xia et al. 2020). 
Recently, Jucker et al. (2021) presented model results indi
cating that future increases of the high-latitude stratospheric 
zonal wind in spring from enhanced carbon dioxide cooling 
will lead to strengthening of the vortex and an associated 
reduction in the likelihood of strong stratospheric warmings 
in the southern hemisphere. 

Large inter-annual variability has been observed in 
Antarctic ozone depletion, with the years 1988, 2002 and 
2019 showing particularly small ozone holes. The variability 
has complicated the evaluation of ozone trends (Chipperfield 
et al. 2017), although several lines of evidence indicate that 
a statistically significant increase has occurred since 2000 in 
Antarctic stratospheric ozone during September (Langematz 
et al. 2018). In 2002, an observationally unprecedented 
major stratospheric warming occurred in the southern hemi
sphere, with the reversal of the zonal wind at 10 hPa and 
60°S during mid-September (Butler et al. 2017). In the spring 
of 2019, strong stratospheric warming occurred which riv
alled the warming event in 2002 (Newman and Nash 2005;  

Kramarova et al. 2020; Milinevsky et al. 2020; Rao et al. 
2020; Klekociuk et al. 2021; Lim et al. 2021). This was a key 
factor in the anomalously small ozone hole of 2019. A 
similarly strong warming event also limited ozone depletion 
in 1988 (Kanzawa and Kawaguchi 1990). 

Effects associated with the 2019 stratospheric warming 
have been implicated as a driver of the extreme climatic 
conditions that occurred in eastern Australia, South 
America and parts of Antarctica in the 2019/2020 summer 
(Robinson et al. 2020; Lim et al. 2021). The conditions in 
2019 had two important effects on the stratosphere over the 
following several months. Firstly, wildfires in eastern 
Australia during the 2019/2020 summer that were exacer
bated by extreme climatic conditions lofted extraordinary 
amounts of smoke, aerosol and entrained tropospheric air 
into the stratosphere (Allen et al. 2020; Kablick III et al. 
2020; Khaykin et al. 2020). The effects of the plume were 
primarily observed at mid-latitudes and included a persistent 
warming of the lower stratosphere by the radiative effects of 
black carbon (Yu et al. 2021) and dilution of the ozone layer 
by the entrained tropospheric air (Schwartz et al. 2020). 
Secondly, Rossby wave activity associated with the strato
spheric warming has been implicated in disrupting the 
normal cycle of the Quasi-Biennial Oscillation (QBO) in 
late-2019/early-2020 (Anstey et al. 2020; Kang and Chun 
2021). Both of these influences are relevant to the develop
ment of the 2020 Antarctic ozone hole, through the potential 
contribution of any persistent effects of the wildfire smoke 
on chemical ozone depletion, and the influence of the QBO 
state on Rossby wave propagation during the life cycle of the 
Antarctic stratospheric vortex. 

Here we describe the general characteristics of the 2020 
ozone hole and examine two specific questions: (1) What 
were the key conditions that resulted in the unusual persist
ence of Antarctic ozone depletion in the latter part of 2020? 
(2) What were the implications of the characteristics of the 
2020 ozone for the climate of the southern hemisphere in the 
months that followed? To do this, we first describe the data 
and methods that we use, and follow this with a general 
description of the main features of the 2020 ozone hole and 
associated stratospheric conditions as observed in a variety 
of observational and meteorological reanalysis data. We then 
synthesise the analysis to address our two key questions. This 
work complements analyses of earlier ozone holes presented 
in the following series of papers where further details on 
individual years discussed here can be obtained: Tully et al. 
(2008), Tully et al. (2011), Klekociuk et al. (2014), Krummel 
et al. (2019), Tully et al. (2019) and Klekociuk et al. (2021). 

2. Materials and methods 

2.1. Satellite measurements 

We used daily global gridded (level 3) total column ozone 
data from three separate satellite-borne instruments to 
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evaluate metrics of the ozone hole: (a) the Total Ozone 
Mapping Spectrometer (TOMS), (b) the Ozone Monitoring 
Instrument (OMI) and (c) the Ozone Mapping and Profiler 
Suite (OMPS). These instruments provided total column 
ozone information from sun-synchronous orbits using 
nadir measurements of backscattered solar ultraviolet (UV) 
radiation (UVR). The time intervals, spatial resolutions and 
versions of the total column ozone data, and the method 
used to evaluate the ozone hole metrics are provided in  
Klekociuk et al. (2021). We also use vertically resolved 
backscatter measurements from the Cloud-Aerosol Lidar 
with Orthogonal Polarization (CALIOP) space-borne lidar 
to examine the location of PSCs using the detection criteria 
of Pitts et al. (2018). 

2.2. In situ measurements and ground-based 
remote sensing 

The location of ground-based sites used for in situ and 
remote sensing measurements are shown in Fig. 1 along 
with a depiction of the climatological boundary of the 
stratospheric vortex. 

2.2.1. Trace gas measurements at Arrival 
Heights and Scott Base 

We compare gas-phase total column abundances in 2020, 
for a variety of species relevant to ozone chemistry, to those 
taken in earlier years. The data are from solar observations 
made with a Fourier Transform Spectrometer (FTS) at 
Arrival Heights in Antarctica (77.9°S, 166.7°E; Kohlhepp 
et al. 2012). The species considered here are ozone (O3), 
hydrogen chloride (HCl), chlorine nitrate (ClONO2), nitric 
acid (HNO3) and nitrogen dioxide (NO2). We also report 
measurements of stratospheric chlorine monoxide (ClO) 
obtained at Scott Base (77.9°S, 166.8°E) using a microwave 
radiometer (Nedoluha et al. 2016). Additionally, we show 
data from the Dobson spectrophotometer (instrument num
ber 17) at Arrival Heights, which have been used to obtain 
the total ozone column abundance from direct solar and 
lunar observations since 1995. Measurements by all of the 
instruments are made under the auspices of the Network 
for the Detection of Atmospheric Composition Change 
(De Mazière et al. 2018; NDACC 2021). 

2.2.2. Ozonesondes 
To characterise the vertical distribution of ozone within 

the ozone hole, we used in situ measurements of ozone 
mixing ratio obtained from Science Pump Corporation type 
ECC-6 ozonesondes launched approximately weekly by the 
Australian Bureau of Meteorology (BoM) at Australia’s Davis 
(68.6°S, 78.0°E; since 2003) and Macquarie Island (54.5°S, 
159.0°E; since 1994) research stations, and from the BoM site 
at Broadmeadows (37.7°S, 144.9°E; since 1999), near 
Melbourne, Australia. The Davis measurements are made 

in collaboration with the Australian Antarctic Division. 
Details of the equipment are discussed in Klekociuk 
et al. (2021). Here we used 10-s cadence measurements 
(obtained at approximately 50 m height intervals) that are 
archived by the World Ozone and Ultraviolet Data Center 
(WOUDC 2021). 

