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Abstract. We review the 2017 Antarctic ozone hole, making use of various meteorological reanalyses, and in-situ,
satellite and ground-based measurements of ozone and related trace gases, and ground-based measurements of ultraviolet
radiation. The 2017 ozone hole was associated with relatively high-ozone concentrations over the Antarctic region

compared to other years, and our analysis ranked it in the smallest 25%of observed ozone holes in terms of size. The severity
of stratospheric ozone loss was comparable with that which occurred in 2002 (when the stratospheric vortex exhibited an
unprecedented major warming) and most years prior to 1989 (which were early in the development of the ozone hole).

Disturbances to the polar vortex in August and September that were associated with intervals of anomalous planetary wave
activity resulted in significant erosion of the polar vortex and the mitigation of the overall level of ozone depletion. The
enhanced wave activity was favoured by below-average westerly winds at high southern latitudes during winter, and the

prevailing easterly phase of the quasi-biennial oscillation (QBO). Using proxy information on the chemical make-up of the
polar vortex based on the analysis of nitrous oxide and the likely influence of the QBO, we suggest that the concentration of
inorganic chlorine,which plays a key role in ozone loss,was likely similar to that in 2014 and2016,when the ozone holewas
larger than that in 2017. Finally, we found that the overall severity ofAntarctic ozone loss in 2017was largely dictated by the

timing of the disturbances to the polar vortex rather than interannual variability in the level of inorganic chlorine.
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1 Introduction

The Montreal Protocol and its amendments and adjustments are
successfully reducing concentrations of ozone-depleting sub-
stances that are responsible for the creation of the annual Ant-

arctic ozone hole (Strahan and Douglass 2017), and there is
emerging evidence of recovery since the turn of this century in
ozone levels in the upper stratosphere over Antarctica (Solomon

et al. 2016). However, metrics that assess the size and depth of
the Antarctic ozone hole show considerable variability from
year-to-year, and this variability confounds efforts to track the
early stages of ozone recovery (Chipperfield et al. 2017).

Interannual variability of the severity of Antarctic ozone
depletion is strongly driven by dynamical processes associated
with the stratospheric polar vortex, the inner boundary of which
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confines the ozone hole in spring (Schoeberl et al. 1996). Longer
term (decadal-scale) changes in polar ozone are influenced

primarily by the amount of chlorine and bromine in the strato-
sphere (Solomon et al. 2014). Years in which the vortex is cold
and stable show greater ozone loss; colder temperatures create

greater activation of halogenated ozone-depleting substances
and also lead to greater isolation of the vortex from intrusions of
heat and ozone-rich air from lower latitudes and removal of

active halogenated species out of the vortex to lower latitudes.
The level of dynamical isolation of the vortex is influenced by
the ability of Rossby (planetary) waves to propagate from the
mid-latitude troposphere into the stratosphere at mid- and high

latitudes. These waves can directly influence the polar ozone
distribution by promoting meridional and vertical transport of
ozone (Kurzeja 1984), and indirectly by transporting heat and

perturbing photochemistry by influencing the position and
shape of the vortex (Huck et al. 2005).

Analyses of Antarctic ozone depletion during 2017,

provided by the Commonwealth Scientific and Industrial
Research Organisation (CSIRO; http://www.environment.gov.
au/protection/ozone/publications/antarctic-ozone-hole-summary-
reports, accessed 1May 2020), provided an initial assessment that

the 2017Antarctic ozone hole was one of the smallest ozone holes
observed since the mid-1980s, and comparable to the ozone hole
of 2002 which was strongly influenced by atmospheric dynamics

(Newman and Nash 2005). Evtushevsky et al. (2019) found that
large-amplitude planetary waves of zonal wavenumbers 1 and 2
during the winter of 2017 resulted in the episodes of strong

disturbances to the polar vortex in later winter and early spring
which limited the overall severity of Antarctic ozone depletion in
spring. They concluded that the planetarywave activity originated

from tropospheric wave trains that were able to penetrate into the
polar stratosphere due toweakened tropospheric zonal flow. In the
stratosphere, the waves promoted the development of strong mid-
latitude anticyclones which interacted with and weakened the

polar vortex in August and September, diminishing the size of the
ozone hole before its normal peak in October.

In this paper, we provide an analysis of the overall level of

Antarctic ozone depletion in 2017 and further information on the
dynamical conditions in the Antarctic stratosphere to complement
Evtushevsky et al. (2019). For this, we use a range of data and

analyses including the analyses of satellite total column ozone by
CSIRO Oceans and Atmosphere, ozonesonde measurements
obtained by a collaboration between the Australian Antarctic
Division (AAD) the Bureau of Meteorology (BoM) and the

Chinese Academy of Meteorological Sciences, Antarctic trace
gas measurements by New Zealand’s National Institute of Water
and Atmospheric Research (NIWA) and total column ozone

measurements of the British Antarctic Survey. Other data from
satellitemissions andmeteorological reanalyses are also presented,
including Antarctic ultraviolet measurements from the Australian

Radiation Protection and Nuclear Safety Agency (ARPANSA)
biometer network. This work complements the analyses of previ-
ous Antarctic ozone holes of Tully et al. (2008, 2011, 2019a),

Klekociuk et al. (2011, 2014a, 2014b, 2015), Krummel et al.
(2019), and CSIRO Antarctic ozone hole summary reports
(http://www.environment.gov.au/protection/ozone/publications/
antarctic-ozone-hole-summary-reports, accessed 1 May 2020),

meteorological information in upper air summaries of the National
Climate Data Center (NCDC; http://www.ncdc.noaa.gov/sotc/

upper-air, accessed 1 May 2020) and Climate Diagnostics Bulle-
tins of the United States National Weather Service (http://www.
cpc.ncep.noaa.gov/products/CDB/CDB_Archive_pdf/pdf_CDB_

archive.shtml, accessed 1 May 2020).
In the following sections, we present metrics of the 2017

Antarctic ozone hole and information on the prevailing strato-

spheric conditions focussing on wave dynamics and the influ-
ence of the quasi-biennial oscillation (QBO) on the chemical
make-up of the polar vortex.We then discuss the key factors that
determine the overall characteristics of the 2017Antarctic ozone

hole and summarise our conclusions. Supplementary details for
aspects of the analysis are presented in an accompanying
Appendix.

2 Ozone hole metrics

Table 1 contains the ranking for the 38 ozone holes adequately
observed by satellite instruments since 1979 using eight
metrics that measure the ‘size’ of the region where ozone
is depleted (see the notes accompanying the table for the def-

inition of each metric; metrics for 1995 and some metrics for
1994 are not included due to unavailability of the satellite data
used).

As in previous reports of this series, Table 1 was produced
using data processed with the version 8.5 algorithm from the
Total Ozone Mapping Spectrometer (TOMS) series of satellite

instruments, the Ozone Monitoring Instrument (OMI) on the
Aura satellite and the Ozone Mapping Profiler Suite (OMPS) on
the Suomi National Polar-orbiting Partnership satellite (see

Klekociuk et al. 2014b and Krummel et al. 2019 for additional
details). We use these specific measurements as they are made
using a similar measurement technique. Similar metrics are
produced byNASA (https://ozonewatch.gsfc.nasa.gov/, accessed

1 May 2020). TOMS measurements for part of 1994 and all of
1995 are not available, and consequently we have not evaluated
some metrics in these years – other satellite measurements can

potentially be used to fill the gap, but we have not applied those
data here. There is a known drift in the TOMS measurements,
particularly after 2000, which has been empirically corrected

(Anton et al. 2010), and there are known differences between the
overlapping TOMS and OMI measurements between 2004 and
2005 (McPeters et al. 2015; Kuttippurath et al. 2018). Addition-
ally, there are differences in the spatial coverage of the individual

instruments; for example, the field of view of the OMI instrument
has been restricted due to an issue that arose in-orbit (McPeters
et al. 2015).These calibration and field-of-vieweffects contribute

to uncertainty and bias in our retrievedmetrics. From comparison
of metrics for 2005 produced separately from TOMS and OMI
measurements, we find following relative differences: ,2% for

metrics 1, 2 and 5;,10% for metrics 3, 6 and 7; and ,20% for
metric 4. These differences can be considered as notional upper
limits of uncertainty in our metrics.

