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Introduction
The Antarctic ozone hole remains a subject of signifi-
cant scientific and popular interest more than two de-
cades after its discovery (Farman et al. 1985; Stolarski 
et al. 1986). The ozone hole has formed every spring 
since the early 1980s. Its depth and size increased up 
until the late 1990s, and since then conditions have 
generally stabilised. However there has been consider-
able interannual variability in the severity of the ozone 
hole, particularly during the past decade, with unusu-
ally benign conditions in 2002 and 2004 associated 
with warm stratospheric temperatures.

 Apart from the direct consequence of ozone deple-
tion in reducing the shielding of the surface from ul-
traviolet (UV) radiation and its consequent impacts on 
human health and ecosystems, in more recent years the 
importance of ozone for climate has been increasingly 
recognised. It is now realised that ozone depletion and 
recovery have substantial effects on modelled climate 
predictions and need to be accurately represented in 
climate models (Cordero and Forster 2006). In par-
ticular, the impact on climate of the formation and 
eventual recovery of the Antarctic ozone hole is now 
being closely studied (Cai 2006; Keeley et al. 2007; 
Roscoe and Haigh 2007; Crook et al. 2008; Perlwitz et 
al. 2008; Son et al. 2008).
 In this paper, we analyse the 2007 Antarctic ozone 
hole from various perspectives and present a range of 
Australian data and analyses, including Bureau of Me-
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teorology meteorological analyses, ozone data from 
satellites analysed by the Commonwealth Scientific 
and Industrial Research Organisation (CSIRO), ozone 
profiles from Antarctica obtained from the Australian 
Antarctic Division (AAD) and the Bureau of Meteo-
rology ozonesonde programme, Antarctic ultraviolet 
measurements from the Australian Radiation Protec-
tion and Nuclear Safety Agency (ARPANSA)  biom-
eter network, and measurements of ozone depleting 
substances made by CSIRO at the Cape Grim Baseline 
Air Pollution Station. 

Formation of the ozone hole
The formation of the Antarctic ozone hole requires 
the convergence of a number of factors, both natural 
and anthropogenic in origin (Solomon 1999).  Ozone 
Depleting Substances (ODSs)  are primarily composed 
of long-lived, human-produced chemicals containing 
chlorine and bromine, chiefly the chloroflourocarbons 
(CFCs)  CFC-11 (CCl3F), CFC-12 (CCl2F2) and CFC-
113 (CCl2FCClF2), carbon tetrachloride (CCl4), methyl 
chloroform (CH3CCl3), methyl bromide (CH3Br) and 
the halons H-1211 (CBrClF2), H-1301 (CBrF3) and 
H-2402 (CBrF2CBrF2). As discussed below, these com-
pounds are still present in high concentrations through-
out the global troposphere, but are now in decline due 
to the success of the Montreal Protocol (now ratified 
by 193 countries (UNEP 2008)) and its amendments 
in regulating their usage. A smaller percentage of the 
stratospheric halogen loading is currently contributed 
by hydroflourocarbons (HCFCs), mainly HCFC-22 
(CHClF2), HCFC-141b (CH3CCl2F) and HCFC-142b 
(CH3CClF2). The HCFCs were allowed under the Mon-
treal Protocol as a temporary replacement for CFCs as 
they have a much lower, although non-zero, depleting 
effect on stratospheric ozone. However, in 2007, the 
timetable for their phasing-out was brought forward 
from 2030 to 2020 for developed countries and from 
2040 to 2030 for developing countries.  
 Following their release into the atmosphere, the 
ODSs become well mixed throughout the global tropo-
sphere and are then transported from the troposphere 
into the stratosphere, primarily in the tropics. Once in 
the stratosphere, they are transported poleward by the 
mean meridional, or Brewer-Dobson, circulation, dur-
ing which time they are broken down by UV radia-
tion into reservoir species such as hydrochloric acid 
(HCl). Extremely cold temperatures over Antarctica 
during the polar night allow the formation of so-called 
polar stratospheric clouds (PSCs). Type I PSCs are 
composed primarily of nitric acid trihydrate (NAT), 
and require temperatures below -78°C to form, while 
below -85°C, Type II PSCs, consisting of pure water 
ice, can form. On the surface of these clouds, hetero-

geneous chemical reactions occur in which the reser-
voir species are converted into active species such as 
chlorine monoxide (ClO). In the presence of sunlight, 
at the end of the polar night, these species catalyse an 
extremely effective cycle of ozone-destroying reac-
tions. Additionally, the sedimentation of PSCs reduces 
nitric acid (HNO3) in the stratosphere, and this process 
of denitrification slows down the conversion of active 
chlorine back into passive forms. Confined by the 
Antarctic polar vortex, ozone cannot be replenished 
by outside air, resulting in almost complete ozone de-
struction being observed in the 14-22 km range almost 
every year since 1993 (Hofmann et al. 1997).   
 Interannual variation of the transport of ozone is 
primarily determined by planetary wave forcing, which 
also affects the strength, persistence and shape of the 
polar night vortex and stratospheric temperatures, 
which in turn directly influence the severity of the 
ozone hole (Fusco and Salby 1999; Randel et al. 2002; 
Salby and Callaghan 2004; Weber et al. 2003; New-
man et al. 2004; Huck et al. 2005). It is the relative lack 
of planetary wave activity in the southern hemisphere 
compared to the northern hemisphere which leads to 
a much stronger and colder vortex, and thereby much 
more pronounced ozone loss over Antarctica in spring 
than in the Arctic. The difference in wave activity is 
due to various geographical factors such as less oro-
graphic forcing, weaker longitudinal land-sea contrast 
and the presence of the cold and elevated Antarctic 
continent at the pole (Newman et al. 2007a).
  It should be emphasised that the primary contribu-
tion to interannual variability in the Antarctic ozone 
hole comes from seasonal meteorological factors, 
rather than stratospheric halogen loading, which is 
currently varying over a much longer time-scale of 
decades rather than years. There are also some inter-
esting indications that solar variability, particularly the 
11-year solar cycle, may have a noticeable effect on 
polar ozone (Sinnhuber et al. 2006).