2.2.3. Ultraviolet radiation measurements 
The Australian Radiation Protection and Nuclear Safety 

Agency (ARPANSA) maintains a network of detectors to 
monitor solar UVR arriving at ground level. Two types of 
broadband sensors are used at the Australian Antarctic 
research stations: Casey (66.3°S, 110.5°E) and Davis use 
Robertson-Berger style detectors (UVBiometer model 501, 
Solar Light Co., Philadelphia, USA), while at Mawson 
(67.6°S, 62.9°E) and Macquarie Island, silicon carbide- 
based UVR sensitive photodiode sensors (Cosine UV Index 
Sensor, sglux GmbH, Berlin, Germany) are employed. Here 
we also use measurements from Yallambie (37.7°S, 145.1°E), 
near Melbourne, Australia which are also made with the 
same model of photodiode sensor. The response of both 
types of sensors approximates that of human skin as 
described by the erythemal action spectrum. The output of 
the sensors are converted to a UV Index value (an erythe
mally effective irradiance of 25 mW m−² is equivalent to one 

Fig. 1. Locations (in decreasing southern latitude) of Scott Base, 
Arrival Heights, Davis, Mawson, Casey, Macquarie Island, and 
Broadmeadows and Yallambie. Overlaid are contours showing the 
mean latitudinal gradient in ERA5 potential vorticity over 1979–2020 
for October on the 450 K potential temperature surface (~18 km 
altitude); the units are −106 m2 s−1 K kg−1 per degree of latitude. The 
coloured contours generally define the region between the inner 
(most poleward) and outer (most equatorward) edges of the strato
spheric polar vortex.   
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unit on the UV Index scale) and the maximum 10-min aver
age value recorded each day is reported as the UV Index for 
that date. Prior to deployment at the Antarctic stations, the 
sensors are calibrated against a spectroradiometer (Bentham 
model DTMc300, Bentham Instruments Ltd., Reading, UK) 
by performing simultaneous solar UVR measurements at the 
ARPANSA laboratory in Melbourne. Irradiance calibration 
of the spectroradiometer is achieved using a 1000-W 
quartz tungsten halogen lamp traceable to the Australian 
Government National Measurement Institute while its wave
length calibration is set with reference to the UV spectral lines 
of a mercury lamp. Measurements from 2007 are used here. 

2.3. Reanalysis data 

To examine meteorological conditions associated with the 
ozone hole, we used data from the European Centre for 
Medium-Range Weather Forecasts (ECMWF) fifth-generation 
reanalysis ERA5 (Hersbach et al. 2020). ERA5 data were used 
to derive two dynamical quantities related to the propagation 
of Rossby (planetary-scale) waves: the meridional eddy heat 
flux T*u* (where T and u are the air temperature and zonal 
wind speed, respectively, and * denotes the deviation from 
the zonal mean) and the horizontal wave activity flux (WAF), 
obtained from geopotential and the horizontal wind compo
nents using the formalism of Takaya and Nakamura (2001). 
The eddy heat flux is a proxy for upward energy propagation 
by Rossby waves, while the WAF provides information 
on the horizontal propagation of the waves. Geopotential 
height data (obtained by division of ERA5 geopotential by 
9.80555 ms−2) were used to obtain the SAM index as a 
function of pressure level using empirical orthogonal func
tion analysis following the approach used by the National 
Oceanic and Atmospheric Administration (NOAA 2021). We 
standardised the index using the monthly climatology over 
the base period 1980–2010. The SAM index provides infor
mation on the coupling between mid- and high-southern 
latitudes, and its vertical evolution is influenced by coupling 
between the stratosphere and troposphere. 

We also use gridded total column ozone data from ERA5, 
the National Institute of Water and Atmospheric Research– 
Bodeker Scientific (NIWA–BS) total column ozone database 
version 3.5.1 (Bodeker et al. 2021) and version 2 of the 
Multi-Sensor Reanalysis (MSR2; van der A 2015) to evaluate 
ozone hole metrics. 

3. Results and discussion 

3.1. Ozone hole metrics 

Table 1 provides annual values for eight ozone hole metrics 
obtained by the Commonwealth Scientific and Industrial 
Research Organisation (CSIRO) from analysis of satellite 
total column ozone measurements. The analysis was aug
mented with values obtained from MSR2 data for 1994 and 

1995 when there was a gap in coverage by the TOMS instru
ment. Daily values of selected metrics are shown in Fig. 2.  
Fig. 2a shows the daily minimum total column ozone south of 
35°S (Metric 4 in Table 1) for 2020 and other selected years 
obtained from the analysis of satellite data. During 2020, the 
lowest total column values consistently fell below the 220 
Dobson Unit (DU) ozone hole threshold (Uchino et al. 1999;  
Newman et al. 2004; Bodeker et al. 2005; Bodeker and 
Kremser 2021) in early August. During most of the period 
up to mid-September, this metric was close to the long-term 
average. However, from mid-September up to the last week 
of December, the daily minimum column values were well 
below the long-term average, and set new extreme low values 
on several days, particularly in November and December. A 
relatively deep minimum of 94 DU (ranked 8th in Metric 4 of  
Table 1) occurred in early October. 

The daily ozone hole area (the area within the 220 DU 
contour; Metric 2 in Table 1) is shown in Fig. 2b. The growth 
in area of the 2020 ozone hole was generally close to the 
long-term average up to the end of August. Strong growth 
occurred in the first week of September, and the daily area 
metric attained an initial maximum on 8 September. 
Following a minor decline up to 13 September, the ozone 
hole reached its maximum area for the year of 24.7 Mkm2 

on 20 September. This maximum was close to the peak value 
observed in 2018. After maximising in area, the 2020 ozone 
hole became relatively stable and persistent. From mid- 
September up to the end of November, the area metric 
showed some modest fluctuations (centred on 13 and 30 
October and 9 November) but generally decayed more 
slowly than previously observed, setting maximum daily 
area records from mid-November until its final breakdown 
on 29 December. Notably, the breakdown date was the 
latest observed. The evolution of the area metric showed 
some similarities with 2015 and 2018. While the 2020 
ozone hole was smaller than that in 2015, when ozone 
depletion was influenced by volcanic aerosols and the gen
eral absence of dynamical variability in the polar vortex 
(Stone et al. 2017; Tully et al. 2019), it showed similar 
persistence. The evolution of the daily area metric in 2020 
up to the end of October closely matched the behaviour 
in 2018, when the relative absence of strong dynamical 
activity was also a feature (Klekociuk et al. 2021). 