The first 7 metrics in Table 1 measure various aspects of the
maximum area and depth of the ozone hole, and values for 2017
are highlighted in red font. The 2017 ozone hole ranked 29th in
terms of maximum15-day average area (metric 1); 28th in terms
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of daily maximum area (metric 2) and minimum 15-day aver-
aged total column ozone (metric 3) and daily minimum total

column ozone poleward of 358S (metric 4) and daily minimum
total column ozone averaged over the ozone hole (metric 5) and
daily maximum ozone mass deficit (metric 6); and 26th in terms

of the annual integrated ozone mass deficit (metric 7). The
breakup date (metric 8; 18 November) was relatively early
compared with other years, occurring ,2 weeks before the

median date of other available years.
Years of similar overall ranking include 2002 (which fea-

tured an unprecedented stratospheric warming during Septem-
ber of that year), 1985 (which was early in the development of

the Antarctic ozone hole phenomenon) and 2012 (during which
the polar vortex exhibited large disturbances as discussed in
Klekociuk et al. 2014b). Lower ranked ozone holes are gener-

ally those of the 1980s. Figure 1 shows time series ofmetrics 2, 4
and 6 over the latter half of each year from 2012 to 2017.
Figure 1a indicates that the 2017 ozone hole began to develop at

the start of August. During the first 2 weeks of August, the
growth in area of the ozone hole was similar to the long-term
climatology and generally ahead of the other years shown except
for 2016. From ,15 to 25 August, and again from 10 to 25

September, two distinct episodes of significant disturbance to
the polar vortex occurred – these episodes are discussed in
Section 3. During both episodes, the area of the ozone hole was

reduced compared with the long-term average at these times.
From late September, the daily area metric started to decline in a
manner that generally followed the long-term average up until

the third week of October, after which the ozone hole rapidly
decreased in area and ended in mid-November. The ozone hole
breakdown date (metric 8) was similar to 2016, 2013, 2000 (a

year of near-record ozone depletion) and 1991.
Figure 1c shows that the daily ozone mass deficit for 2017

was generally much lower than the long-term mean, particu-
larly in the period up to mid-October. General reductions in the

mass deficit coincided with the two periods of vortex distur-
bance noted above, whereas the daily minimum total column
ozone was generally above the long-term mean during these

periods (Fig. 1b).
The estimated total annual ozone mass deficit (metric 7) is

shown in Fig. 2a, highlighting the relatively low value for 2017

in comparison with other years. Aside from years prior to and
including 1986 which were early in the development of the
ozone hole, lower ranked years for this metric are those in which
the polar vortex was particularly disturbed in late-winter and

spring: 2012 (Klekociuk et al. 2014b), 2002 (Newman and Nash
2005) and 1988 (Kreuger et al. 1989). Despite the level of
variability from year-to-year, linear regression to the estimated

annual equivalent effective stratospheric chlorine (EESC) level
as shown in Fig. 2 explains 66% of the variance in the total
annual ozone mass deficit. Tully et al. (2019b) examined trends

of this metric, as well as metrics 1, 3 and ozone hole duration.
After regressing against September 50-hPa mean temperature
over 60–908S, they found that the trend in the annual deficit over
2001–17 is�35.2� 27.4 (2s) Mt year�1, which is significant at
the 95% confidence limit. Tully et al. (2019b) also note that for
all the metrics they considered, the behaviour of 2017 was
within the 95% confidence limits of fitted trends over 2001–17

T
a
b
le
1
.

(C
o
n
ti
n
u
ed
)

M
et
ri
c

(1
)
M
ax
im

u
m

1
5
-d
ay

av
er
ag
ed

ar
ea

(2
)
D
ai
ly

m
ax
im

u
m
ar
ea

(3
)
M
in
im

u
m

1
5
-d
ay

av
er
ag
ed

to
ta
l
co
lu
m
n

o
zo
n
e

(4
)
D
ai
ly

m
in
im

u
m

to
ta
l
co
lu
m
n
o
zo
n
e

(5
)
D
ai
ly

m
in
im

u
m

av
er
-

ag
e
to
ta
l
co
lu
m
n
o
zo
n
e

(6
)
D
ai
ly

m
ax
im

u
m

o
zo
n
e
m
as
s
d
ef
ic
it

(7
)
In
te
g
ra
te
d

o
zo
n
e
d
ef
ic
it

(8
)
B
re
ak
d
o
w
n
d
at
e

R
an
k

Y
ea
r

1
0
6
k
m

2
Y
ea
r

1
0
6
k
m

2
Y
ea
r

D
U

Y
ea
r

D
U

Y
ea
r

D
U

Y
ea
r

M
t

Y
ea
r

M
t

Y
ea
r

D
at
e
(d
ay
)

3
0

1
9
8
5

1
6
.6

1
9
8
5

1
8
.6

1
9
8
6

1
5
0
.3

1
9
8
6

1
4
0

1
9
8
6

1
8
4
.7

1
9
8
6

1
0
.5

1
9
8
6

3
4
6

1
9
8
6

1
4
-N

o
v
em

b
er

(3
1
8
)

3
1

1
9
8
6

1
3
.4

1
9
8
4

1
4
.4

1
9
8
4

1
5
6
.1

1
9
8
4

1
4
4

1
9
8
4

1
9
0
.2

1
9
8
4

9
.2

1
9
8
4

2
5
6

1
9
8
2

1
2
-N

o
v
em

b
er

(3
1
6
)

3
2

1
9
8
4

1
3
.0

1
9
8
6

1
4
.2

1
9
8
3

1
6
0
.3

1
9
8
3

1
5
4

1
9
8
3

1
9
2
.3

1
9
8
3

7
.0

1
9
8
8

1
9
8

2
0
1
2

0
7
-N

o
v
em

b
er

(3
1
2
)

3
3

1
9
8
8

1
1
.3

1
9
8
8

1
3
.5

1
9
8
8

1
6
9
.4

1
9
8
8

1
6
2

1
9
8
8

1
9
5
.0

1
9
8
8

6
.0

1
9
8
3

1
8
4

1
9
8
0

0
6
-N

o
v
em

b
er

(3
1
1
)

3
4

1
9
8
3

1
0
.1

1
9
8
3

1
2
.1

1
9
8
2

1
8
3
.3

1
9
8
2

1
7
0

1
9
8
2

1
9
9
.7

1
9
8
2

3
.7

1
9
8
2

7
3

2
0
0
2

0
6
-N

o
v
em

b
er

(3
1
0
)

3
5

1
9
8
2

7
.5

1
9
8
2

1
0
.6

1
9
8
0

2
0
0
.0

1
9
8
0

1
9
2

1
9
8
0

2
1
0
.0

1
9
8
0

0
.6

1
9
8
0

1
3

1
9
8
3

0
5
-N

o
v
em

b
er

(3
0
9
)

3
6

1
9
8
0

2
.0

1
9
8
0

3
.2

1
9
8
1

2
0
4
.0

1
9
7
9

1
9
4

1
9
7
9

2
1
0
.2

1
9
8
1

0
.6

1
9
8
1

4
1
9
8
1

3
1
-O

ct
o
b
er

(3
0
4
)

3
7

1
9
8
1

1
.3

1
9
8
1

2
.9

1
9
7
9

2
1
4
.7

1
9
8
1

1
9
5

1
9
8
1

2
1
0
.2

1
9
7
9

0
.3

1
9
7
9

1
1
9
8
8

2
6
-O

ct
o
b
er

(3
0
0
)

3
8

1
9
7
9

0
.2

1
9
7
9

1
.2

1
9
9
4

1
9
9
4

1
9
9
4

1
9
9
4

1
9
9
4

1
9
7
9

1
9
-S
ep
te
m
b
er

(2
6
2
)

32 Journal of Southern Hemisphere Earth Systems Science A. R. Klekociuk et al.



after allowance was made for interannual variability associated
with Antarctic-region stratospheric temperatures.

The annual minimum total column ozone value obtained
from daily measurements at Rothera, Antarctica, since 1996

(67.68S and 68.18W) is shown in Fig. 2b. As Rothera generally
lies near the edge of the polar vortex in spring, the ozone column

can be influenced by horizontal mixing at the vortex edge and
zonal asymmetry of the circumpolar flow. As a result, the
measurements may not necessarily reflect the general minimum

value within the inner region of the vortex. However, it can be
seen in the figure that 2017 showed a higher minimum value
thanmost recent years, with larger values only in 2002 and 2010.

This is generally consistent with the larger scale behaviour of
minimum total column ozone across the ozone hole indicated by
metrics 3 and 4 in Table 1.

3 Stratospheric dynamics and associated influences on the
ozone hole

3.1 Stratospheric temperatures and winds

Figure 3 shows the time-height evolution of Antarctic-region
air temperature anomalies during 2017 from measurements

obtained by the microwave limb sounder (MLS) instrument on
the Aura satellite. A region of generally below-average tem-
peratures can be seen in the stratosphere for much of the period
up until August. The upper border of this region gradually

descended from the stratopause at the start of the year to be near
20 km in August.

Figure 3 shows that record low temperatures (over the

climatological period since 2004) were apparent from January
to March in the stratosphere and lowermost mesosphere
(highlighted by the diagonal cross-hatching), whereas anoma-

lously low stratospheric temperatures (below the climatological
10th percentile as shown by single hatching) occurred at times
from May to July. Figure 3 indicates that during the first half of

the year, warm anomalies above the stratopause appeared to
generally descend into the stratosphere. The warm anomalies
began to intensify near the stratopause from June and generally
persisted in the lowermost stratosphere from August through

November. Situated generally 20–30 km above the warmest
stratospheric anomalies were descending cold anomalies that
most noticeably appeared in the upper mesosphere during June,

and which appeared to descend into in the upper stratosphere
from early September to November.