Overview of 2007 meteorology
Temperatures below 195K, low enough for the forma-
tion of Type I PSCs, were observed over Antarctica 
from May 2007 (Fig. 1, marked by the black contour). 
By late June, temperatures below 195K extended 
down to about 100 hPa. Cooler temperatures, below 
180K (denoted by the purple area), were observed at 
upper levels during June, July and August. However, a 
warming, of about 5K, was observed over this region 
during late June to mid-July. It reached down to about 
70 hPa, and was followed by consecutive cooling and 
warming events from July to early September. This is 
an indication of wave activity, and resulted in a de-
crease of PSC area (Fig. 2(a)). 
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 Atmospheric temperatures remained below 195K, 
reaching down in height to the 170 hPa pressure level 
by mid-September. With the onset of spring, a warm-
ing of more than 5K extended down in height from 
10 hPa to about 75 hPa by late November. Cooler air 
below, trapped from 75 hPa to about 300 hPa in the 
Antarctic polar vortex, is denoted by the light-blue-
turquoise colour in Fig. 1. This air is kept relatively 
isolated from mid-latitudes by strong circumpolar 
winds. As stated above, the changes in temperature 
observed from 10 hPa to 75 hPa from June to October 
(Fig. 1) indicated ongoing wave activity that led to 
an unstable and weak 2007 polar vortex. As a result 
of this wave activity, the polar vortex was elongated 
and shifted towards South America. This is illustrated 
in Fig. 2, in which the 50 hPa temperature and 450K 
and 1100K potential vorticity for 19 September all 
show considerable distortion compared to 2 October, 
by which time the vortex had returned to a more sym-
metric shape centred on the pole. The location of the 
polar vortex is indicated by the purple contour colours 
of potential vorticity in Fig. 2(b) and (c). The polar 
vortex by November was weaker, smaller, and more 
distorted than during September (Fig. 2), indicating 
ongoing wave activity.
 The total ozone distributions presented in Fig. 2(d) 
were calculated by assimilation of satellite radiances 
and meteorological fields of the Bureau of Meteo-
rology’s weather forecast model into the Ozone and 
UV forecast system (Lemus-Deschamps et al. 2006, 
2004, 1999). High ozone values were observed at 

mid-latitudes, reaching the southern part of Australia, 
an example of which is given in Fig. 2(d)(i). How-
ever, on some days in October and November (not 
shown here) low polar ozone reached mid-latitudes 
next to South America and the southern Indian Ocean, 
resulting in high UV radiation levels over those re-
gions during these events. By mid-September the area 
of the Antarctic ozone hole had been reduced due to 
increased temperature and wave activity, and rapid 
changes of the area were observed (Fig. 7).  Another 
example of this was observed during mid-November 
and early-December when the ozone hole area in-
creased (Fig. 7). The final warming observed in mid-
December (Fig. 1) shifted the polar zonal wind east-
erly and eroded the polar vortex, indicating the end of 
the ozone hole.

Satellite-derived Antarctic ozone hole 
metrics
In this section, a number of the standard metrics used 
for characterising the severity of the Antarctic ozone 
hole are presented for 2007, as computed by CSIRO 
Marine and Atmospheric Research (CMAR) using 
data from the Ozone Monitoring Instrument (OMI) 
carried by the National Aeronautics and Space Ad-
ministration (NASA) Aura satellite. These are com-
pared with values from past years using data obtained 
from OMI, and, prior to 2005, the Total Ozone Map-
ping Spectrometer (TOMS) instruments carried by 
the Earth Probe (EPTOMS) and Nimbus-7 satellites. 
Note that the metrics are all based on total column 
ozone, and most use the conventional definition of the 
ozone hole as being the region over which total col-
umn ozone is less than 220 Dobson Units (DU). The 
question of metrics and their limitations will be further 
discussed below.

OMI and TOMS data analysis
In 2004, Aura, the third satellite in NASA’s Earth 
Observing Satellite (EOS) series, was launched into 
a near-polar, sun-synchronous orbit with a period of 
approximately 100 minutes. The spacecraft repeats 
its ground track every 16 days to provide atmospheric 
measurements over virtually every point on the earth 
in a repeatable pattern. Onboard Aura are several ded-
icated atmospheric chemistry instruments, including 
the Ozone Monitoring Instrument (OMI), a European 
designed and built instrument for measuring ozone. 
 OMI continues the NASA TOMS satellite record 
for total ozone and other atmospheric parameters re-
lated to ozone chemistry and climate. The TOMS 
Version 8 algorithm was initially applied to the OMI 
data to ensure continuity of the data record. The 

Fig. 1 Vertical temperature distribution over the 
south pole from January 2007 to 11 December 
2007,  from the Bureau of Meteorology’s GASP 
numerical weather prediction model. Tem-
peratures below 195K (Type I PSC formation 
threshold) are indicated by the black line.
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Fig. 2 Bureau of Meteorology weather forecast model: (a) 50 hPa Temperature; (b) 450 K potential vorticity; (c) 1100K 
potential vorticity; (d) Bureau of Meteorology ozone and UV forecast system’s total ozone (DU). All data are for: 
(i) 18  September; (ii) 2 October; (iii) 11 November.
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OMI data are at a higher resolution than the TOMS 
data, but they were originally provided on an identi-
cal grid to that of the TOMS data (1°x1.25°). In early 
2008, all of the OMI data were reprocessed using Ver-
sion 8.5 of the TOMS algorithm and a revised calibra-
tion, and are now provided on a 1°x1° grid.
 In mid-2007, a corrected version of all the EP-
TOMS data (1996-2005) was released. The correc-
tion addressed a degradation of the scanner mirror on 
TOMS that resulted in latitudinally dependent cali-
bration errors. An empirical correction was applied 
based on the NOAA-16 SBUV/2 ozone record. The 
above-mentioned reprocessed and corrected data-sets 
are used here.
 It should be remarked at this point that satellite in-
struments such as TOMS and OMI are heavily reliant 
on the existence of a high-quality, ground-based ozone 
monitoring network for calibration, verification and 
the detection of errors such as these. The Australian 
total ozone network, consisting of Dobson spectro-
photometers located in Brisbane, Darwin, Macquarie 
Island, Melbourne and Perth, is the most extensive in 
the southern hemisphere and plays a key role in the 
global network. 
 A comparison of the ozone hole minima and area 
metrics using the corrected EPTOMS data and the re-
processed OMI data for 2005, has been performed to 
ascertain any calibration or other differences between 
the two instruments. The results are shown in Figs 3 
and 4.
 Figure 3 shows the comparison of the daily ozone 
hole minima between the two instruments, with the 
largest differences seen in the early part of the com-
parison (data through to the end of July) and in the 
middle of the records (early September through to late 
October). From August onwards, the median differ-
ence was less then 5 DU (OMI higher). The seasonal 
minimum in 2005 from the TOMS data was 97 DU 
and from the OMI data was 107 DU. The reason(s) for 
these differences at the time of the ozone hole mini-
mum are unknown.
 The comparison of the daily ozone hole area 
between TOMS and OMI data is shown in Fig. 4. 
Again, the largest differences are seen in the early 
part of the record (through late August) as the ozone 
hole is forming. This reflects the large uncertainty 
in estimating this metric until the polar night closes 
(typically mid-September). After this, the average 
difference in the ozone hole area, calculated using 
the two data sets, is close to zero. The peak value of 
the ozone hole area as found from the TOMS data 
for 2005 was 26.8 million km2 compared with 26.7 
million km2 for the OMI data. With 15-day smooth-
ing, these values were 25.5 and 25.0 million km2, a 
difference of 0.5 million km2. 