Fig. 2c shows the daily maximum ozone mass deficit in 
the Antarctic ozone hole with respect to 220 DU (Metric 6 of  
Table 1), which is a function of both ozone hole depth and 
area. The maximum daily ozone mass deficit was 36.6 mil
lion tonnes (Mt) in early October, the 12th largest deficit in  
Table 1. Notably, because of the unusual persistence and 
size of the ozone hole, particularly during November and 
December, the total ozone mass deficit (the sum of the daily 
ozone mass deficits) based on data from the Ozone Mapping 
and Profiler Suite (OMPS) satellite instrument was approxi
mately 2449 Mt, second only to the value of 2560 Mt for 
2006 (Table 1). 
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Table 1. Summary of ozone hole metrics.                   

MetricA 1. Maximum 
15-day 

averaged area 

2. Daily 
maximum area 

3. Minimum 
15-day averaged 

total column 
ozone 

4. Daily 
minimum total 
column ozone 

5. Daily 
minimum 

average total 
column ozone 

6. Daily 
maximum 

ozone mass 
deficit 

7. Total annual 
integrated 

ozone mass 
deficit 

8. Breakdown date 

RankB Year 106 

km2 
Year 106 

km2 
Year DU Year DU Year DU Year Mt Year Mt Year Date (day)   

1  2000  28.7  2000  29.8  2000  93.5  2006  85  1995  127.8  1995  46.9  2006  2560 2020 29-Dec (364) 

2  2006  27.6  2006  29.6  2006  93.7  1998  86  2000  138.3  2006  45.1 2020 2474 1999 28-Dec (362) 

3  2015  27.6  2003  28.4  1998  96.8  2000  89  1994  138.4  2000  44.9  1998  2420 2008 26-Dec (361) 

4  2003  26.9  2015  28.1 2020 98.0  2003  91  2006  143.6  1994  43.6  2001  2298 2010 22-Dec (356) 

5  1998  26.8  1998  27.9  2001  98.9  2001  91  1998  146.7  2003  43.4  1995  2292 2015 21-Dec (355) 

6  2008  26.1  2005  27.2  1999  99.9  1995  93  2003  147.5  1998  41.1  1999  2250 2001 20-Dec (354) 

7  2001  25.7  2008  26.9  2011  100.9  1991  94 2020 148.3  2008  39.4  2015  2197 2011 20-Dec (354) 

8  2005  25.6  1996  26.8  2003  101.9  2020  94  2001  148.8  2001  38.5  1996  2176 2006 17-Dec (351) 

9  2011  25.1  2001  26.4  1994  102.2  2011  95  1999  149.3  2015  37.7  2000  2164 1990 16-Dec (350) 

10  1996  25.0  2011  25.9  2009  103.1  2009  96  2005  149.4  2011  37.5  2011  2124 1998 15-Dec (349) 

11  1993  24.8  1993  25.8  1993  104.0  1999  97  2009  150.4  2005  37.1  2008  1983 2007 14-Dec (348) 

12  1994  24.3  1999  25.7  1996  106.0  1997  99  1996  150.6 2020 36.6  2003  1894 1995 12-Dec (346) 

13  2007  24.1  1994  25.2  2015  107.1  2015  101  2008  150.8  2009  35.7  2005  1871 1996 10-Dec (345) 

14  2018  24.1  2007  25.2  1997  107.2  2008  102  2011  151.2  1999  35.3  1993  1833 1992 09-Dec (344) 

15 2020 24.1  1997  25.1  2018  107.9  2018  102  1997  151.3  2018  34.8  2018  1810 1987 08-Dec (342) 

16  2009  24.0  1992  24.9  2008  108.9  2004  102  2018  152.8  1997  34.5  2009  1806 2005 07-Dec (341) 

17  1992  24.0  2018  24.7  2005  108.9  2005  103  2007  155.1  1996  33.9  2007  1772 1993 06-Dec (340) 

18  1999  24.0 2020 24.7  1992  111.5  1996  103  1993  155.2  1992  33.5  1997  1759 1997 04-Dec (338) 

19  1995  23.8  2009  24.5  2007  112.7  1993  104  1992  156.3  2007  32.9  1994  1668 2018 04-Dec (338) 

20  1997  23.3  2013  24.0  1991  113.4  1992  105  2015  156.9  1993  32.6  1992  1529 1985 03-Dec (337) 

21  2013  22.7  2014  23.9  1995  85.2  1989  108  2016  159.7  2014  30.7  1987  1366 2003 03-Dec (337) 

22  2014  22.5  1995  23.3  1987  115.7  2007  108  2014  160.0  2016  29.3  2010  1353 1989 02-Dec (336) 

23  2016  21.6  2016  22.7  2004  116.0  1987  109  1991  162.5  1991  26.6  2014  1252 2014 02-Dec (336) 

24  2010  21.6  2004  22.7  2016  117.5  1994  110  1987  162.6  2010  26.2  2016  1218 2004 29-Nov (334) 

(Continued on next page) 
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Table 1. (Continued)                  

MetricA 1. Maximum 
15-day 

averaged area 

2. Daily 
maximum area 

3. Minimum 
15-day averaged 

total column 
ozone 

4. Daily 
minimum total 
column ozone 

5. Daily 
minimum 

average total 
column ozone 

6. Daily 
maximum 

ozone mass 
deficit 

7. Total annual 
integrated 

ozone mass 
deficit 

8. Breakdown date 

RankB Year 106 

km2 
Year 106 

km2 
Year DU Year DU Year DU Year Mt Year Mt Year Date (day)   

25  1987  21.4  1987  22.4  1990  117.8  1990  111  1990  164.4  1987  26.2  1990  1181 2009 30-Nov (334) 

26  2004  21.1  1991  22.3  1989  120.4  2016  111  2010  164.5  2013  25.1  2013  1037 1994 27-Nov (331) 

27  1991  21.0  2010  22.3  2014  124.3  2014  114  2013  164.7  1990  24.3  1991  998 2016 21-Nov (326) 

28  1989  20.7  2002  21.8  2010  124.3  2013  116  1989  166.2  1989  23.6  2004  975 2000 20-Nov (325) 

29  1990  19.5  1989  21.6  2013  127.8  2010  119  2004  166.7  2002  23.2  1989  917 2017 20-Nov (324) 

30  2012  19.3  2012  21.2  1985  131.8  2019  120  2002  169.8  2004  22.8  2017  733 1991 19-Nov (323) 

31  2002  17.7  1990  21.0  2012  131.9  1985  124  2012  170.2  2012  22.5  2012  720 2013 17-Nov (321) 

32  2017  17.6  2017  19.1  2017  135.9  2012  124  2017  172.9  2017  18.5  1985  630 1984 15-Nov (320) 

33  1985  16.6  1985  18.6  2002  136.0  2002  131  1985  177.1  1985  14.5  2002  575 1986 16-Nov (320) 

34  1986  13.4  2019  15.7  1986  150.3  2017  131  2019  177.2  1986  10.5  2019  366 1982 13-Nov (317) 