Warmand cold anomalies descending into the stratosphere are

apparent in other years of the MLS record (e.g. in 2012, a year of
similar ozone hole metrics to 2017, as shown in fig. 13 of
Klekociuk et al. 2014b). As discussed by Zhou et al. (2002)
and Martineau and Son (2015) for the Arctic, the downward

propagation of a large-scale warm anomaly from the upper
stratosphere to the troposphere is seen in some years due to
preconditioning of the stratosphere which allows upward forcing

by planetary waves to lower the critical height for wave breaking
over the course of the winter–spring season. This downward
progression is also associated with the downward propagation

through the stratosphere and troposphere of the negative mode of
the North Atlantic Oscillation (which is the northern counterpart
of the Southern Annular Mode (SAM)). In some years, the

downward progression of the warm anomaly is blocked.
A further view of temperature anomalies in the troposphere

and stratosphere with respect to a longer term climatology is
provided in Fig. 4 as monthly average meridional cross sections
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Fig. 1. Estimated daily (a) ozone hole area (metric 2 of Table 1), (b) total

column ozone minimum poleward of 358S (metric 4) and (c) ozone mass

deficit (metric 6) based on OMI satellite data for 2012–17 and OMPS

satellite data for 2017. The shaded region and white line show the range and

mean respectively over 1979–2016, which incorporates TOMS data prior to

2005. OMI, OzoneMonitoring Instrument; OMPS, OzoneMapping Profiler

Suite; TOMS, Total Ozone Mapping Spectrometer.
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for the period June to September from the ERA-Interim
reanalysis (Dee et al. 2011). This figure also shows themonthly

mean zonal winds and their climatological anomalies; the
meridional gradient in the stratospheric winds provides an
indication of the extent of the stratospheric polar vortex and
the strength of the dynamical barrier formed by the westerly jet

at its equatorward edge.
The temperature panels (left-hand column) of Fig. 4 for the

polar latitudes (poleward of 608S) show that cold stratospheric

anomalies in June gave way to the descending warm anomaly
noted in relation to Fig. 3 above from July. Throughout the
period, the polar troposphere was generally anomalously cool,

whereas the tropical and extratropical regions were anoma-
lously warm.

For the zonalwind (middle and right-hand columns in Fig. 4),

the westerlies near 608S were anomalously strong in June
throughout the stratosphere (and also between March and May
(not shown)). The core of the polar stratospheric jet was
noticeably shifted poleward in August and September as the

upper regions of the vortex weakened (indicated by the anoma-
lous negative zonal wind anomalies on the equatorward flank of
the jet). In the upper tropical stratosphere, the winds became

progressively more westerly as a descending shear developed in
the phase of the QBO (which is discussed below). The zero wind
line separating the tropical easterlies from the extratropical

westerlies generally expanded poleward in the lower strato-
sphere from July. During the late summer and autumn months
(February to May), the tropospheric westerlies were generally

below-average strength (by typically 5m s�1) equatorward of
,408S (not shown). A region of below-average westerly flow in
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D’Analyse par Observations Zénithales (SAOZ) design at Rothera, Antarctica (points), for 1996–2017 (Roscoe et al. 1999). The value for 2017 is highlighted

in red. The straight line shows the linear regression over the observations span, and the curved lines show the 95% confidence interval of the regression at the

mid-time in the observation span (2006). The original instrument was replaced in 2010 after a period of overlap with the current instrument; measurements

since 2010 have been adjusted by �8% to account for a calibration offset established during the overlap period. EESC, equivalent effective stratospheric

chlorine; OMI, Ozone Monitoring Instrument; OMPS, Ozone Mapping Profiler Suite; TOMS, Total Ozone Mapping Spectrometer.

100

80

60

40

20

0
01

January
01

March
01

May
01

July
01

September

Date

K
15

10

5

0

–5

–10

–15

–20

Anomaly (2017-climatology)

H
ei

gh
t (

km
)

01
November

01
January

Fig. 3. Daily time-height section of zonal average air temperature anoma-

lies for 2017 over latitudes 65–858S from Aura microwave limb sounder

quality-controlled version 4.2 data (Schwartz et al. 2008). The anomalies are

evaluated relative to the base period of 8 August 2004 (the start of

measurements) to 31 December 2016. The solid black line marks the height

of the warm-point stratopause for the particular year, whereas the white

dashed line marks the average warm-point stratopause height over the

climatological period. Single diagonal hatching marks anomalies that are

outside the interdecile range (i.e. ,10th percentile or .90th percentile)

based on measurements prior to 2017. Crossed diagonal hatching marks

anomalies that are at the daily maximum or minimum value for all

measurements prior to 2017.

34 Journal of Southern Hemisphere Earth Systems Science A. R. Klekociuk et al.



these months was also apparent in the troposphere and strato-
sphere poleward of,608S (excluding the region of tropospheric
easterlies near the Antarctic coast) (not shown). From winter,
the zone of weaker mid-latitude tropospheric winds persisted
(except in July) and was situated ,10–208 further poleward
(depending on height) inAugust and September. Throughout the

tropical latitudes, the easterly flow was generally above average
in strength from the beginning of the year, but consistent with

the prevailing neutral phase of the El Niño–SouthernOscillation
(http://www.cpc.ncep.noaa.gov/products/precip/CWlink/MJO/

enso.shtml, accessed 1 May 2020).
Further information on the state of stratospheric tempera-

tures, as well as the QBO and the tropospheric and stratosphere
SAM indices is presented in Section A1.1 (Appendix 1) and

Fig. A1.1. As noted in SectionA1.1, the anomalouslywarm state
of the lower stratosphere from July coincided with a shift of the

1

10

100

1000
–80 –60 –40 –20 0 20

10

K m s−1 m s−1

20

10

0

–10

–20

–30

m s−1

20

10

0

–10

–20

–30

m s−1

20

10

0

–10

–20

–30

m s−1

20

10

0

–10

–20

–30

50

0

–50

–100

m s−1

50

0

–50

–100

m s−1

50

0

–50

–100

m s−1

50

0

–50

–100

0

–10

–20

1

10

100

1000
–80 –60 –40 –20 0 20

10

K

0

–10

–20

1

10

100

1000
–80 –60 –40 –20 0 20

10

K

0

–10

–20

1

10

100

1000
–80 –60 –40 –20 0 20

10

K

0

–10

–20

1

10

100

1000
–80 –60 –40 –20 0 20

1

10

100

1000
–80 –60 –40 –20 0 20

1

10

100

1000
–80 –60 –40 –20 0 20

1

10

100

1000
–80 –60 –40 –20 0 20

1

10

100

1000
–80 –60 –40 –20 0 20

1

10

100

1000
–80 –60 –40 –20 0 20

1

10

100

1000
–80 –60 –40 –20 0 20

1

10

100

1000
–80 –60 –40 –20 0 20

June temperature anomaly

July temperature anomaly

August temperature anomaly

September temperature anomaly September zonal wind

August zonal wind

July zonal wind

June zonal wind June zonal wind anomaly

July zonal wind anomaly

August zonal wind anomaly

September zonal wind anomaly

P
re

ss
ur

e 
(h

P
a)

P
re

ss
ur

e 
(h

P
a)

P
re

ss
ur

e 
(h

P
a)

P
re

ss
ur

e 
(h

P
a)

Latitude (deg) Latitude (deg) Latitude (deg)

Fig. 4. Pressure-latitude cross sections from 908S to 208N of monthly mean ERA-Interim reanalysis parameters for (from top row to bottom row)

June, July, August and September 2017. (Left column) Temperature anomaly with respect to the 1979–2016 climatology. (Middle column) Zonal

wind speed. (Right column) Zonal wind speed anomaly with respect to the climatology. The zero contour is highlighted in black. Single magenta

(black) diagonal hatching denotes values below (above) the interdecile range over the climatology; magenta (black) crossed diagonal hatching

denotes values below theminimum (above themaximum) of the climatology. The vertical dotted linemarks the location of the equator. Note that the

cross sections poleward of 658S and for pressures greater than,700 hPa may be within the topographical surface.

The Antarctic ozone hole during 2017 Journal of Southern Hemisphere Earth Systems Science 35



QBO from a westerly phase to a more easterly phase (depending

on height in the stratosphere), which would tend to favour
greater disturbance of the stratospheric polar vortex by
poleward-propagating planetary waves (Baldwin and Dunkerton

1998). The progressive shift in the stratospheric SAM index
toward more negative values in winter and spring, which is
apparent also for the tropospheric SAM at least through to

October, was consistent with the findings of Zhou et al.

(2002) and Martineau and Son (2015) for the effect of strato-
spheric preconditioning in the Arctic. The below-average polar
tropospheric temperatures over the months shown in Fig. 4 were

also consistent with the generally positive state of the tropo-
spheric SAM index over the period.