Satellite-derived results for 2007 
Figure 5 shows the Antarctic ozone hole ‘depth’, which 
is the daily minimum total column ozone observed 
south of 35°S throughout the season. The minimum 
ozone level recorded in 2007 was 107 DU at the end 
of September, the second shallowest hole since 1990, 
behind only the anomalously warm year of 2002. Note 
that analyses for the 2006 and 2007 Antarctic ozone 
holes are based on OMI data only, whereas the analy-
sis of the 2005 hole is based on both OMI and TOMS 
data and the analysis of 2004 and earlier holes is based 
on TOMS data only.

 
Fig. 4 Ozone hole area (15-day average of the daily 

column data) comparison between TOMS (cor-
rected) and OMI (reprocessed) instruments for 
2005.

 

Fig. 3 Ozone hole depth (15-day average of the daily 
column minima) comparison between TOMS 
(corrected) and OMI (reprocessed) instruments 
for 2005.
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 Figure 6 shows the average amount of total column 
ozone within the Antarctic ozone hole throughout the 
season. The minimum average ozone within the hole 
in 2007 was 155 DU, the third highest since 1993, be-
hind 2002 and 2004.
 Figure 7 shows the Antarctic ozone hole area (de-
fined as the area within the 220 DU contour) through-
out the 2007 season. The maximum daily area of the 

hole (24.4 million km2 in mid-September) was the 
third smallest since 1991, behind 2002 and 2004. The 
15-day average ozone hole area for 2007 was 22.2 
million km2, the third-smallest ozone hole since 1999, 
behind 2002 and 2004.
 Figure 8 shows the daily (24 hour) maximum 
ozone deficit in the Antarctic ozone hole, which is a 
function of both ozone hole depth and area. This met-

Fig. 5 Ozone hole ‘depth’ (minimum ozone, DU) 
based on OMI and TOMS satellite data. The 
2007 hole (OMI data) is indicated by the thick 
black line, the 2005 and 2006 holes (OMI data) 
by the thin blue and red lines respectively; the 
grey shaded area and white line show the 1979-
2005 TOMS range and mean respectively.

Fig. 6 Average amount (DU) of ozone within the Ant-
arctic ozone hole throughout the season based 
on OMI and TOMS satellite data. The 2007 
hole (OMI data) is indicated by the thick black 
line, the 2005 and 2006 holes (OMI data) by the 
thin blue and red lines respectively; the grey 
shaded area and white line show the 1979-2005 
TOMS range and mean respectively. 

Fig. 7 Ozone hole area based on TOMS and OMI sat-
ellite data. The 2007 hole (OMI data) is indi-
cated by the thick black line, the 2005 and 2006 
holes (OMI data) by the thin blue and red lines 
respectively; the grey shaded area and white 
line show the 1979-2005 TOMS range and mean 
respectively.

Fig. 8 OMI estimated daily ozone deficit (in millions 
of tonnes, Mt) within the ozone hole. The 2007 
hole (OMI data) is indicated by the thick black 
line, the 2005 and 2006 holes (OMI data) by 
the thin blue and red lines respectively; the 
grey shaded area and white line show the 1979-
2005 TOMS range and mean respectively. The 
estimated total (integrated) ozone loss for each 
year is shown in the legend.
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ric is not the amount of ozone lost within the hole each 
day, but is a measure of the accumulated loss – rela-
tive to 220 DU - summed over the area of the hole as 
measured each day. The maximum daily ozone deficit 
in 2007 was 32.2 million tonnes (Mt) in late Septem-
ber, the smallest ozone loss since 1991, excluding the 
warm years 2002 and 2004. Integrated over the whole 
ozone-hole season, the total ozone deficit (the sum of 
the daily ozone deficits) was about 1762 Mt of ozone 
in 2007, the third smallest cumulative ozone deficit 
since 1997, behind the years 2002 and 2004.
 As a result of the chemical reactions activated by 
the start of sunlit conditions over the polar area, the 
Antarctic ozone hole area (Fig. 7) and ozone mass defi-
cit (Fig. 8) increased towards September, reaching a 
maximum value in early September, with a decrease 
in mid-September, then recovering during late Septem-
ber. The decrease during mid-September was associ-
ated with a warming and wave activity, and is further 
discussed in later sections. The ozone hole area (Fig. 7) 
decreased from October to late November; however, 
a small increase was observed during mid-November 
associated with a short-lived cooling (Fig. 1).  

Historical comparisons 
Table 1 shows the ranking of each Antarctic ozone 
hole according to the seven different metrics listed 
in the first column, incorporating the recently repro-
cessed EPTOMS and OMI ozone data products. It 
can be seen that, depending on the metric used, the 

most severe Antarctic ozone holes formed in 2000 and 
2006, with relatively severe ozone holes also forming 
in 1998, 2003 and 2005.
 Figure 9 shows the 15-day moving average of 
the minimum daily column ozone levels recorded in 
the hole since 1979 from TOMS and OMI data. This 
metric shows a consistent downward trend in ozone 
minima from the late 1970s until the mid-1990s, with 
no sign of ozone recovery by 2007. The 1996-2001 
mean was 100±5 DU while the 2003-2007 mean (not 
including 2004) was 102±8 DU.
 Figure 10 shows the minimum daily average ozone lev-
els within the ozone hole from 1979 to 2007 from TOMS 
and OMI data. This metric shows a consistent downward 
trend in average ozone from the late 1970s until the mid-
1990s, with no sign of ozone recovery by 2007. 
 Figure 11 shows the maximum ozone hole area 
(15-day average) recorded since 1979 from TOMS 
and OMI data. Disregarding the two unusual years 
(1988, 2002) when the polar vortex broke up early, 
this metric suggests that the ozone hole has stopped 
growing, but has not yet started to decline.
 Figure 12 shows the integrated ozone deficit from 
1979 to 2007. The size of the ozone deficit rose steadily 
from the late 1970s until the late 1990s, remaining rela-
tively constant at about 2300 Mt since 1998 (exclud-
ing the warm years 2002 and 2004). This metric does 
not show evidence of significant ozone recovery. The 
1996-2001 mean was 2180±230 Mt while the 2003-
2007 mean (excluding 2004) was 2000±320 Mt.