35  1984  13.0  1984  14.4  2019  150.6  1986  140  1986  184.7  2019  10.0  1986  346 2012 09-Nov (314) 

36  2019  12.2  1986  14.2  1984  156.1  1984  144  1984  190.2  1984  9.2  1984  256 2002 07-Nov (311) 

37  1988  11.3  1988  13.5  1983  160.3  1983  154  1983  192.3  1983  7.0  1988  198 2019 07-Nov (311) 

38  1983  10.1  1983  12.1  1988  169.4  1988  162  1988  195.0  1988  6.0  1983  184 1980 05-Nov (310) 

39  1982  7.5  1982  10.6  1982  183.3  1982  170  1982  199.7  1982  3.7  1982  73 1983 06-Nov (310) 

40  1980  2.0  1980  3.2  1980  200.0  1980  192  1980  210.0  1980  0.6  1980  13 1981 30-Oct (303) 

41  1981  1.3  1981  2.9  1981  204.0  1979  194  1979  210.2  1981  0.6  1981  4 1988 28-Oct (302) 

42  1979  0.2  1979  1.2  1979  214.7  1981  195  1981  210.2  1979  0.3  1979  1 1979 19-Sep (262) 

AThe descriptions of each metric and the method used to produce it are given in Appendix A of  Klekociuk et al. (2021), with the exception of Metric 8 which refers to the first date when the 5-day average 
of the ozone hole area falls below 0.5 M km2 following the peak in ozone hole area. Values for 2020 are highlighted by red bold font. Values produced using Multi Sensor Reanalysis version 2 (MSR2) data 
(see  Klekociuk et al. 2021) are highlighted in black bold font. 
BRank 1 = lowest ozone minimum, greatest area, greatest ozone loss etc.; rank 2 = second lowest ozone minimum, etc.  
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3.2. In situ measurements and ground-based 
remote sensing 

Fig. 3 presents trace gas measurements at Arrival Heights 
and Scott Base. The total column ozone measurements in the 

post-winter period were amongst the lowest values recorded 
since 1996 (Fig. 3a), with the ozone hole (values less than 
220 DU) lasting into December. Persistence of PSC particles 
(hence heterogeneous ozone destruction) is indicated by the 
continued denitrification of the stratosphere observed in the 
reduction of gas-phase HNO3 (Fig. 3b) and NO2 (Fig. 3c) 
from the start of spring until December. Over the period of 
days 290–330, HNO3 was historically low, with abundances 
of ~5–10 × 1015 molec cm−2 compared to the historical 
average of ~15–17 × 1015 molec cm−2. Over the same time- 
period, NO2 was also low, averaging ~2 × 1015 molec cm−2 

and well below the average of ~3 × 1015 molec cm−2. Such 
denitrification allows prolonged heterogeneous reactions 
on PSCs. Chlorine reservoir species (HCl and ClONO2) are 
converted into active forms on the surfaces of PSC particles. 
The HCl measurements prior to day 300 of 2020, although 
limited in number, tend to show values at the bottom of the 
observed range (~1–2 × 1015 molec cm−2; Fig. 3d) and 
we do not see the annual ClONO2 ‘spike’ over the narrow 
time frame of days 250–280 (Fig. 3e). This can be largely 
attributed to a lack of NO2 (anomalously low abundances of 
1–2 × 1015 molec cm−2 over the ‘spike’ period). Such a 
spike could feasibly occur before day 260, the period where 
there were no measurements of ClONO2. However, given 
that cold conditions were present before day 260, we infer 
that a spike in ClONO2 was unlikely to have occurred. A lack 
of the annual ClONO2 spike indicates that chlorine was still 
activated. In 2020, ClO activation proceeded, as in previous 
years, up to ~day 270 then reached an anomalously high 
value of ~1.6 ppb (at 55 hPa) on ~day 275 (Fig. 3f) which 
was a week later than in any prior year. Overall, the species 
shown in Fig. 3 all suggest that strong heterogeneous ozone 
depletion chemistry occurred at southern high latitudes in 
the latter part of 2020. This chemistry was particularly active 
in early 2020/2021 summer and we infer that it persisted a 
lot longer than usual due to the anomalously low strato
spheric temperatures. 

Note in Fig. 3e the evidently high ClONO2 amounts in the 
immediate pre-winter period of 2020 compared with other 
years (that is, in the period up to the last observations 
around day 105 in mid-April). Even with a large uncertainty 
associated with the retrieval of ClONO2 at ~30% (other 
FTIR species uncertainty estimates are ~5%), the anoma
lously high values are nearly double those of other years. 
The source of stratospheric ClONO2 involves a three-body 
reaction also including ClO and NO2 (von Clarmann and 
Johansson 2018). Fig. 3c, d suggests that NO2 and HCl col
umn abundance may have been slightly suppressed relative 
to other years in the last few observations prior to winter in 
2020. The day-minus-night ClO column measurements 
around this time are essentially at the level of the background 
noise (not shown). Although no significantly anomalous ClO 
column abundances were measured, the ClONO2 enhance
ment and simultaneous reduction in HCl indicates anomalous 
chlorine reservoir partitioning. We conjecture that some 
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Fig. 2. Daily ozone hole metric time series. (a) Daily minimum total 
column ozone poleward of 35°S (daily values of Metric 4 of Appendix 
A) for 2015–2020. (b) As for (a) but showing the daily average ozone 
hole area (daily values of Metric 1). (c) As for (a) but showing the daily 
ozone mass deficit (daily values of Metric 6).   
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form of heterogeneous chemistry was already taking 
place before the start of the winter (when, as we discuss in 
Section 3.4, no PSCs were detected in the polar cap). Around 
this time, the stratospheric smoke plume from the wildfires 

of the 2019/2020 summer was detected at high southern 
latitudes (Schwartz et al. 2020). 

The total ozone column abundance at Arrival Heights just 
prior to and during the 2020 winter appeared unremarkable 
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Fig. 3. Daily total ozone column abundance and related chemical species from measurements at Arrival 
Heights and Scott Base, Antarctica: (a) ozone (O3), (b) nitric acid (HNO3), (c) nitrogen dioxide (NO2), 
(d) hydrogen chloride (HCl), (e) chlorine nitrate (ClONO2) and (f) chlorine monoxide (ClO) at 55 hPa 
(~18 km altitude), shown as day minus night. Measurements in panels (a) to (e) were obtained using the mid- 
infrared (MIR) Fourier Transform Infrared Spectrometer (FTIR) at Arrival Heights; panel (f) is from the Scott 
Base Microwave Radiometer (MWR). Measurements for individual years are shown in different colours 
according to the legend in panel (a). The FTIR measurements use the sun as a source and are generally not 
made between mid-April (~day 105) and late August (~day 240), depending on year.    
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compared with earlier years (Fig. 3a). This is also apparent 
in Supplementary Fig. S1, which provides additional detail 
from Dobson spectrophotometer measurements at the site. If 
chlorine reservoir partitioning was occurring at this time 
due to the influence of the stratospheric smoke plume, then 
the chemical pathways differed to those observed in stan
dard polar heterogeneous chemistry, as indicated by the 
lack of significantly enhanced ClO. Additionally, no obvious 
reduction appears to have occurred to the total column 
ozone concentration, particularly before the beginning of 
the polar night. Further study of the anomalous chlorine 
reservoir partitioning and its possible association with the 
smoke plume is needed. 