3.2 Meridional heat transport

The poleward transport of heat provides an indicator of
dynamical disturbances to the polar atmosphere produced by
planetary waves originating in the troposphere at lower latitudes

(Newman et al. 2001; Polvani andWaugh 2004). Figure 5 shows
the evolution of eddy heat flux (evaluated as the product of the
zonal anomalies in temperature and meridional wind speed)

during 2017 from ERA-Interim reanalysis. In the 55–358S lati-
tude range (Fig. 5a), anomalously large poleward heat transport
(negative heat flux values shown by filled red contours, indi-
cating poleward and upward propagation of planetary waves)

was apparent in the upper stratosphere (above 10 hPa) from early
June, which became particularly intense during the middle and
end of the month setting new extremes for the period since 1979

(as indicated by the cross-hatching in Fig. 5a during this period).
In the polar cap region (Fig. 5b), anomalous poleward heat flux
became apparent in mid-June in the upper stratosphere, with

strong events that were significant at the 10th percentile pene-
trating to the tropopause (at,100 hPa) and below,21 August,
12 and 21 September, and 2 and 27 October (the dates of
strongest poleward heat flux). Episodes of positive heat flux

(blue filled contours, indicating downward and equatorward

wave propagation) were also apparent at times, particularly in

the upper mid-latitude stratosphere in early September.
Figure 6 shows the zonal distribution of heat flux at 10 hPa

within the polar cap region from June to October inclusive. In

general, two zonal bands containing the regions of strongest
poleward heat transport (red filled contours) are apparent in this
figure; a quasi-fixed band centred on ,708W corresponding to

the longitude of the southern tip of South America but extending
at times�908 or more in longitude, and a second band of similar
width in the opposite hemisphere at longitudes to the west of
Australia. In the second band, the poleward heat transport events

tended to be more mobile in longitude over the course of the
months shown. Overall, the longitudinal distribution showed a
wave-2 zonal pattern, with the strongest events being centred in

the eastern hemisphere. The most anomalous poleward heat
transport feature in Fig. 6 centred near 1708E around 21 August
was associated with the poleward displacement of the vortex by

a stratospheric anticyclonic cell in the Australian sector dis-
cussed by Evtushevsky et al. (2019; their fig. 5). A second strong
poleward transport feature on this date near 1108W (2508E)
generally coincidedwith a region of reduced zonal wind speed at
the equatorward edge of the polar vortex which was located
above a negative geopotential height anomaly at 500 hPa that
penetrated through to the 10 hPa level (shown in figure 5 of

Evtushevsky et al. 2019). Additional regions of strong poleward
heat transport can be seen at other times, particularly in
September and October, which were associated with specific

events noted above in relation to Fig. 5.

3.3 Stratospheric zonal asymmetries

Disturbances that induce zonal asymmetry to the polar vortex

are important in enhancing the mixing of air across the
dynamical barrier at the equatorward edge of the vortex. This
mixing can deplete the vortex of reactive reservoir species and
bring in heat and replenish ozone, leading to an overall reduction

in the size of the ozone hole (Solomon et al. 2014). The level of
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disturbance to the inner vortex in the lower stratosphere can be
gauged by the examination of the range of geopotential height at

high latitudes (Kravchenko et al. 2012; Evtushevsky et al.

2019), such as at 50 hPa and 708S as shown in Fig. 7.
Evtushevsky et al. (2019) have shown that the August average
zonal temperature anomaly at this pressure level and latitude

was anomalous in 1988, 2002 and 2017, and that the size of the
anomaly for this month appears to have had a clear bearing on
the overall size of the ozone hole in the following September to

November period.
As discussed in relation to Fig. A1.2 in Section A1.2 of

Appendix 1, the vortex near the 50-hPa level formed in early

May and dissipated in mid-December. As can be seen by
comparing Figs 6 and 7, large zonal variations in geopotential
height accompanied the anomalous polar cap heat flux events
noted in Section 3.2. The disturbances centred on 21 August, 12

September and 27 October were notable in setting new climato-
logical extremes in the Antarctic lower stratosphere over the
period since 1979. As discussed by Evtushevsky et al. (2019),

the level of disturbance in the polar cap during August of 2017
was notable in comparison to the same month in 2002 and 1988.

Other notable polar cap disturbances in 2017 (as indicated by

peaks in Fig. 7 lying above the climatological 90th percentile)

occurred in late May, from mid- to late June (occurring ,the
time of mid-latitude heat flux events noted above), mid-
September (when parts of East Antarctica were situated outside

the vortex, as discussed in relation to Figs A1.3 and A1.4 in
Section A1.3 of Appendix 1), early October and from early to
mid-November. The disturbances from late October caused the

vortex to shift away from the pole and towards theAfrican sector
for a period of ,3 weeks, producing notably elevated levels of
solar ultraviolet radiation at coastal sites in East Antarctica (see

Section A1.4 and Fig. A1.5 of Appendix 1), and potentially
enhancing photochemical deactivation of chlorine in the latter
part of spring as inferred from enhanced chlorine nitrate total
column abundances derived using Antarctic ground-based mea-

surements (see Section A1.5 and Fig. A1.6 of Appendix 1).
Quasi-stationary planetary waves, particularly with zonal

wavenumber 1 (QSW-1), are a common feature in the Antarctic

stratosphere from autumn to spring and strongly influence in the
overall distribution of ozone both in the polar cap (Wirth 1993)
and outside the vortex edge (McCormack et al. 1998). As shown

in Fig. 8a, the amplitude of QSW-1 at 508 and 50 hPa for August
in monthly average geopotential height was above the mean of
the 1979–2016 climatology (5th largest observed and 1.2
standard deviations above the mean), and below the value for

the notable years of 1988 and 2002. Similar enhanced QSW-1
activity in comparison with the climatology was also apparent
between ,40 and ,658S throughout the lower and middle

stratosphere (not shown).
As can be seen in Fig. 8a, the QSW-1 amplitude was also

above average in June; this month is also notable in showing

enhanced zonal asymmetry in geopotential height in the polar
cap (as shown in Fig. 5). The monthly average amplitude of
quasi-stationary wave-2 (Fig. 8b) in 2017 was not generally
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notable; the wave amplitude was above average in June (as was
also the case in 2002) but was near or slightly below average
from July to October.

Figure 9 shows the daily zonal amplitudes of bothwave 1 and
2 in 2017 for 50 hPa as a latitude-section. In this analysis, the
wave amplitudes include components that may be either zonally

stationary or travelling, although wave-1 is normally quasi-
stationary. Anomalous wave-1 activity (indicated by single
hatching in Fig. 9a) can be seen throughout the year, with

climatological maximum values (indicated by cross-hatching)
being reached poleward of 658S in late August, early September
and late October (corresponding to the climatological maxima
discussed in relation to Fig. 7). Figure 9a also indicates that at

low latitudes, wave-1 activity was also anomalous at times,
particularly from April to June. Wave-2 (Fig. 9b), which
generally extends to lower latitudes than wave-1, was generally

enhanced at similar times to peaks in wave-1 activity.
The peak-to-peak amplitude of the sum of wave-1 and wave-2

(Fig. 9c) exhibited climatologically anomalous maxima at times

in June, and from August to October, which corresponded to the
periods of the strong poleward heat transport in the eastern
longitude sector of the polar cap shown in Fig. 6. In geopotential

height, the mean longitude of the maximum for QSW-1 at
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50 hPa and 508S varied from 1588E for August, 1258E for
September 1748E for October (at 658S, the wave maximum
was,10–308 further to the west in longitude), and it is apparent
that the superposition of the quasi-stationary wave-1 and east-

ward travelling wave-2 was a key factor in enhancing poleward
heat transport. Note that the poleward heat transport events
shown in Fig. 6 generally show eastward progression with time,

and this is consistent with the zonal motion of wave-2 which
exhibited a period of,10 days in GPH in the lower stratosphere
at mid- and high latitudes (not shown).

As can be seen in the time-height section of Fig. 10 for 508S,
anomalous superposition of waves 1 and 2 occurred simulta-
neously in the upper troposphere (pressures between,250 and

,100 hPa) and the stratosphere in late March, and at times from
June to September.

3.4 Planetary wave propagation

We now focus on the period June to September to examine the

effects of and possible origins for the disturbances described in
Section 3.3. Components of the Eliassen–Palm (EP) flux pro-
vide information on the zonal forcing by transient eddies

(Edmon et al. 1980). Divergence of EP flux indicates deposition
of westerly momentum into the zonal flow, upward EP flux is
associated with poleward heat transport and upward wave

propagation, and equatorward EP flux is associated with pole-
ward meridional momentum flux. Figure 11 presents monthly
mean latitude-height cross sections of EP flux divergence and

scaled vertical andmeridional components of EP flux for June to
September 2017. In the upper row of panels in Fig. 11, regions of
divergent (convergent) EP flux (negative (positive) contours in
Fig. 11) indicate where eddies accelerated (decelerated) the

westerly flow (on both the zonal average and monthly mean
scales). The upper row of panels in Fig. 11 showsmixed patterns

in the EP flux divergence in stratospheric polar region (poleward
of 608S). In all months, deceleration of the westerly flow (red

contours) was apparent in the upper levels, particularly in Sep-
tember. In these months, there was also anomalous deceleration
of the flow in regions of the mid-latitude stratosphere. In June

and August, regions of anomalous acceleration of the flow (blue
contours with magenta hatching) were apparent; in June, the
acceleration was near the equatorward edge of the vortex in the

lower stratosphere, whereas in August the acceleration was
more towards the inner vortex. These regions of accelerated
winds tally with strengthened westerlies in corresponding areas
of Fig. 4.