Table 1. The ranking of various metrics that measure the ‘size’ of the Antarctic ozone hole: 1 = lowest ozone minimum, 
greatest area, greatest ozone loss etc.; 2 = second largest…. ozone hole depth is based on the minimum column 
ozone amount on any day during ozone hole season. 15-day average ozone hole depth is based on a 15-day mov-
ing average of the daily ozone hole depth. Minimum average ozone is the minimum daily average ozone amount 
(within the hole) on any day during ozone hole season. Daily ozone hole area is the maximum daily ozone hole 
area on any day during ozone hole season. 15-day average ozone hole area is based on a 15-day moving average 
of the daily ozone hole area. Daily maximum ozone deficit is the maximum ozone deficit on any day during the 
ozone hole season. Ozone deficit is the integrated (total) ozone deficit for the entire ozone hole season. 

Rank 1 2 3 4 5

Ozone hole ‘depth’, 2006 2005 1998 2000 2003
DU 82 83 86 89 91
15-day av. ozone hole depth, 2006 2000 2005 1998 2001
DU 92 94 97 97 99
Minimum average ozone, 2000 2006 1998 2003 2005
DU 138 143 147 148 148
Daily ozone hole area, 2000 2006 2003 1998 2005
106 km2 29.8 29.2 28.4 27.9 26.8
15-day av. ozone hole area, 2000 2006 2003 1998 2001
106 km2 28.7 27.1 26.9 26.8 25.7
Daily maximum ozone deficit, 2000 2006 2003 1994 1998
Mt  44.9 44.3 43.4 42.8 41.1
Ozone deficit, 2006 1998 2001 1999 1996
Mt  2557 2420 2298 2250 2176
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 A longer-term perspective is provided by Dobson 
measurements made at the British Antarctic Survey 
station of Halley (75.6° S, 26.6° W) since 1957. Fig-
ure 13 shows monthly mean total ozone values for the 
spring months of September, October and November.  
September exhibits the least variability from year to 
year, and shows a decreasing trend in the 1970s and 
1980s which has not continued since then. Monthly 
means for the three months are still well below their 
historic values.    
 The question of the most appropriate metrics to 
characterise Antarctic ozone depletion has been dis-
cussed recently in Bodeker et al. (2005), Huck et al. 
(2007) and Müller et al. (2008), particularly with a 
view to the detection of future ozone recovery.  

Davis ozone profiles
The Bureau of Meteorology and AAD have conducted 
a program of ozonesonde releases from Davis, Antarc-
tica (68.6°S, 78.0°E) since 2003. Flights are carried 
out at weekly intervals during winter and spring and 
monthly for the remainder of the year.
 Figures 14 and 15 show the mean annual cycles 
of ozone partial pressure and temperature by altitude 
over the period 2003-2007. The ozone maximum in the 
lower stratosphere slowly descends over the course of 
winter, as the air above Antarctica trapped by the polar 
vortex cools and descends. The presence of the Ant-
arctic ozone hole over Davis is striking in springtime, 
while at other times of the year the climatology resem-
bles that at sub-Antarctic Macquarie Island (54.5°S, 
159.0°E) which lies outside the hole (Klekociuk and 
Tully 2007). The location of Davis is on the Antarctic 
coastline over 2000 km from the South Pole. However 
mean temperatures are cold enough for the formation 
of Type I PSCs from the 20 hPa level down in height 
to 100 hPa, and in some years, including 2007, tem-

Fig. 11 Maximum ozone hole area (area within the 220 
DU contour) using a 15-day moving average 
during the ozone hole season, based on TOMS 
data (blue) and OMI data (red).

Fig. 9 Minimum ozone levels observed in the Antarc-
tic ozone hole using a 15-day moving average of 
the minimum daily column ozone levels during 
the entire ozone season for all available years of 
TOMS (blue) and OMI (red) data.

Fig. 10 The minimum daily average column ozone 
levels within the ozone hole during the entire 
ozone season for all available years of TOMS 
(blue) and OMI (red) data.

Fig. 12 Estimated total ozone deficit for each year in 
millions of tonnes (Mt), based on TOMS (blue) 
and OMI (red) satellite data.

Fig. 13 Monthly mean total ozone values (DU) mea-
sured by Dobson spectrophotometer at Halley.
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peratures cold enough for the formation of Type II 
PSCs (formation threshold ~5K less than for Type I) 
are also recorded. 
 Ozone partial pressure and atmospheric tempera-
ture measured in 2007 are shown in Figs. 16 and 17. 

Figure 18 again shows 2007 ozone partial pressure, 
but marked with areas within which the values were 
more than 50 per cent higher or lower than the 2003-
2006 mean. There is a strong positive anomaly in the 
mid-stratosphere (around 20 hPa) in mid-September, 

Fig. 14 Mean ozone partial pressure (in mPa) 2003-
2007 measured at Davis.

Fig. 15 Mean atmospheric temperature (°C) 2003-2007 
measured at Davis. The black contour encloses 
the region cold enough for the formation of 
Type I PSCs.

Fig. 17 Atmospheric temperature (°C) measured at 
Davis during 2007. The white contour encloses 
the region cold enough for the formation of 
Type I PSCs.

Fig. 16 Ozone partial pressure (mPa) measured at Da-
vis during 2007. 

Fig. 19 Departure of 2007 Davis air temperature (°C) 
from 2003-2006 mean. The solid (dashed) con-
tour denotes 10°C above (below) the 2003-2006 
mean. 