Partial column ozone values from ozonesonde flights 
at Davis (Supplementary Fig. S2a), Macquarie Island 
(Supplementary Fig. S2b) and Broadmeadows (Supplementary 
Fig. S2c) further highlight that ozone concentrations in the 
lower stratosphere during October and November 2020 were 
relatively low in the latter part of the year, not only near 
the inside edge of the vortex (at Davis) but also outside the 
vortex. 

3.3. Ultraviolet radiation measurements 

Fig. 4 shows UV Index measurements at the three Australian 
Antarctic stations of Davis, Mawson and Casey, sub-Antarctic 
Macquarie Island and Melbourne in southern Australia. The 
panels are ordered by decreasing southern latitude. In 2020, 
UVR levels at the Antarctic stations (Fig. 4a–c) were gener
ally well above the 2007–2020 climatological mean from 
October to December, with new record extreme high values 
being set on some days, particularly in November and 
December. Based on satellite total column overpass observa
tions by the Global Ozone Monitoring Experiment (GOME) 
for 1998–2001 and OMI since 2004 (ESA 2021), ozone hole 
days (defined as individual days when any of the satellite 
overpass coincidences at a particular site was less than 220 
DU) were observed during November–December 2020 on a 
total of 35 days at Davis and 36 days at Mawson. These totals 
exceeded by more than 10 days the previous largest annual 
totals (~23 days in each of 1999, 2001, 2003, 2006, 2010 
and 2015). The total number of events for each site for 
August–December 2020 was the largest observed, just eclip
sing the totals for 2001 and 2006. Although Casey had more 
ozone hole events over August–December in 2006 (53 days) 
and 2015 (43 days) compared with 2020 (38 days), there 
were significantly more events in November 2020 (18 days) 
than in any other year (other notable totals were 8 days in 
2001, 9 days in 2006 and 7 days in 2015). At Macquarie 
Island (Fig. 4d), UVR levels were not particularly notable, 
with the possible exception of slightly elevated levels for a 
few days near days 300 (26 October) and 320 (15 November) 
when ozonesonde measurements showed relatively low par
tial column values in the lower stratosphere (Supplementary 
Fig. S1b). By comparison, Melbourne (Fig. 4e) showed values 

near the climatological maximum on several occasions dur
ing November and December. The high UVR levels around 
25 November (day 330) and 15 December (day 350) aligned 
with the relatively low partial column ozone values shown in 
Supplementary Fig. S1c. 

3.4. Stratospheric conditions 

We now examine the prevailing meteorological conditions 
during 2020. Vertical cross-sections of temperature, zonal 
wind and geopotential height for the southern polar cap 
region are shown in Fig. 5. A particular feature of 2020 
was that temperatures in the lower stratosphere of the south
ern polar cap during spring were significantly below average. 
This is shown by the regions of magenta cross-hatching in  
Fig. 5a at pressure levels mainly between 10 and 200 hPa at 
various times from September through to December. These 
regions represent record minimum average temperatures 
over the period since 1979. The polar cap temperature 
anomalies in spring showed a downward progression which 
tended to follow the overall time–height progression of the 
cold ‘core’ of the winter polar stratosphere (Fig. 6a). 
Generally, the descending cold anomalies (magenta hatching 
in Fig. 5a) were located below and preceded descending 
warm anomalies that developed in the upper-stratosphere 
from mid-October (black hatching in Fig. 5a). Over this lati
tude band, the proxy region for PSC occurrence (outlined 
contours in Fig. 5a) extended between June and October 
between ~30 hPa (~25 km altitude) and 200 hPa (~10 km 
altitude). This was much longer lasting than in 2019 and 
generally similar to the situation in 2018 (compare with 
fig. B1 in Klekociuk et al. (2021)). 

In terms of the zonal wind (Fig. 5b) and geopotential 
height (Fig. 5c) in the polar cap, significant anomalies 
(hatched regions) developed in the upper levels mainly 
from August, which generally overlapped in the upper levels 
of the cold temperature anomalies (Fig. 5a). There were 
some relatively short-lived weakenings of the zonal circula
tion during winter and spring (blue contours with magenta 
hatching in Fig. 5b) – for a period of several days throughout 
the stratosphere during late June and early July, and in the 
lower stratosphere and upper troposphere around 1 June, 10 
August, 1 September and 23 November. These weakenings 
relate to poleward heat transport events discussed below. 

The observed PSC total area coverage poleward of 50°S 
during 2020 is shown in Fig. 6 (from CALIOP measure
ments). Due to the increasing sampling density of CALIOP 
towards 82°S (the lowermost latitude sampled), we follow  
Pitts et al. (2018) by dividing the region into 10 equal-area 
latitudinal bands, calculating PSC occurrence frequency and 
then multiplying by the area of each band. The total area 
covered by PSCs is the summation of these bands. We do not 
attempt to remove upper-tropospheric cirrus which are 
flagged as PSCs by the algorithm below around 12 km 
altitude. The results shown for winter 2020 in Fig. 6 follow 
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the climatological pattern, with larger areal extent at high 
altitudes early in the winter, and the descent of the PSC 
areal coverage to lower altitudes late in the season. Note 
that the first detection of PSCs was around the beginning of 
June (~day 150), and much later than the enhanced 
ClONO2 discussed in Section 3.3 in relation to Fig. 3e 
(around day 100). The time–height region covered by 
PSCs in Fig. 6 is in reasonable agreement with that for the 
proxy nitric acid trihydrate PSC contour in Fig. 5a. The total 
PSC area coverage shown in Fig. 6 is similar to other recent 

cold winters with a stable vortex (e.g. 2015 and 2016 as 
shown in Pitts et al. (2018)) and noticeably larger than 
warm vortex years (such as 2010 and 2012). 

There was generally a mixture of warm and cold anoma
lies in the lower stratosphere during June and July that 
primarily gave way to cold conditions from August onwards 
(Supplementary Fig. S3). This is shown quantitatively in  
Table 2, where the monthly mean temperature anomalies 
are provided from the ERA5 reanalysis at three pressure 
levels. From June to August, at 50 hPa where significant 
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PSC formation normally occurs, temperatures were not 
particularly outside of the long-term mean. However, record 
low average temperatures were set in November and 
December at 50 and 100 hPa. 