The vertical and meridional components of EP flux are
shown in the middle and bottom rows of panels in Fig. 11
respectively. In June there was anomalous poleward and upward

EP flux in the troposphere at mid- and high-latitudes, whereas in
the mid-latitude middle and upper stratosphere, the flux was
anomalously directed equatorward and upward, generally over-

lapping with anomalous deceleration of the westerly flow.
Overall, these features suggest the enhanced propagation of
large-scale waves into the polar lower stratosphere from below,
which dissipated in the upper stratosphere outside the vortex at

midlatitudes causing weakening of the westerly flow.
In July, there was anomalous poleward and upward directed

wave activity in the upper polar stratosphere, which appears

associated with weakening of the flow in the upper vortex, and
an associated warming (see the July temperature anomaly panel
in Fig. 4). In August, anomalous upward and equatorward EP

flux was apparent throughout the polar stratosphere; the cross-
hatching in the meridional EP flux component for August
indicated that poleward momentum forcing of the atmosphere

was extreme over the climatological period in parts of the lower
and upper stratosphere. The situation in September also showed
generally enhanced poleward and upward wave propagation at
high southern latitudes (similar to that in July), with strong

deceleration of the upper vortex (which can also be seen in the
zonal wind panels of Fig. 4).

3.5 Influence of the quasi-biennial oscillation on
stratospheric composition

We now turn to the chemical composition of the polar vortex.

Strahan et al. (2015) have shown that interannual variability of
nitrous oxide (N2O) in the Antarctic stratospheric vortex in
September is linked to the phase of the QBO ,1 year earlier.
N2O is primarily released into the atmosphere at the surface and

has a long atmospheric lifetime (,1 century) (Portmann et al.

2012) with no appreciable tropospheric sinks. In the strato-
sphere, ,10% of the N2O is converted to NO which destroys

ozone in a catalytic cycle. Strahan et al. (2015) demonstrate that
a negative (positive) N2O anomaly develops in the mid-latitude
winter middle stratosphere during westerly (easterly) QBO

phase which is consistent with the action of the descending
QBO-induced vertical wind shear on the tropical overturning
circulation. The QBO-induced N2O anomaly is subsequently

transported into the Antarctic lower stratosphere and sets the
chemical make-up of the polar vortex for the following winter.
Strahan et al. (2015) and Strahan and Douglass (2017) have
shown that the QBO also influences the interannual variability
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in the total amount of inorganic chlorine (Cly) available for
ozone loss, with a general compact anticorrelation in the lower
stratosphere between levels of Cly (adjusted for the annual
decline rate in ozone depleting substances) and N2O (Schauffler

et al. 2003; Strahan et al. 2014); increased Cly levels generally
result in greater stratospheric ozone destruction.

Figure 12 shows mean N2O-mixing ratios and ozone-mixing

ratio anomalies in the inner vortex for July, August and Septem-
ber of 2004–17 on two isentropic levels (450 and 600K) in the
lower stratosphere from Aura/MLS measurements. Figure 12a

provides a similar analysis to that shown in figure 2 of Strahan
and Douglass (2017). Three main features are apparent in
Fig. 12a – (1) seemingly quasi-biennial interannual variability
up to 2010, (2) a broad peak from 2010 to 2013 and (3) relatively

consistent and low values for 2014–17. The behaviour at the
higher isentropic level shown in Fig. 12b is somewhat different,
showing relatively larger interannual variability, a transition

from a high value in 2012 to a much lower value in 2013 (unlike
the persistent high values in 2013 and 2014 on the 450K
surface), and a seemingly overall decline over the span of years

analysed. Strahan and Douglass (2017), following on from
Strahan et al. (2015), have ascribed the general peak in N2O
values from 2010 to 2013 as due to the effects of the repeated
winter easterly phase of the QBO over 2009–12. The

winter QBO phase at 30 hPa was also westerly in 2003, 2005
and 2007 (https://www.cpc.ncep.noaa.gov/data/indices/qbo.
u30.index, accessed 1 May 2020), and these years were also

followed by peaks in the N2Omixing ratio as shown in Fig. 12a;
this behaviour is also consistent with the expected QBO influ-
ence described by Strahan et al. (2015). In terms of the more

recent years, the winters of 2013, 2015 and 2016 all had an
easterly QBO phase (https://www.cpc.ncep.noaa.gov/data/indi-
ces/qbo.u30.index, accessed 13 May 2020); the QBO at 30 hPa
became easterly in early 2014 but was in transition from

westerly to easterly in the lower levels during the 2014 winter
(https://iridl.ldeo.columbia.edu/maproom/Global/Atm_Circu-
lation/QBO.html, accessed 1 May 2020). Newman et al. (2016)

have discussed the persistence in the westerly QBO state from
2015 to 2016 in terms of anomalous northern tropical and
subtropical forcing on the equatorial lower stratosphere from
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late 2015. Overall, the QBO influence on the N2O mixing ratio
within the spring vortex described by Strahan et al. (2015) is
consistent with there being reduced N2O in the vortex in 2014,

2016 and 2017, although the values observed generally appear
much lower than for 2005, 2007 and 2009 (which, similar to 2014,
2016 and 2017, followed years in which the QBO was westerly

during winter). The case of 2015 is less clear. For this year, the
N2O mixing ratio on the 450K surface would be expected to be
higher than observed (as the QBO phase was easterly in the 2014
winter), and indeed the mixing ratio on the 600K surface was

higher than in 2014, 2016 and 2017. This suggests that the precise
timing of the transition in the QBO phase as a function of height
relative to winter in the preceding year may have been a factor.

Although the influence of the QBO on interannual variability
of N2O in the vortex shown in Fig. 12a is generally consistent
with the mechanism described by Strahan et al. (2015), the

fraction of variance explained by correlation with standardised
QBO indices is relatively low. For example,,37% and 17% of
the variance in the September values of respectively are

explained by the linear correlation with the standardised QBO
index at 30 hPa 1 year earlier.

The vortex-average ozone mixing ratios anomalies on both
the 600 and 450K isentropic surfaces are shown in Fig. 12c, d
respectively. For 2017, the anomalies were generally near the

mean over the observed years; in particular, the September
values for the 450K isentrope were similar to values over 2014–
16. Strahan andDouglass (2017) in their figure 2 show for 2014–

16 a small increase in the vortex-averaged Cly anomaly on the
450K isentrope relative to 2010–13 which they attribute to
the influence of the QBO. On the basis of the similarity of the
vortex-averaged N2O mixing ratio on this isentrope in 2017

compared with 2014–16 shown in Fig. 12b, the anticorrelation
between N2O and Cly in the vortex (Strahan et al. 2014) and
accounting for the long-term downward trend in Cly levels

(Strahan and Douglass 2017), it may be expected that Cly in
the Antarctic vortex during 2017 was also elevated relative to
2010–13, and at least similar to 2016. The September N2O

mixing ratio of Fig. 12b is significantly positively correlated
with the corresponding ozone mixing ratio anomaly of Fig. 12d
(r2¼ 0.46), which also suggests that the westerly phase of the

QBO in 2016 would have favoured increased ozone depletion in
the lower stratosphere during the Antarctic spring of 2017. As
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the metrics for the ozone hole discussed in Section 2 indicate
that total column ozone abundances over Antarctica were

relatively high in 2017, we conclude that the influence of the
2016 QBO on the chemical make-up of the polar vortex in 2017
was not the strongest influence on the overall size of the 2017

ozone hole.

4 Summary and conclusions

We have examined meteorological conditions and ozone con-
centrations in the Antarctic atmosphere during 2017 using a
variety of data sources, including meteorological assimilations,

satellite remote sensing measurements and ground-based
instruments and ozonesondes.

The overall severity of ozone loss during the 2017 Antarctic

ozone hole was notably low in comparison with other years on
record. In terms of maximum 15-day average area, the 2017
ozone hole was ranked 29th in the available 38 years of records

since 1979 (which excludes 1995). The maximum 15-day
average area was ,60% of the largest value for this metric
which was observed in 2000. The 2017 ozone hole was ranked
26th in terms of the estimated total ozone mass deficit and

produced ,29% of the deficit observed in 2000.
The overall level of the ozone metrics was consistent with

there being reduced efficiency of chemical depletion within the

polar vortex due to relatively high levels of meteorological
variability. The upper levels of the vortex became most notice-
ably disturbed by planetary waves from June, and the distur-

bances penetrated into the lower stratosphere from August.
Warming of the vortex and mixing of air across the vortex
barrier (as indicated by episodic reduction in the area enclosed

by contours of potential vorticity) were pronounced during
August and September, which significantly impeded the normal
development of the ozone hole.

The below-average speed of the mid-latitude tropospheric

westerly winds in August and September potentially aided the
development of strong disturbances to the vortex in these
months. By the Charney–Drazin theorem (Charney and Drazin

1961), vertical propagation of low-order planetary waves is
permitted only when the background flow is westerly and below
a critical threshold. The region of reduced tropospheric wind

speed in August and September was generally at the latitudes
where the EP flux indicates poleward and upward wave propa-
gation, and where the amplitude of QSW-1 in the lower
stratosphere peaks (see figure 2 of Evtushevsky et al. 2019).