Fig. 18 Ozone partial pressure (mPa) measured at Da-
vis during 2007, overlain by contours denoting 
50% above the 2003-2006 mean values (solid 
line) and 50% below 2003-2006 mean values 
(dashed line). 
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corresponding to an influx of ozone-rich air, but note 
also the upper edge of the depleted region in October 
and November was actually more severely depleted in 
2007 than the mean of previous years.  
 Figure 19 shows the departure of 2007 temperature 
from the 2003-2006 mean. This figure is dominated 
by the previously mentioned influx of warm, ozone-
rich air in the mid-stratosphere in September, but 
again colder temperatures later in the year lower in the 
stratosphere are evident.
 Selected profiles showing the development of the 
Antarctic ozone hole in 2007 as seen over Davis are 
shown in Figs 20, 21 and 22. These should be viewed 
in conjunction with the temperature and potential 
vorticity (PV) plots for corresponding dates in Fig. 2. 
From 19 July until 11 September, a steady progres-
sion of significant depletion around the 18 km level is 
apparent. The flight of 18 September, however, then 
shows an abrupt and substantial increase in ozone oc-
curring above 21 km. Back trajectory analysis (Fig. 
23) suggests that the ozone rich air in the upper part of 
the profile – apparent in Figs. 18 and 19 – originated 
well outside the vortex, possibly even at tropical lati-
tudes, in the previous few days. The dynamics of this 
intrusion of extra-polar air will be further discussed in 
the next section. 
 Ozone concentrations between heights of approxi-
mately 21 to 28 km continued to be enhanced one 
week later (26 September), while at the same time 
depletion continued in the lower stratosphere. By 2 
October the effects of the intrusion were considerably 
reduced. The 25 October profile shows depletion was 
severe and almost uniform between 14 and 18 km.  
Only a slight increase at this range was apparent by 11 
November, but by 11 December ozone concentrations 
had increased at all levels.
 Chemical ozone depletion associated with the 
ozone hole is usually most pronounced between the 
heights of 12 and 20 km. Figure 24 shows the partial 
column ozone within this range as a function of day of 
year for the years 2003 to 2007. It is clear that in this 
regard, 2007 closely followed the pattern of previous 
years. This is in notable contrast to the fact that, as 
was seen in the previous section, making use of met-
rics based on total column ozone, the 2007 Antarctic 
ozone hole was much less severe than those of 2005 
and 2006. 
 In this case, transport of ozone-rich air from out-
side the vortex in the mid-stratosphere has somewhat 
masked the extent of depletion in the lower strato-
sphere, which illustrates one of the limitations of us-
ing only total column ozone to characterise the hole in 
situations where the vortex has non-uniform vertical 
structure. 

Fig. 20 Davis ozone partial pressure (mPa) profiles for 
19 July, 17 August, 11 September 2007.

Fig. 21 Davis ozone partial pressure (mPa) profiles for 
18 September, 26 September, 2 October 2007.

Fig. 22  Davis ozone partial pressure (mPa)  profiles for 
25 October, 11 November, 11 December 2007.
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 In the following sections this point will be devel-
oped further, and partial column data obtained from 
limb-sounding satellite instruments will be used to 
further examine the vertical structure of ozone deple-
tion during winter and spring.

Antarctic ultraviolet radiation
Solar ultraviolet radiation (UVR) is monitored at all 
the permanently staffed Australian Antarctic stations in 
a collaboration between ARPANSA and AAD.  Broad-
band detectors are located at Casey (66.3°S, 110.5°E), 
Davis and Mawson (67.6°S, 62.9°E) stations on the 
Antarctic continent, and at Macquarie Island. The Ro-
berton-Berger type detectors (Berger 1976) currently 
being employed are Solar Light UVBiometers Model 
501 (Solar Light Co., Philadelphia, USA), that mea-
sure erythemally effective solar UVR (UVReff) (Gies 
2004).  The spectral response of the biometers is simi-
lar to the McKinlay-Diffey erythemal action spectrum 
(CIE 1987) and is shown in Fig. 25.
 Detectors are calibrated at the ARPANSA labora-
tory in Melbourne prior to deployment at the AAD sta-
tions.  This is achieved via intercomparison with a ref-
erence detector that is periodically calibrated against 
a Spex 1680B double monochromator sprectroradi-
ometer (Spex Industries Inc., Metuchen, New Jersey 
USA). Calibration of the spectroradiometer is pro-
vided by 1000 W tungsten halogen calibration lamps 
traceable to the National Measurement Institute.  
 The reported UV Index for each day is the maxi-
mum recorded ten-minute average UVR intensity val-
ue for that day.  The UV Index scale uses units defined 
to be equal to an erythemally effective irradiance of 25 
mW.m-2 (WHO 2002). The erythemally effective ir-
radiance is derived from the solar irradiance weighted 
with the Commission Internationale de l´Eclairage 
(CIE) erythemal response (CIE 1987) according to the 
equation

...1=  
λ =    
Σ    

400m

280m
UVReff Eλ Sλ Δλ

where:
UVReff = erythemally effective irradiance in W.m-2

Eλ = solar spectral irradiance in W.m-2.nm-1

Sλ = relative erythemal spectral effectiveness (ac-
tion spectra),

Δλ = bandwidth in nanometers of the measurement 
intervals.

 Five UV Index exposure categories are defined: 
low (UV Index 1 – 2), moderate (UV Index 3 – 5), 
high (UV Index 6 – 7), very high (UV Index 8 – 10) 
and extreme (UV Index 11+) (WHO 2002).
 Whilst in operation the detector performance is 
checked for consistency against clear-sky solar UVR 
models (Björn 1989; Frederick and Lubin 1988).  
These models require total column ozone values as 
an input parameter and OMI satellite data are used 
for this purpose. The OMI instrument observes solar 
backscatter radiation from the earth in the visible and 
ultraviolet regions in order to determine total column 

Fig. 23 Backward trajectory analysis of four heights 
from the ozonesonde measurements of Septem-
ber 18, obtained from the Goddard Spaceflight 
Center automailer (http://hyperion.gsfc.nasa.
gov/Data_services/automailer/index.html) us-
ing National Centers for Environmental Predic-
tion (NCEP) meteorological assimilation. The 
numbered ticks show the air parcel locations at 
0000 UTC on the indicated day of month.