Table 2 also provides monthly temperature anomalies for 
other selected years. Shown are conditions for 2019, which 
was notable for having a strongly disturbed and warm polar 
vortex (Klekociuk et al. 2021), and 2015 and 1987, that along 
with 2020, stand out as having the lowest September– 
November average temperature in the polar cap at 50 hPa 
since 1979. Similar to 2020, both 2015 and 1987 also showed 
a strong descending cold anomaly in the lower stratosphere, 
and a descending warm anomaly in the upper stratosphere. In 
particular, 2015 showed a very similar evolution of strato
spheric temperature anomalies from winter to summer as in 
2020, in addition to a similar evolution of ozone hole metrics 
which can be seen in the panels of Fig. 2 (Tully et al. 2019). 
These specific comparison years are discussed further in 
Section 3.6. 

A key feature of 2020 was that the amplitude of quasi- 
stationary Rossby waves at the edge of the vortex showed 
reduced amplitudes in early spring (Fig. 7). For example, 
zonal wave number 1 at 55°S and 50 hPa (Fig. 7a) which 
was above the climatological mean in winter, was anoma
lously low in September. Zonal wave number 2 in this region 
(Fig. 7b) showed a similar reduction from winter to spring. 
More detail on the large-scale upward wave driving in the 
stratosphere is shown by the pressure–time cross section of 
eddy heat flux over the polar cap shown in Supplementary 
Fig. S5, and the horizontal wave flux shown in Supplementary 
Fig. S6. 

As noted above, polar cap temperature averages for the 
winter months (June–August) were near average at 50 and 
10 hPa, although at 100 hPa they were relatively low com
pared with the interquartile range (Table 2). Both Fig. 5a 
and Supplementary Fig. S3 indicate that, on shorter time
scales, extreme low temperatures began to appear in the 
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upper levels primarily from mid-winter and then tended to 
move down in altitude over the following months. Despite 
these temperature patterns, there were evidently some epi
sodes of upward wave activity in the polar cap during winter 
(Supplementary Fig. S5) and stationary wave activity outside 
the vortex was generally above average (Fig. 7). Depending 
on the strength of the meridional temperature gradient 
between the polar cap and lower latitudes, the development 
of low temperatures in the upper vortex would tend to 
enhance the resilience of the vortex to the action of poleward 
wave activity. This could potentially occur through promo
tion of wave reflection and refraction (for example, Tung and 
Lindzen 1979) by the enhanced zonal jet at the equatorward 
edge of the vortex (Supplementary Fig. S4b), or dynamical 
forcing of diabatic descent in the vortex (Haynes et al. 1991). 
The cooling by subsequent ozone loss in spring would tend 
to reinforce the resilience of the vortex to wave action. 
However, the potential relationship of the winter vortex 
conditions to the anomalously stable situation that followed 
in spring is unclear and further work on this aspect is needed. 

So why was the poleward wave driving weak in the early 
spring of 2020, which seems to be a contributing factor in 
the strong vortex conditions and resultant persistent ozone 
depletion that occurred at that time? Strong stratospheric 
vortex conditions in the southern hemisphere have 
been observed in connection with particular phases of the 
major climate modes. Importantly, the QBO tends to favour 
supressed poleward wave flux when it is in a westerly phase, 

and in the southern hemisphere this tends to promote colder 
winter temperatures in the polar stratosphere and a longer- 
lasting vortex (Baldwin and Dunkerton 1998). A similar, 
though stronger, influence of the westerly QBO phase is 
also seen for the northern hemisphere vortex (Holton and 
Tan 1980; Anstey and Shepherd 2014; Baldwin et al. 2021). 
Additionally, in the southern hemisphere, weak upward 
wave flux in winter and spring is favoured by La Niña or 
neutral ENSO conditions (Brahmananda Rao et al. 2004). A 
strong polar vortex is a characteristic of positive strato
spheric SAM conditions, and this tends to be reinforced by 
positive tropospheric SAM conditions (Thompson et al. 
2005). In the austral winter of 2020, the QBO transitioned 
from easterly to westerly conditions (NASA 2020), while 
as noted above, the ENSO was developing into La Niña 
conditions. The tropospheric SAM transitioned from the 
positive phase in May and June to negative conditions 
which reached a minimum of −2.2 standard deviations 
in September. Subsequently, the tropospheric SAM was pos
itive from October through to the following February with a 
maximum of +2.3 standard deviations in December 
(BAS 2021). In general, the relevant climate mode indicators 
(QBO, ENSO, IOD and tropospheric SAM) were all 
unremarkable in terms of the magnitude of their indices 
compared with other extremes of recent years. Countering 
this, the stratospheric SAM in the spring and summer of 
2020 was anomalously positive, in contrast to the strongly 
negative phase in 2019 (Supplementary Fig. S7). 

Table 2. ERA5 monthly mean temperature anomalies (K) with respect to the 1979–2019 climatology over 60–90°S for June–January for 
selected years at 10, 50 and 100 hPa. Warm (+) anomalies have red font; cold (–) anomalies have blue font; records over the climatology are 
shown in bold font.            

Pressure (hPa) Month Jun Jul Aug Sep Oct Nov Dec Jan 

Year   

10 2020 +0.1 +0.3 −2.9 −6.8 −8.9 +0.5 +4.7 +0.1 

2019 +0.7 +0.3 −0.4 +25.0 −0.4 −7.4 −3.0 −0.8 

2015 +1.7 +0.9 −1.5 −4.6 −11.3 +3.2 +2.4 +0.6 

1987 −0.2 −0.9 −0.4 −5.9 −8.2 −1.8 −0.0 −0.1 

interquartile range −1.2, +1.1 −1.6, +1.0 −2.5, +2.6 −4.4, +2.8 −3.6, +5.1 −1.8, +1.7 −0.9, +1.0 −0.3, +0.3 

50 2020 −0.6 +0.1 −0.1 −2.6 −9.4 −18.0 −5.2 +1.2 

2019 +0.6 −0.1 +1.2 +15.5 +11.3 +7.4 −1.0 −0.2 

2015 +0.3 −0.3 −0.8 −2.2 −10.5 −10.5 −2.3 +1.4 

1987 −1.0 −1.1 −0.3 −3.7 −7.6 −12.9 +1.4 +0.8 

interquartile range −0.9, +0.8 −0.3, +0.4 −0.8, +0.3 −2.3, +0.9 −4.8, +3.1 −6.8, +5.2 −1.1, +1.0 −0.4, +0.5 

100 2020 −1.6 −0.7 −0.7 −1.7 −5.1 −13.4 −11.9 −0.2 

2019 −0.2 −0.9 +0.4 +8.3 +9.9 +12.0 +2.4 +0.5 

2015 −0.7 −1.4 −1.2 −2.0 −7.1 −11.2 −7.1 −0.6 

1987 +0.1 +0.1 +0.5 −2.2 −4.3 −9.6 +0.8 +1.4 

interquartile range +0.9, +0.7 +0.8, +0.9 +0.7, +0.5 +1.5, +0.3 +3.4, +1.7 +6.8, +6.2 +3.3, +3.3 +0.6, +0.8   
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An additional factor for the strong vortex is conceivably 
the timing of the shift of the QBO to the westerly phase 
(which occurred in August–September) and the appearance 
of La Niña ENSO surface conditions, both of which would 
be expected to suppress extra-tropical wave forcing of the 
vortex in spring–summer (Yang et al. 2018). We further 
discuss the relationship with the prevailing QBO and 
ENSO state in Section 3.6 below. 