The generally above-average QSW-1 amplitudes in winter and
spring (and particularly in August) in the lower stratosphere
shown in Fig. 8 were thus possibly influenced by the lowering of

the critical wave propagation threshold as a result of the weaker
tropospheric westerlies, and potentially also by the generally
weakening of the stratospheric mid-latitude westerlies that also

took place in August in September as shown in Fig. 4.
Evtushevsky et al. (2019) highlight the potential role of mid-

latitude stratospheric anticyclones in helping destabilise and

erode the polar vortex in 2017. These anticyclones are a feature
of the Southern Hemisphere stratospheric circulation in winter
and spring (Harvey et al. 2002) as the polar vortex starts to
weaken and generally appear in the South American, African and

Australian sectors. Generally one or two anticyclones are appar-
ent at any particular time and may travel east or west. The

indication from Fig. 11 of anomalous equatorward and poleward
wave propagation (and increased poleward momentum flux and
deceleration of the westerly winds) in the stratospheric mid-

latitudes supports there being an intensification of stratospheric
mid-latitude anticyclonic activity in August and September. On
the equatorward side of the anticyclones, the flow tends to oppose

and weaken the prevailing westerlies, whereas on the poleward
side of the anticyclones, the westerly flow at the edge of the
vortex tends to be reinforced, which would produce patterns of
stratospheric zonal wind anomalies at these latitudes similar to

those inFig. 4.Additionally, themovement of the zero zonalwind
critical line apparent in Fig. 4, due to the strengthening of the
easterly QBO phase in the lower tropical stratosphere noted in

Section 5.1, by the Holton–Tan effect would be expected to focus
planetarywave activity atmid- and low latitudes (Holton and Tan
1980). The resulting poleward momentum forcing through the

intensification of the stratospheric anticyclones has been shown
to distort the polar vortex, displacing its boundary to lower
latitudeswhere erosion by geostrophic adjustmentwould bemore
likely (Harvey et al. 2002).

An additional factor that appears important for the develop-
ment of the mid-latitude stratospheric anticyclones was the
downward propagation of the warm anomalies from the upper

stratosphere through to the troposphere over the course of the
winter and spring. As discussed by Zhou et al. (2002), this
feature is consistent with the lowering of the critical height for

planetary wave breaking by upward propagation of wave
activity. The expected downward weakening of the zonal winds
is consistent with the observed patterns in Fig. 4 and may have

acted separately to, or in concert with, the Holton–Tan effect
discussed above to intensify the stratospheric anticyclones. The
ability for planetary waves to penetrate through the stratosphere
and precondition the upper levels appears to have been favoured

at high latitudes during the preceding late summer and autumn
by below-average zonal winds in the troposphere and lower
stratosphere, which may have been aided in the troposphere by

the prevailing negative phase of the SAM in this period.
Of further note regarding the above-average amplitude of

QSW-1 in the winter and spring stratosphere is the possible role

of this feature in enhancing disturbance of the vortex in spring.
As discussed by Evtushevsky et al. (2019), QSW-1 having a
large amplitude in the polar stratosphere does not necessarily in
itself weaken the vortex andmitigate ozone depletion. However,

the possibility of QSW-1 helping to amplify the overall effect of
travelling wave-1 and wave-2 disturbances is potentially an
important factor in the strong asymmetry exhibited by the polar

vortex inAugust and September 2017. This view is supported by
the timing of the enhanced sum of the wave-1 and wave-2
contributions shown in Fig. 9 with the anomalous poleward heat

transport events shown in Fig. 6, and the preference for the
strongest poleward heat transport to occur where the location of
the Australian anticyclone generally coincided with the maxi-

mum geopotential height anomaly of QSW-1 as discussed in
Section 3.3.

Based on consideration of observed levels of nitrous oxide in
the polar vortex, the westerly phase of the QBO in 2016 likely
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favoured the levels of stratospheric inorganic chlorine over
Antarctica during the spring of 2017 that were similar to those

during 2016 when the ozone hole was relatively larger. How-
ever, the overall level of erosion of the polar vortex in August
and September by dynamical variability significantly impeded

the development of the ozone hole, and this was the main factor
that dictated the overall level of ozone loss in 2017.
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Mlynczak, M. G., Pawson, S., Russell, J. M., III, Santee, M. L., Snyder,

W. V., Stek, P. C., Thurstans, R. P., Tompkins, A. M., Wagner, P. A.,

Walker, K. A., Waters, J. W., and Wu, D. L. (2008). Validation of

the AuraMicrowave Limb Sounder temperature and geopotential height

measurements. J. Geophys. Res. 113, D15S11. doi:10.1029/

2007JD008783

Solomon, S., Haskins, J., Ivy, D. J., and Min, F. (2014). Fundamental

differences between Arctic and Antarctic ozone depletion. Proc. Natl.

Acad. Sci. U.S.A. 111, 6220–6225. doi:10.1073/PNAS.1319307111

Solomon, S., Ivy, D. J., Kinnison, D., Mills, M. J., Neely, R. R., III, and

Schmidt, A. (2016). Emergence of healing in the Antarctic ozone layer.

Science 353(6296), 269–274. doi:10.1126/SCIENCE.AAE0061

Strahan, S. E., Douglass, A. R., Newman, P. A., and Steenrod, S. D. (2014).

Inorganic chlorine variability in the Antarctic vortex and implications

for ozone recovery. J. Geophys. Res. Atmos. 119, 14098–14109. doi:10.

1002/2014JD022295

Strahan, S. E., Oman, L. D., Douglass,A. R., andCoy, L. (2015).Modulation

of Antarctic vortex composition by the quasi-biennial oscillation.

Geophys. Res. Lett. 42, 4216–4223. doi:10.1002/2015GL063759

Strahan, S. E., and Douglass, A. R. (2017). Decline in Antarctic ozone

depletion and lower stratospheric chlorine determined fromAuraMicro-

wave Limb Sounder observations. Geophys. Res. Lett. 44. doi:10.1002/

2017GL074830

44 Journal of Southern Hemisphere Earth Systems Science A. R. Klekociuk et al.

http://dx.doi.org/10.5194/ACP-12-3527-2012
http://dx.doi.org/10.1029/GL016I005P00381
http://dx.doi.org/10.5194/ACP-12-2865-2012
http://dx.doi.org/10.1071/ES19023
http://dx.doi.org/10.1175/1520-0469(1984)041%3C0695:SVOTOA%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1984)041%3C0695:SVOTOA%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1984)041%3C0695:SVOTOA%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0469(1984)041%3C0695:SVOTOA%3E2.0.CO;2
http://dx.doi.org/10.1016/J.RSE.2018.02.054
http://dx.doi.org/10.1029/98GL01548
http://dx.doi.org/10.1029/96JD02977
http://dx.doi.org/10.5194/AMT-8-4845-2015
http://dx.doi.org/10.1029/2007JD008709
http://dx.doi.org/10.1029/2007JD008709
http://dx.doi.org/10.1175/1520-0442(2003)016%3C4134:TITSAM%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(2003)016%3C4134:TITSAM%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(2003)016%3C4134:TITSAM%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(2003)016%3C4134:TITSAM%3E2.0.CO;2
http://dx.doi.org/10.1175/JCLI-D-14-00478.1
http://dx.doi.org/10.1029/96JD00066
http://dx.doi.org/10.1029/2000JD000061
http://dx.doi.org/10.1175/JAS-3323.1
http://dx.doi.org/10.1175/JAS-3323.1
http://dx.doi.org/10.1029/2004GL020596
http://dx.doi.org/10.1029/2004GL020596
http://dx.doi.org/10.1002/2016GL070373
http://dx.doi.org/10.1002/QJ.722
http://dx.doi.org/10.1175/1520-0442(2004)017%3C3548:UWAFAA%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(2004)017%3C3548:UWAFAA%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(2004)017%3C3548:UWAFAA%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(2004)017%3C3548:UWAFAA%3E2.0.CO;2
http://dx.doi.org/10.1098/RSTB.2011.0377
http://dx.doi.org/10.1098/RSTB.2011.0377
http://dx.doi.org/10.1023/A:1006111216966
http://dx.doi.org/10.1023/A:1006111216966
http://dx.doi.org/10.1029/2001JD002040
http://dx.doi.org/10.1029/2001JD002040
http://dx.doi.org/10.1029/96JD01707
http://dx.doi.org/10.1029/2007JD008783
http://dx.doi.org/10.1029/2007JD008783
http://dx.doi.org/10.1073/PNAS.1319307111
http://dx.doi.org/10.1126/SCIENCE.AAE0061
http://dx.doi.org/10.1002/2014JD022295
http://dx.doi.org/10.1002/2014JD022295
http://dx.doi.org/10.1002/2015GL063759
http://dx.doi.org/10.1002/2017GL074830
http://dx.doi.org/10.1002/2017GL074830


Swinbank, R., and O’Neill, A. A. (1994). Stratosphere-troposphere data

assimilation system. Mon. Wea. Rev. 122, 686–702. doi:10.1175/1520-

0493(1994)122,0686:ASTDAS.2.0.CO;2

Tully, M. B., Klekociuk, A. R., Deschamps, L. L., Henderson, S. I.,

Krummel, P. B., Fraser, P. J., Shanklin, J. D., Downey, A. H., Gies,

H. P., and Javorniczky, J. (2008). The 2007 Antarctic ozone hole. Aust.

Met. Mag. 57, 279–298.