Fig.  24 Partial column ozone (Dobson Units) at Davis 
between 12 and 20 km measured by ozonesondes 
by day of year since 2003.
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ozone. Hence, data for the Antarctic stations is only 
available from mid-August once the region emerges 
from the polar night. Shown in Figs 26-29 is the to-
tal column ozone for each of the AAD sites.  The line 
drawn at 220 DU represents the boundary of the ozone 
hole, on dates where the ozone value is lower than this 
the hole is considered to be passing above the site.
 The asymmetry of the 2007 ozone hole previously 
noted meant that it spent a great deal of time over 
Davis and Mawson stations and relatively little time 
above Casey. In fact, Casey was outside the ozone 
hole throughout the majority of September and Oc-
tober whilst the total column ozone over Davis and 
Mawson stations was lower than the long-term aver-
age values from the satellite record for virtually the 
entire time from early August through to the end of 
December 2007.
 Also shown in Figs 26-29 are the measured daily 
UV Index values for each of the sites. Being a direct 
measurement, the ground-based solar UVR detectors 
are able to acquire data earlier in the season, generally 
from early July for the Antarctic stations.  
 Anti-correlation between the ozone and UV In-
dex values is observed at times when the skies are 
clear above the Antarctic stations thereby allowing 
enhanced transmission of UV-B wavelengths to the 
earth’s surface during that time. This effect is often 
obscured by both the seasonal variation in solar ze-
nith angle and the influence of local weather (cloud).  
However it may be clearly seen in Figs 26-28 for all 
three Antarctic stations in the first week of November. 
The Macquarie Island data record is strongly influ-
enced by cloud cover.

Fig. 25 Spectral Response of Solar Light UVBiometer 
Model 501 (minimum and maximum according 
to the manufacturer’s handbook) compared to 
the CIE erythemal action spectrum.

Fig. 26 Total column ozone measured by OMI in Dob-
son units (left axis) and daily UV Index (right 
axis) for Casey (66.3°S, 110.5°E). Also shown is 
the value defining the ozone hole boundary at 
220 Dobson units (left axis).

Fig.  27 Total column ozone measured by OMI in Dob-
son units (left axis) and daily UV Index (right 
axis) for Davis (68.6°S, 78.0°E). Also shown is 
the value defining the ozone hole boundary at 
220 Dobson units (left axis).

Fig. 28 Total column ozone measured by OMI in Dob-
son units (left axis) and daily UV Index (right 
axis) for Mawson (67.6°S, 62.9°E). Also shown 
is the value defining the ozone hole boundary at 
220 Dobson units (left axis).
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 The ozone hole is beginning to recover by the time 
that the noon solar zenith angles are small enough to 
give rise to large UV Index readings. Clear sky days 
in the first week of November happened to coincide 
with low ozone levels and the resulting UV Index 
values of around 9 (UV Index exposure category 
very high) were measured at each of the Antarctic 
stations.  The highest UV Index values for the season 
were recorded at Davis in early December, 11+ (UV 
Index exposure category extreme), when once again 
clear skies and low ozone levels coincided. The peak 
UV Index values recorded at the Antarctic sites are 
comparable to those measured at much lower lati-
tudes in the southern capital cities of the Australian 
mainland (Gies 2004). These surprisingly large UV 
Index values are, however, consistent with measure-
ments made at a similar latitude by the US National 
Science Foundation at Palmer station on the Antarc-
tic Peninsula (Bernhard et al. 2005).

Discussion
During the period March-December of 2007, the qua-
si-biennial oscillation (QBO) was in a strong eastward 
or negative index phase (Fig. 30(a)). This was oppo-
site to the situation in 2006. Additionally, the Southern 
Annular Mode (SAM) index during the austral autumn 
to spring months of 2007 was negative, with relatively 
large excursions in July and September in particular 
(Fig. 30(b)). This is also in contrast to 2006, during 
which the SAM index was positive for much of the 
corresponding period, although August 2006 was an 
exception with a strong negative value. As discussed 
in Baldwin and Dunkerton (2001), eastward QBO and 
negative SAM indices tend to favour a weaker polar 

vortex in the winter hemisphere, with more likelihood 
of disturbance of the extratropical stratosphere from 
the penetration of planetary waves. 
 Evidence for enhanced disturbance of the extratrop-
ical stratosphere of the southern hemisphere during the 
2007 winter is presented in Fig. 31 which shows time 
series of eddy heat flux. The eddy heat flux is a proxy 
for wave-mean flow interactions forced by planetary 
wave disturbances (Newman and Nash 2000), with 
negative values indicating poleward transport of heat. 
Figure 31(a) indicates that an exceptional but short-
lived poleward transport event occurred in September 
(on the 18th), while Fig. 31(b) indicates that poleward 
heat flux was significantly enhanced in July and from 
mid-September to the end of October. The event of 18 

Fig. 29 Total column ozone measured by OMI in Dob-
son units (left axis) and daily UV Index (right 
axis) for Macquarie Island (54.5°S, 159.0°E).  
Also shown is the value defining the ozone hole 
boundary at 220 Dobson units (left axis).

Fig. 30 Monthly values for 2006 and 2007 of: (a) the 
standardised Quasi-Biennial Oscillation (QBO) 
index at 30 hPa  (http://www.cpc.ncep.noaa.
gov/data/indices/qbo.u30.index); and (b) the 
Southern Annular Mode (SAM) index (Mar-
shall (2003) and http://www.nerc-bas.ac.uk/
icd/gjma/sam.html). The solid lines show the 
extreme values during the period 1979-2007.
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September  corresponds to the warming visible in Fig. 
1, the significant reduction in the size of the ozone hole 
at this time shown in Figs 7 and 8, and the influx of 
warm, ozone-rich air observed in the sonde profiles. 
This event was the most noteworthy feature of the 
2007 ozone hole, and was in many respects a smaller 
version of the remarkable ‘split hole’ of 2002. It cor-
responds to the peak amplitude of zonal wavenumber 1 
and wave 2 planetary waves in the lower stratosphere 
outside the vortex (see http://hyperion.gsfc.nasa.gov/
Data_services/met/ann_data.html and WMO (2007)), 
while the July heat flux enhancement corresponds to 
an intensification of zonal wavenumber one, planetary 
wave (PW) amplitude only. 
 Effects of the disturbance of 18 September are re-
vealed in Fig. 32. A tongue of ozone-rich air linked the 
equatorial region east of South America to the extra-