3.5. Comparison of ozone hole metrics 

Fig. 8 shows a time series of the annual values of the ozone 
hole minimum total column value (Metric 4 of Table 1,  
Fig. 8a), the maximum ozone hole area (Metric 1; Fig. 8b) 
and the total annual ozone hole ozone mass deficit (Metric 
6; Fig. 8c). Shown are values obtained by CSIRO, well as 
metrics obtained from MSR2, ERA5 and NIWA–BS total 
column ozone data (see Appendix A of Klekociuk et al. 
(2021) for details on the method used). The level of agree
ment between the different data sets in any particular year 
generally provides an indication of the uncertainty in each 
metric, particularly in years when the ozone hole is well 
exposed to the sunlight needed to make the underlying obser
vations (generally from late September when the full polar 
cap is exposed). The annual mass deficit metric (Fig. 8c) 

has the largest relative difference across the data sets which 
likely reflects compounding effects of potential biases in total 
column values and ozone hole area. Also shown in each panel 
is the regression of the CSIRO metric to the Antarctic 
Equivalent Effective Stratospheric Chlorine (EESC) mixing 
ratio using data updated from Fraser et al. (2014). The regres
sions show the simple expectation of the relatively slow time 
progression of each metric under the assumption of a linear 
dependence with EESC. The fraction of variance explained by 
each regression is 53% for the minimum total column ozone 
metric (Fig. 8a), 65% for the maximum area metric (Fig. 8b) 
and 35% for the annual ozone mass deficit metric (Fig. 8c). 
Meteorological conditions strongly influence the variability of 
chemical ozone loss (Langematz et al. 2018), and a large 
fraction of the year-to-year variability in the ozone hole 
metrics is determined by the thermal state of the vortex 
(Tully et al. 2020) which was not taken into account in the 
regressions discussed above. Fig. 8c highlights that the value 
of the annual ozone mass deficit metric in 2020 was well- 
displaced from the expectation of the regression model, and 
strongly contrasted with the unusually low value in 2019. 
Other years that appear well above the regression curve 
(Fig. 8c) include 1987, 1998, 2001, 2006, 2011 and 2015. 

Fig. 9 shows the long-term time series of the annual ozone 
hole start and recovery date. For the period up to the mid- 
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Fig. 7. Variation of quasi-stationary (QS) plane
tary wave amplitude as a function of month for (a) 
zonal wave number 1 and (b) zonal wave number 2. 
Wave amplitudes, in units of geopotential metres, 
were obtained from zonal Fourier decomposition 
of monthly average ERA5 geopotential height 
(GPH) at 55°S latitude and 50 hPa. Shown are the 
average over the 1979–2019 climatology (white 
line), the climatological range between the 10th 
percentile and 90th percentile (dark shaded 
region), the climatological range between the mini
mum and maximum values (light shaded region) and 
the time series for 1987 (orange line), 2015 (blue 
line) and 2020 (red line).    
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1990s, there was a tendency for the ozone hole to form 
earlier and end later in subsequent years. Since that period, 
the apparent trend in both dates tended to stabilise or 

slightly reversed toward the situation that occurred in the 
late-1980s. The recovery date (Metric 8 of Table 1) shows 
inter-annual variability of approximately 1–2 months, which 
is related to the year-to-year variability in the timing of the 
final stratospheric warming. Notably, the recovery date in 
2020 was latest observed in our analysis, and similar to the 
timing in 2008 and 1999. 

3.6. Links to southern hemisphere climate 

As shown by several studies, the strength of the Antarctic 
vortex in spring has a bearing on surface climate in the 
southern hemisphere during late spring and summer 
(Polvani et al. 2011; Thompson et al. 2011; Lim et al. 
2018; Kwon et al. 2020), with influences on the SAM leading 
to effects on surface temperature, precipitation, winds and 
sea ice. Lim et al. (2018) defined a stratosphere–troposphere 
(S–T) coupled mode index to measure the strength of the 
downward influence from the Antarctic polar vortex on near- 
surface circulation (Supplementary Fig. S8). The index 
measures the variance of the progressive downward deceler
ation in the zonal wind over 55–65°S as upward propagating 
Rossby waves deposit westward momentum in the polar night 
jet. Years of strong (weak) jet strength are characterised by 
negative (positive) values of the index. 

Fig. 10 compares surface climate conditions in 2020 
with other strong vortex years, taking into consideration 
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the ENSO phase. Fig. 10a shows the difference in mean 
composites for maximum daily 2 m (surface) air temperature 
anomaly (relative to the 1979–2016 climatology) averaged 
over November–February between the strong vortex years 
since 1979 with summer La Niña conditions (1998, 1999, 
2008, 2010, 2011 and 2018 but excluding 2020) and the 
neutral vortex years (i.e. those years with S–T coupled mode 
index intermediate between the strong and weak thresholds).  
Lim et al. (2018) showed that the S–T coupling tends to 
maximise near the surface over the spring–summer period, 
and specifically considered the October–January period 
when examining the surface coupling. We show here analysis 
for the period November–February to account for the later 
descent of the coupling when the vortex is strong. 

In Fig. 10, regions of significant cold (blue) anomalies 
occur over the Amundsen–Bellingshausen Sea region in the 

Pacific Ocean sector near Antarctica, in most of coastal 
Antarctica, in the sub-tropics of the Pacific Ocean and 
South America, and over Australia and the mid-latitudes of 
Africa. Significant warm (red) anomalies occur in central 
Antarctica, to the east of the Antarctic Peninsula, and the 
mid-latitudes of the oceans and South America. Similarities 
are apparent between Fig. 10a, b, which shows the situation 
for 2020 (with the composite for neutral vortex years sub
tracted). The notable exceptions to this are the lack of 
significant cold anomalies in eastern Australia and generally 
more extensive warm anomaly in the sub-tropical Indian 
Ocean. 