Tully, M. B., Klekociuk, A. R., Alexander, S. P., Dargaville, R. J.,

Deschamps, L. L., Fraser, P. J., Gies, H. P., Henderson, S. I., Javor-

niczky, J., Krummel, P. B., Petelina, S. V., Shanklin, J. D., Siddaway,

J.M., and Stone, K. A. (2011). TheAntarctic ozone hole during 2008 and

2009. Aust. Met. Oceanog. J. 61, 77–90. doi:10.22499/2.6101.007

Tully,M. B., Klekociuk, A. R., Krummel, P. B., Gies, H. P., Alexander, S. P.,

Fraser, P. J., Henderson, S. I., Schofield, R., Shanklin, J. D., and Stone,

K. A. (2019a). The Antarctic ozone hole during 2015 and 2016. J. South.

Hemisph. Earth Syst. Sci. 69, 16–28. doi:10.1071/ES19021

Tully, M. B., Krummel, P. B., and Klekociuk, A. R. (2019b). Trends in

Antarctic ozone hole metrics 2001–17. J. South. Hemisph. Earth Syst.

Sci. 69, 52–56. doi:10.1071/ES19020

Watson, P. A. G., and Gray, L. G. (2014). How does the quasi-biennial

oscillation affect the stratospheric polar vortex? J. Atmos. Sci. 71, 391–

409. doi:10.1175/JAS-D-13-096.1

WHO (World Health Organization) (2002). Global Solar UV Index: A

Practical Guide. (WHO (World Health Organization): Geneva.)

Wirth, V. (1993). Quasi-stationary planetary waves in total ozone and their

correlation with lower stratospheric temperature. J. Geophys. Res.

98(D5), 8873–8882. doi:10.1029/92JD02820

Zhou, S., Miller, A. J., Wang, J., and Angell, J. K. (2002). Downward

propagating temperature anomalies in the preconditioned polar strato-

sphere. J. Clim. 15, 781–792. doi:10.1175/1520-0442(2002)015,0781:

DPTAIT.2.0.CO;2

www.publish.csiro.au/journals/es

The Antarctic ozone hole during 2017 Journal of Southern Hemisphere Earth Systems Science 45

http://dx.doi.org/10.1175/1520-0493(1994)122%3C0686:ASTDAS%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0493(1994)122%3C0686:ASTDAS%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0493(1994)122%3C0686:ASTDAS%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0493(1994)122%3C0686:ASTDAS%3E2.0.CO;2
http://dx.doi.org/10.22499/2.6101.007
http://dx.doi.org/10.1071/ES19021
http://dx.doi.org/10.1071/ES19020
http://dx.doi.org/10.1175/JAS-D-13-096.1
http://dx.doi.org/10.1029/92JD02820
http://dx.doi.org/10.1175/1520-0442(2002)015%3C0781:DPTAIT%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(2002)015%3C0781:DPTAIT%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(2002)015%3C0781:DPTAIT%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0442(2002)015%3C0781:DPTAIT%3E2.0.CO;2


Appendix 1. Supplementary information

A1.1 Polar atmospheric indices

Figure A1.1a shows monthly mean temperature anomalies over
the Antarctic region during 2017 from the ERA-Interim
reanalysis at pressure levels of (top to bottom) 10 (,30 km
altitude), 50 (,18 km altitude) and 100 hPa (,12 km altitude).

At all three levels, temperatures in 2017 were below the cli-
matological average up to and including July, with most months
at 10 and 50 hPa being below or near the 10th percentile for the

preceding decade (indicated by ranks 9 or 10). Positive tem-
perature anomalies occurred at all three levels from August to
October. In November and December, above-average polar cap

temperatures occurred in both months at 100 and 50 hPa,
whereas temperatures at 10 hPa were below average in both
months.

The NCEP standardised 30-hPa quasi-biennial oscillation
(QBO) index (https://www.cpc.ncep.noaa.gov/data/indices/
qbo.u30.index, accessed 1 May 2020) shown in the top panel

of Fig. A1.1b was in a positive (eastward or westerly) phase
from January to May and then became increasingly negative

(westward or easterly) towards the end of the year. The QBO
modulates the ability of upward propagating planetary waves to
influence extratropical latitudes in the winter hemisphere, and a

negative phase generally favours reflection of high latitude
planetary waves back towards the pole which tends to decelerate
the stratospheric jet and weaken the polar vortex (Baldwin and

Dunkerton 1998; Watson and Gray 2014). The NCEP QBO
index at 50 hPa (https://www.cpc.ncep.noaa.gov/data/indices/
qbo.u50.index, accessed 1 May 2020) was positive throughout
2017, although it progressively weakened to become neutral

(standardised value less than 1) from July. Taken together, the
tendency of the QBO index at the two levels would be expected
to favour weakening of the vortex from around the middle of

the year.
The surface standardised Southern Annular Mode (SAM)

index (Marshall 2003; http://www.antarctica.ac.uk/met/gjma/

sam.html, accessed 1 May 2020) shown in the middle panel of
Fig. A1.1bwas negative for January toMarch, positive for April
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Fig. A1.1. (a) Monthly temperature anomalies (K) from zonal means for the latitude range 65–908S from ERA-Interim reanalysis data relative to

themonthly climatology for 1979–2016 at pressure levels of 10 (top), 50 (middle) and 100 hPa (bottom). Coloured bars showmonthly anomalies for

2017, and diamonds connected by solid lines showmaximum andminimumanomalies for 1979–2017. Numbers at the top of each panel are the rank

of 2017 relative to years 2008–17 (1 (10)¼most positive (most negative) anomaly), and numbers at the bottom of each panel are values (K) of the

monthly anomalies for 2017. Values for 2016 are shown as black crosses. (b) NCEP standardised 30-hPa QBO index, (middle) standardised surface

SAM index (Marshall 2003) and (bottom) standardised SAM index evaluated at 50 hPa fromERA-Interim reanalysis data. The indices are expressed

in standard deviations relative to base period of 1983–2012 (for QBO) and 1979–2000 (for SAM). Month numbers are shown at the bottom of each

panel. Diamonds connected by solid lines showmaximum and minimum anomalies for each index over the period 1979–2017. Values for 2016 are

shown as black crosses. QBO, quasi-biennial oscillation; SAM, Southern Annular Mode.
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to June and November and neutral for July to October
(standardised value between �1 and 1). The SAM index

evaluated at 50 hPa using the ERA-Interim reanalysis is shown
in the bottompanel of Fig. A1.1b (seeKlekociuk et al. (2015) for
the calculationmethod used). The 50-hPa SAM index started the

year in a negative state and progressively increased up to June,
after which the value of the index progressively decreased
through to October. The index was positive from March to July

and negative in other months (analysis of NCEP–NCAR reanal-
ysis data indicates that the 50-hPa SAM index was negative in
November and December and tending towards neutral
conditions). Notably, the September and October values for

the 50 hPa SAM index were 5th and 6th most negative values
observed since 1979 respectively. Years having a more negative
index were, in ascending order, September: 2002, 1988, 2013

and 1996 and October: 2002, 1988, 2012, 1979 and 2013.
In winter and spring, positive (negative) anomalies in the

stratospheric SAM index tend to occur when the vortex is strong

(weak), and tend to follow the phase of the tropospheric SAM
(Baldwin and Dunkerton 2001). Overall, the behaviour of the
tropospheric and stratospheric SAM anomalies in the winter and
early spring of 2017 is consistent with there being a general

weakening of the vortex over this period. Additionally, the
mainly neutral phase of the tropospheric SAM from July to
October suggests that the general position of the tropospheric jet

may not have played a strong role in influencing the vortex
weakening over these months. The 50-hPa SAM in September
and October being among the most negative observed suggests

that the level of disturbance to the vortex in spring of 2017 was
notably large. Additionally, the decrease in the index from July
to August was the 4th largest observed (larger decreases

occurred in 1988, 1996 and 2013), indicating that the weakening
of the vortex over those months was also notable.

A1.2 The polar vortex

Time series of proxies for the areal extent of the stratospheric
polar vortex are shown in Fig. A1.2 for the 850 and 450K
isentropic surfaces. Nash et al. (1996) provide an objective

analysis of the vortex area based on the evaluation of the
equivalent latitude where the gradient of Ertel’s potential vor-
ticity (Epv) on isentropic surfaces is at maximum. A difficulty
with this method is that at times gradients in Epv at the edge of

the vortex can be relatively shallow (when strong mixing is
occurring), which can reduce the precision of the values
obtained. Here we consider the area of the contour enclosing

specific Epv values, which were selected to provide areas sim-
ilar to that obtained from the Nash et al. (1996) approach when
the vortex is well-defined. Epv is generally conserved on

timescales of ,1 week and is only changed by diabatic pro-
cesses, such as longwave radiative cooling and heating (which
generally results in synoptic timescale increases and decreases

to Epv respectively), and heating from wave breaking (which
typically produces shorter timescale decreases to Epv).

Figure A1.2a indicates that the growth of the vortex on the
850K isentropic surface was generally near average up to the

end of June. A noticeable decrease in area occurred ,1 July,
which coincided with a strong poleward increase in heat flux at
mid-latitudes in the upper levels (see Fig. 5a). Following this

event, growth resumed in vortex area at this level, and the annual
maximum reached ,25 July. From this date, the vortex gener-
ally reduced in area and exhibited several episodes of increased

erosion through to the end of October. For the first 3 weeks of
August, the area of the vortex was near the climatological mean.
Around 26 August, a large decrease occurred which coincided

with a strong episode of poleward heat transport to high latitudes
(Fig. 5b) and a significant increase in the asymmetry of the
vortex at 50 hPa (Fig. 7). A second similarly large episode
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Fig. A1.2. Southern Hemisphere vortex area evaluated on potential temperature (y) surfaces of (a) 850 (,31 km height) and (b) 450K (,18 km height).