tropical region to the southeast of Africa (Fig 32(a)). 
The tongue was associated with an extrusion of low-
latitude air (characterised by low potential vorticity; 
Fig. 2(c)(i)) and a poleward jet (Fig. 32(b)). The jet 
emerged from converging flow near 20°S.
 In the days following 18 September, the polar vor-
tex became more obviously asymmetric and displaced 
off the pole, as suggested by maps of total ozone (Fig. 
2(a)). These effects can be ascribed to the influence 
of the zonal wavenumber 1 and 2 planetary waves 
at the edge of the vortex. Zonal wavenumber 1 was 
associated with a quasi-stationary temperature maxi-
mum with a poleward component of eddy flow in the 
lower stratosphere over a broad region of the Southern 
Ocean south of Australia (Fig. 2(a)(ii)). This pattern 
persisted for the September to October period. The 
zonal wavenumber 1 pattern has been a permanent 
feature of Antarctic ozone morphology even prior to 
the advent of the ozone hole, although its location ap-
pears to have moved slightly during this time (Grytsai 
et al. 2007). 
 An example of the vortex displacement and asym-
metry is shown in the total ozone column map for 28 
September (Fig. 33). In particular, Fig. 33(b)-(d) show 
three slices of ozone column, derived from the Aura 
Microwave Limb Sounder (MLS) Version 2 data, for 
the levels 146.8 to 68.1 hPa, 46.4 to 10.0 hPa and 6.8 
to 0.01 hPa respectively, henceforth referred to as the 
‘low’, ‘mid’ and ‘upper’ parts of the stratosphere, with 
‘full’ meaning the range 464.2 to 0.01 hPa. 

Fig. 31 (a) Daily eddy heat flux time series for 50 hPa 
at 60°S, comparing the situations in 2006 and 
2007 with the long-term behaviour. (b) Similar 
to (a), but showing the average heat flux for the 
region 45°S to 75°S at 50 hPa, smoothed with a 
45-day sliding window. Figures obtained from 
http://hyperion.gsfc.nasa.gov/Data_services/
met/ann_data.html.

Fig. 32 For 18 September 2007, maps of: (a) ozone mix-
ing ratio at 15 hPa from gridded ascending and 
descending Aura Microwave Limb Sounder 
(MLS) level 2 version 2 (V2) data (Jiang et 
al. 2007); (b) UKMO 1200 UTC temperature 
(shaded) and wind (vectors with heads) at 15 
hPa. The wind vectors show the effective dis-
placement of air parcels over six hours of time. 
Compare also Fig. 2 for the same date.
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 Clear changes in the vortex structure with height 
are revealed. The vortex appears progressively shifted 
towards South America from the bottom to the top 
panel. 
 Figure 33 illustrates the previous comment that 
the area of the ozone hole, as derived from the total 
column measurements, does not necessarily produce 
a true indication of the severity of ozone depletion 
under conditions where the vortex becomes tilted and 
deformed. In Fig. 33(a), the edge of the ozone hole 
due south of Australia is shown as being well inland of 
the edge of Antarctica. However, the depleted region 
in the lower stratosphere extends nearer to the conti-
nent edge and is diluted by the ozone overburden in 
the mid-stratosphere.

 This point is emphasised in Fig. 34(a) which com-
pares ozone hole area metrics derived for the same 
three different partial columns for 2006 and 2007. 
Thresholds used to define the boundary of the de-
pleted region for each height are 220 DU for ‘full’, 
25 DU for ‘low’ and 70 DU for ‘mid’. These values 
have been chosen in order to enclose regions with a 
similar meridional gradient relative to the general lev-
els inside and outside the vortex. Up until mid-Sep-
tember, the total area metric (derived from the ‘full’ 
column) shows remarkably similar development for 
the two years. In the lower stratosphere (the ‘low’ re-
gion), the rise of the area metric took place about two 
weeks later in 2007 compared with 2006. This and the 
significantly smaller values of the ‘low’ area metric 

Fig. 33 Maps of partial ozone columns on 28 Sep 2007 based on Aura MLS V2 data as described in the text: (a) 464-0.1 
hPa column; (b) 146-68 hPa column (‘low’ region); (c) 46-10 hPa (‘mid’ region); (d) 7-0.01 hPa (‘high’ region). 
The white contour outlines the edge of the depleted region, with thresholds for (a) to (d) of 220 DU, 25 DU, 70 DU 
and 25 DU, respectively.

(a)

(b)

(c)

(d)
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are probably the result of warmer temperatures in the 
lower stratosphere during 2007 (see Fig. 35(b)). The 
onset behaviour was reversed for the mid-stratosphere 
(the ‘mid’ region), and may be related to the effects of 
temperature and the QBO. Of note is the abrupt de-
crease in the ‘mid’ area metric around 18 September, 
which suggests that the heat flux event and associated 
poleward ozone transport caused significant erosion of 
the vortex. Figure 34(a) also shows that depletion in 
the lower stratosphere was much more persistent, and 
this is conceivably due to greater stability and isola-
tion of the vortex in the lower stratosphere, as well as 
downward transport of ozone depleted air within the 
vortex (Solomon et al. 2005).
 Figure 34(b) presents the total ozone mass for three 
columns south of 50°S for 2006 and 2007. The ‘full’ 
column profile suggests that there was less ozone loss 

at extratropical latitudes in 2007. This is evidently the 
case in the lower stratosphere (‘low’ column). How-
ever the timing of the increase in the ‘mid’ column 
in mid-September suggests that poleward ozone trans-
port from north of 50°S contributed about half of the 
relative ozone abundance between 2007 and 2006 af-
ter this time.
 Figure 35 shows mean wind and temperatures at 
two stratospheric heights for 2005-07 in the region 
straddling the edge of the polar vortex. The higher 
zonal wind strength at 10 hPa during spring (Septem-
ber-November) was lower in 2005 and 2007, and this 
relates to deceleration of the zonal flow by wave activ-
ity. In contrast, the wind strength at 70 hPa was similar 
for the three years. As shown in Fig. 35(b), tempera-
tures at the two levels in 2005 and 2007 were similar 
and noticeably warmer than in 2006.

Fig. 34 (a) Ozone hole area metrics for 2006 and 2007 
derived from gridded Aura MLS V2 partial 
ozone columns using the height ranges and 
thresholds used for Fig 5(a)-(c). (b) Time series 
of total ozone mass in three height ranges south 
of 50°S derived from gridded Aura MLS V2 
data.