The situation for precipitation is shown in Fig. 10c, d. 
Strong vortex conditions (Fig. 10c) tend to show a south
ward shift in wet (blue) anomalies at low- to mid-latitudes 
in the Australian sector, which is generally consistent with 

T2m Maximum composite

Precipitation composite

SST SON composite

T2m Maximum 2020K

mm d–1

K

1

0

–1

–2

K

1

0

–1

–2

1

0

–1

–2

1

0

–1

–2

SST SON 2020 K

1

0

–1

–2

(a)

(c)

(e) (f )

(b)

Precipitation 2020 mm d–1

1

0

–1

–2

(d )

Fig. 10. (a) Difference between daily maximum 
ERA5 2 m temperature anomaly (T2m) between 
the mean of strong vortex years under La Niña 
conditions and the mean of neutral vortex years, 
averaged over November to February. (b) As for 
(a), but the difference between 2020 and the mean 
of neutral vortex years. (c) As for (a), but for total 
precipitation. (d) As for (b), but for ERA5 total pre
cipitation in 2020. (e) As for (a) but for sea surface 
temperature (SST; from the Extended Reconstructed 
SST dataset version 5) for September to November. 
(f) As for (b) but for September to November SST in 
2020. The climatology used is 1979–2016. Cross- 
hatching in the left-hand panels and single hatching 
in the right-hand panels indicates significance at the 
95% confidence limit. Cross-hatching in the right- 
hand panels is in common with cross-hatching in 
the corresponding left-hand panel. The strong and 
neutral vortex years used for the composites are 
given in Section 3.6. Note that the colour table in 
panels (c) and (d) is the reverse of that of the other 
panels.    
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the behaviour seen for the positive SAM phase (Thompson 
et al. 2011). Over Australia, the southward shift in precipi
tation is associated with increased cloudiness, which 
reduces surface heating. In 2020 (Fig. 10d), largely similar 
patterns can be seen for the strong vortex years, except for 
dry (red) anomalies in eastern Australia where a warm 
anomaly is apparent in Fig. 10b. We also examined the 
situation for October–January (not shown) – the patterns 
were generally similar to those seen in Fig. 10a–d, although 
East Antarctica was markedly warmer, which suggests that 
the S–T coupling over this period was overall weaker. 

Fig. 10e, f show September to November SST anomaly 
patterns for the La Niña strong vortex years and 2020, 
respectively (where the mean pattern for the neutral vortex 
years has been subtracted). In the spring of 2020, warm SST 
anomalies occurred broadly across the extra-tropical ocean 
(Fig. 10f). The warm anomalies were enhanced relative to 
the composite pattern (Fig. 10e) across various regions of 
the mid- and high-latitude ocean. 

Overall, the surface climate patterns in the summer of 
2020/2021 shown in Fig. 10b, d appear consistent with 
corresponding composite patterns for the strong vortex 
years. However, a particular difference is the warm anomaly 
in eastern Australia where otherwise cool conditions would 
tend to be favoured if downward coupling from the strong 
vortex was a key determinant. We cannot find a particular 
explanation for this but it potentially indicates that regional 
climate effects in that area dominated over previously seen 
effects of the coupling. 

4. Summary and conclusions 

We analysed the characteristics of the 2020 Antarctic ozone 
hole using a variety of ground-based, in situ, remote sensing 
and meteorological reanalysis data. The 2020 ozone hole 
reached a maximum area in October that was the 15th 
largest in our analysis spanning the 42 years from 1979. 
The maximum area was generally consistent with, though 
slightly above, the expectation based on regression of the 
ozone hole area metric with EESC since 2000 (around the 
time of the peak ozone hole size), and was in strong contrast 
to the anomalously small ozone hole in 2019. The minimum 
observed total column ozone value over the southern polar 
cap was 8th smallest in our analysis, and similar to values in 
other years of strong ozone depletion in the past three 
decades. The annual integrated ozone mass deficit was the 
second largest in our analysis, surpassed only by the value 
observed in 2006. 

A notable feature of the 2020 ozone hole was its 
unusually large and persistent size during November and 
December, which set new observational records, including 
the latest breakdown date (28 December). In general, these 
features were also in common with the ozone hole of 2015 
(Tully et al. 2019). The persistence and amount of ozone 

depletion in the early summer of 2020 was a key factor that 
produced anomalously high surface UVR levels in coastal 
East Antarctica at that time. 

We found that the Antarctic stratosphere was anomalously 
cold in November and December 2020 which generally 
occurred at the time of reduced Rossby wave activity at 
lower latitudes. However, the overall mechanism responsible 
for the anomalous conditions in November and December 
2020 is unclear and requires further investigation. As we 
noted, the weak Rossby wave activity in spring may have 
been influenced by the prevailing climatic conditions, most 
notably the transition of the QBO to a westerly phase, the 
development of La Niña conditions in the Pacific Ocean and 
the tendency for the tropospheric SAM to be in a positive 
state as the ozone hole began to form. However, none of these 
conditions in isolation appears to have had a determining 
influence on the polar atmosphere, particularly as the QBO 
and ENSO indices were unremarkable compared with other 
years in which the Antarctic vortex was similarly strong. 

During the winter, cold anomalies occurred in the upper 
stratosphere over the polar cap and tended to move down in 
altitude and intensify, reaching the lower stratosphere dur
ing the latter part of the year. Additionally, the horizontal 
wave activity flux in the lowermost stratosphere at southern 
mid-latitudes in spring was generally directed equatorward. 
Taken together, these aspects suggest that processes 
governing diabatic descent in the vortex and their effect 
on the propagation of Rossby waves near or within the 
vortex, and their potential for interaction with the prevailing 
conditions set by the large-scale climate modes, deserve 
further study. 

The strong positive state of the tropospheric SAM that 
occurred until early summer in 2020, and which was poten
tially enhanced by the anomalous strength of the polar 
vortex, affected climate patterns across large areas of the 
southern hemisphere. Specific effects consistent with those 
occurring in other years having strong vortex conditions 
were the appearance of warm anomalies in the Antarctic 
Peninsula and southern South America, and cool anomalies 
in the Amundsen–Bellingshausen Sea near Antarctica, 
coastal East Antarctica and in the western part of Australia. 

It is clear that the 2019/2020 Australian wildfires affected 
the extratropical stratosphere of the southern hemisphere 
during 2020 (Allen et al. 2020; Khaykin et al. 2020;  
Schwartz et al. 2020; Yu et al. 2021). The anomalously 
high ClONO2 total column abundances reported here for 
Scott Base at the start of 2020 winter may indicate that 
enhanced early heterogeneous ozone depletion associated 
with effects of the wildfire smoke occurred at high southern 
latitudes. Although we have not attempted to demonstrate 
effects from the 2019/2020 fires on the ozone hole in 2020, 
further studies are needed to examine possible effects of 
heterogeneous chemistry and radiative heating associated 
with the smoke aerosols on the state of the polar vortex 
and ozone hole in 2020. 
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