The time series for 2017 shown in black (gaps are due to unavailability of daily data in the UKMO archive); the blue time series is the mean for 1992–2016,

whereas the lower and upper red time series in each graph show the 5th and 95th percentiles respectively for 1992–2016. The vortex area is evaluated using

data from the UKMO stratospheric assimilation (Swinbank and O’Neill 1994) and represents the surface area enclosed by Evp contours of (a) �600 and

(b) �30 PVU (1 PVU¼ 10�6m2 s�1 K kg�1).
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occurred in mid-September. Following these episodes, the daily
area of the vortex was well below average and generally close to

the climatological 10th percentile until breakdown occurred
(sustained zero area) in late November.

On the 450K isentropic surface, vortex growth (Fig. A1.2b)

was close to average up to the first week of August and then
declined afterwards, tending to lie well below the climatological
mean until breakdown occurred in mid-December. For much of

September and October, the daily area was near the 10th
percentile. Generally the size of the vortex at this level showed
less evidence of the episodic decreases that were apparent from
July to October on the 850-K level.

A1.3 Ozonesonde measurements

Figure A1.3 summarises 12- to 20-km partial column ozone
values from measurements at Davis research station in Antarc-

tica, whereas the Davis partial column values measured in July
(days 180–212) andAugust (days 212–243)weremostly less than
those of June (days 152–179), the overall June to August average

was consistent with the long-term average since 2003 and also
consistent with the value expected on the basis of the average
surface SAM index value (see Krummel et al. (2019) for dis-

cussion of the relationship between with the winter SAM index
and Davis 12–20 km partial column ozone). As can be seen in
Fig. A1.3a, notable above-average anomalies in the 12–20 km
partial column abundance occurred on September 20 (day 263)

and October 18 (day 291) and 25 (day 298) – during these mea-
surements, Davis was outside the edge of the polar vortex. The
measurements on 20 September are discussed further below.

Figure A1.3b shows the August–September average anom-
aly for the Davis 12–20 km partial column ozone abundance
over 2003–2017. These particular months are selected as, for

this height range at Davis, they are generally during the period
between the start and peak of maximum ozone depletion. To
produce this figure, anomalies were evaluated from each mea-
surement by subtracting a climatological function (consisting of

a constant and annual and semiannual sinusoidal terms) that was
fitted to all available data. Before averaging, anomalies outside
�2 standard deviations of the mean anomaly were rejected

(consisting of three measurements, including that of 20 Septem-
ber 2017). The average value for 2017 was slightly above all
other years except 2012, but within the 95% confidence limit of

all years. In the context of the years shown in this figure, 2017 is
the lowest ranked year in terms of the ozone hole metrics 1–6
provided in Table 1, and 2012 (which has the highest value in

Fig. 1b) is the next nearest ranked year.
Figure A1.4 highlights the situation responsible for the

anomalous 12–20 km partial column ozone measurement at
Davis on 20 September. The ozone partial pressure profile for

this day and the flights 1 week either side are shown in
Fig. A1.4a. For 20 September, the estimated total column ozone
abundance was the second largest observed at Davis (414 DU

was recorded on 13 October 2012). The profile for this day
contrasted with those obtained on 13 and 27 September for
which the effects of the ozone hole was apparent in the height

range 15 to ,22 km. In Figure A1.4b, it can be seen that on 20
September Davis was situated outside the ozone hole and under

the mid-latitude ozone ridge. Trajectory modelling, shown in
Fig. A1.4c, indicates that the air in the height range 18–23 km
that was sampled at Davis on this day was generally outside the

Antarctic continental boundary during the preceding 5 days, at
times impinged on latitudes as far north as ,458S.

A1.4 Antarctic ultraviolet radiation

Measurements of biologically effective solar ultraviolet (UV)
radiation continued in 2017 at Casey (66.38S and 110.58E),
Mawson (67.68S and 62.98E) and Davis research stations in
Antarctica. Details on the instrumentation and methods used are
provided by Tully et al. (2008) and Klekociuk et al. (2015).
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Fig. A1.3. Time series of partial column ozone for the height interval 12–

20 kmobtained fromozonesondemeasurements at Davis, Antarctica (68.68S

and 78.08E). (a) Annual data for all years ofmeasurement, with data for 2017

highlighted with black filled squares and solid line. The grey line is a

climatological mean from Fortuin and Kelder (1998) interpolated to the

location of Davis. Note that at Davis, this height range is almost exclusively

above the lapse rate tropopause and generally below the burst height of the

ozonesonde balloons in winter. (b) Average 12–20 km partial column ozone

anomaly over August and September (days 213–273 in nonleap years) for

2003–17 (see text for details of the calculation method). The vertical bars

span a range of twice the standard error in the mean.
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Figure A1.5 shows the daily maximum UV radiation index

for the three stations 2017, along with daily climatological time
series for 2007–17. A feature of the Antarctic measurements
during 2017 was the above-average levels during mid-

November, which set new extreme high values at each station.
These high levels occurred at the time when the mean UV Index
time series tends to dip slightly for a period of 1–2 weeks when

increasing ozone levels associated with breakdown of the ozone
hole compensate for the decreasing zenith angle of the noon sun.
Around the time of the high UV levels, the ozone hole was
strongly asymmetric in shape and displaced off the pole towards

East Antarctica. The pronounced asymmetry of the vortex from
late October to mid-November is indicated by the anomalously
large geopotential height zonal variation in Fig. 5.

A1.5 Ground-based infrared measurements

Figure A1.6 shows measurements of total column gas-phase
abundances of ozone, nitric acid (HNO3), hydrochloric acid
(HCl) and chlorine nitrate (ClONO2) above Arrival Heights,
Antarctica (77.88S, 166.78E). These are obtained from solar

mid-infrared spectroscopic measurements taken with a ground

based Fourier transform spectrometer (Kohlhepp 2012). The
ozone abundances for the spring of 2017 shown in Fig. A1.6a
were, in common with other years, highly variable on daily to

weekly timescales, reflecting the proximity of the site to the
edge of the polar vortex (with lower values inside the vortex).
All of the measured abundances during the ozone hole period of

2017 were above the minimum climatological values observed.
Notable high ozone abundances were observed near days 265
(22 September, associated with the vortex distortion shown in
Fig. A1.6b) and between days 305 and 315 (1–11 November,

coinciding with a peak in the geopotential height anomaly at
708S in Fig. 7).

The gas-phase abundance of HNO3 during spring generally

exhibits similar day-to-day variability as ozone (Fig. A1.6b).
The levels of this species are generally reduced over winter by
incorporation into polar stratospheric cloud (PSC) particles; the

sedimentation of these particles into the troposphere causes the
denitrification of the lower stratosphere which enhances ozone
loss in spring by slowing the partitioning of activated chlorine
into the reservoir species ClONO2. A near record low
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measurement of the HNO3 abundance was obtained on 9
September (day 252) when the site was well inside the vortex,

but there is no specific indication from these measurements that
PSC volume or denitrification was particularly unusual in 2017.
High HNO3 abundances from 22 October to 11 November (day

295 to 315) occurred when the site was outside the polar vortex
(coinciding with peaks in the geopotential height anomaly at
758S in Fig. 7).

The overall severity of ozone loss depends on the competi-
tion between deactivation, which repartitions chlorine into HCl
and ClONO2, and activation, which frees up chlorine. Produc-
tion of ClONO2 increases when gas-phase HNO3 is photolysed

by sunlight, and the reaction of ClONO2 with HCl creates
activated chlorine (Solomon et al. 2014). Above-average HCl
in the lower stratosphere would be expected in 2017 on the

basis of the inferred higher levels of Cly associated with the
westerly phase of the QBO in 2017 discussed in Section 3.5.
The abundance of HCl during September (days 244–273)

shown in Fig. A1.6c was slightly above average at the times
of the lowest ozone abundance measurements, which would be
expected as the result of the chlorine activation reaction
between HCl and ClONO2. The production of ClONO2 would

be expected to be slowed by this activation reaction as well as
by a reduction in HNO3 photolysis caused by enhanced

denitrification. As can be seen in Fig. A1.6d, the abundance
of ClONO2 in the postwinter measurements of 2017 was
generally above average, and at record levels between days

255 and 265 (12 and 21 September). However, during this latter
period, the site was situated outside the vortex. Representative
periods when the site was inside the vortex were 7 September

(day 250), 27 September (day 270), 17 October (day 290) and
16 November (day 320). Around 7 September, the ClONO2

abundance was similar to other years of measurements. For the
other intervals, the ClONO2 abundance was above average,

suggesting that the mitigation of ozone depletion by chlorine
deactivation was higher than normal, and this is consistent with
the generally reduced severity of ozone loss at these times

compared with most recent years (refer to Fig. 1). As HNO3

abundances were not notably above average in the spring of
2017, nor were HCl abundances below average, the above-

average ClONO2 levels within the vortex discussed above
could have resulted from increased efficiency of HNO3 pho-
tolysis due to the level of distortion of the vortex allowing
enhanced exposure to sunlight.
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