Fig. 35 Monthly means of: (a) zonal wind; and (b) 
temperature for pressure levels of 10 hPa and 
70 hPa for 2005-2007 from the UKMO strato-
spheric assimilation for the region 70°S to 
50°S.
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Projections of Antarctic ozone 
recovery
Effective equivalent stratospheric chlorine (EESC)
The standard measure used to describe the total im-
pact of ODSs on stratospheric ozone is known as Ef-
fective Equivalent Stratospheric Chlorine (EESC). It 
has traditionally been calculated by adding together 
the concentrations of the various chlorine and bro-
mine containing source gases measured in the tro-
posphere, weighting each by its efficiency in strato-
spheric halogen release (multiplied by an additional 
factor for bromine to account for its greater per-atom 
ozone destructiveness), and then lagging the result 
obtained by a set number of years to allow for trans-
port to the stratosphere. This time period is usually 
taken to be three years in the case of mid-latitude 
ozone depletion or six years for polar regions (Daniel 
et al. 2007).

Ozone depleting substances
Chlorine levels are likely to decline steadily over the 
next few decades at about one per cent per year, lead-
ing to reduced ozone destruction. Figure 36 shows 
EESC (as defined above and with a lag between the 
troposphere and polar stratosphere of six years), de-
rived from measurements of ODSs at Cape Grim 
(1978-2007) and in air trapped in Antarctic firn from 
Law Dome. EESC levels peaked at 3.0 ppb in the mid-
to-late 1990s (5-6 times higher than natural levels in 
the early 20th century) and is now declining by about 
0.7 per cent per year (eight per cent total decline to 
date). Table 2 shows the species contributing to the de-
cline (0.26 ppb Cl) in EESC since the peak (3.0 ppb Cl) 
in the late 1990s. The decline is dominated by methyl 
chloroform, while the decrease in methyl bromide, car-
bon tetrachloride and CFCs is offset by the growth in 
halons and HCFCs in the background atmosphere.
 The initial (1-2 decades) decline in EESC will be 
dominated by the shorter-lived ODSs, such as methyl 
chloroform and methyl bromide, whereas the long 
term decline will be dominated by CFCs and carbon 
tetrachloride.

Projections of recovery
The traditional calculation of EESC has recently been 
enhanced by Newman et al. (2006, 2007b) who have 
introduced a more refined version taking into account 
the fact that air over polar regions will not have one 
single age but rather a spectrum of values. (‘Age of 
air’ here refers to the time since a given parcel of air 
left the troposphere).  For Antarctic EESC, (EEASC) 
a mean lifetime of 5.5 years is used but with a spec-
trum of ages represented by a Gaussian function with 
a width of 2.75 years.   

 While adjusting the mean age of air has the effect 
of shifting the peak of EEASC, allowing for a spec-
trum of ages has the additional effect of consider-
ably flattening the shape of the resulting peak of the 
curve compared to tropospheric measurements. This 
means that chlorine and bromine concentrations in 
the Antarctic stratosphere will stay relatively constant 
for many years even though their mid-latitude, tropo-
spheric concentrations have been in marked decline.   
  Using the formulation of EEASC described above, 
and then making use of ground based measurements 
such as those from Cape Grim together with future 
emission estimates as detailed in Daniel et al. (2007), 
Newman et al. (2007b) have estimated that the total 
concentration of anthropogenic ODSs in the Antarc-
tic stratosphere will return to the same value as 1980 
in 2067, with a 95 per cent confidence level range of 
2056 to 2078. This is considerably later than the return 
over mid-latitudes, predicted to occur in 2041, with a 
95 per cent confidence range of 2028 to 2049. 

Table 2. Individual ODS contributions to the decline 
(8%) in EESC observed in the atmosphere 
since the peak (3.0 ppb) in the late 1990s. 

Species EESC Growth
 ppb Cl

methyl chloroform -0.25
methyl bromide -0.08
carbon tetrachloride -0.04
CFCs -0.03
halons  0.10
HCFCs 0.04
Total -0.26

Fig. 36 Effective Equivalent Stratospheric Chlorine 
(EESC) derived from measurements of all the 
major ODSs at Cape Grim and in Antarctic 
firn air from Law Dome. This version of strato-
spheric chlorine lags tropospheric observations 
by six years and is therefore appropriate to re-
late to ozone changes over Antarctica.
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 The recovery of the ozone hole itself is expected to 
match the decline in ODS concentrations, but will of 
course continue to exhibit interannual variations due 
to meteorological conditions of much greater mag-
nitude. The first statistically significant reduction in 
ozone hole area is not expected to be apparent until 
the mid-2020s (Newman et al 2006).
 The above estimates rely on the assumption the 
Montreal Protocol and its amendments will be fully 
adhered to by all countries. Further, these estimates 
do not take into account the possibility of a changing 
atmosphere due to climate change. Potential effects 
of climate change are predicted to include decreased 
stratospheric temperature (and thus increased PSC 
area), an acceleration of the Brewer-Dobson circula-
tion, and changes to the stratosphere-troposphere ex-
change (Baldwin et al. 2007).
 Most coupled chemistry-climate models, under 
standard assumptions of greenhouse gas emission sce-
narios, in fact predict a ‘super-recovery’ of ozone (in 
which ozone concentration increases to greater values 
than in 1980) over both Antarctica and southern mid-
latitudes by the end of the 21st century (Eyring et al. 
2007). There still remain considerable uncertainties in 
these projections, however.
 Recovery of the Antarctic ozone hole should first 
be apparent outside the core region of depletion, where 
the impact of declining concentrations of ODSs is not 
masked by chemical saturation (in that essentially all 
the ozone at a given height range is being destroyed). 
Possible examples would be at altitudes greater than 
20 km or in the vortex ‘collar’ region (60°S – 70°S) 
(Bodeker et al. 2007). Ozone profiles measured from 
Davis will be of particular interest in this regard in 
upcoming years.

Conclusions
In summary, the Antarctic ozone hole of 2007 was rel-
atively modest, particularly in comparison to 2006. By 
most of the commonly used metrics, the 2006 hole was 
one of the most severe ever recorded, while the 2007 
hole was the third smallest for at least a decade, be-
hind only 2002 and 2004. This was largely because of 
the effects of dynamical disturbances to the extratropi-
cal atmosphere in June and September that were made 
favourable by the phase of the QBO and SAM. The 
September disturbance resulted in the poleward trans-
port of ozone-rich air from the tropical atmosphere, 
and was associated with an intensification of planetary 
wave activity. The wave action tended to tilt the vor-
tex column and influenced ozone hole metrics based 
on ozone column data. The disturbance also caused 
erosion of the upper part of the vortex and replenish-
ment of ozone levels. In the lower stratosphere, ozone 
depletion was of similar strength to recent years.
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