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We review the 2014 Antarctic ozone hole, making use of a variety of ground-
based and space-based measurements of ozone and ultra-violet radiation, supple-
mented by meteorological reanalyses. While the polar vortex was relatively stable 
in 2014 and persisted some weeks longer into November than was the case in 
2012 or 2013, the vortex temperature was close to the long-term mean in Septem-
ber and October with modest warming events occurring in both months, prevent-
ing severe depletion from taking place. Of the seven metrics reported here, all 
were close to their respective median values of the 1979-2014 record, being 
ranked between 16th and 21st of the 35 years for which adequate satellite observa-
tions exist.   

 

Introduction 

As reported in Dameris and Godin-Beekmann et al. (2014), the Antarctic ozone hole has continued to appear each spring 
since its first detectable appearance in 1979. Due to the still highly elevated levels of ozone-depleting substances (ODS) and 
their slow rate of decrease in the atmosphere, the severity of the ozone hole from year to year is currently determined pri-
marily by interannual variations in temperature and dynamics. Nonetheless, Dameris and Godin-Beekmann et al. (2014) 
were able to estimate an underlying increase in Antarctic ozone from 2000 to 2014 of between 10 and 25 Dobson Units 
(DU), while noting that the variability had been somewhat greater in the last decade than had been observed in the 1990s.   

It has also been increasingly realised that Antarctic ozone depletion is very likely to have been the dominant driver of the 
observed changes over recent decades in the Southern Hemisphere tropospheric circulation in summer, including an increase 
in the strength of the Southern Annular Mode (SAM), an expansion of the Hadley Cell and a poleward shift of the mid-
latitude maximum of precipitation (Arblaster and Gillett et al. 2014).  

In this paper, we provide a description of the overall level of Antarctic ozone depletion in 2014 and the relationship with 
prevailing meteorological conditions using a range of Australian data and analyses including measurements and analyses by 
the Commonwealth Scientific and Industrial Research Organisation (CSIRO) Oceans and Atmosphere/Climate Science Cen-
tre, ozone measurements obtained by the Australian Antarctic Division (AAD) and the Bureau of Meteorology (BoM), and 
Antarctic ultra-violet measurements from the Australian Radiation Protection and Nuclear Safety Agency (ARPANSA) bi-
ometer network. Other data from satellite missions and ground-based instruments are also presented. This work complements 
analyses of previous Antarctic ozone holes reported by Tully et al. (2008, 2011) and Klekociuk et al. (2011, 2014a,b, 2015), 
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and other analyses of Antarctic atmospheric conditions and ozone depletion during 2014 provided by the World Meteoro-
logical Organisation (WMO) Antarctic Ozone Bulletins (URL http://www.wmo.int/pages/prog/arep/gaw/ozone/index.html), 
upper-air summaries of the National Climate Data Center (NCDC; URL http://www.ncdc.noaa.gov/sotc/upper-air) and by 
Blunden and Arndt (2015; URL http://www.ncdc.noaa.gov/bams-state-of-the-climate).  

 

Total column ozone measurements 

Ozone hole metric summary and rankings 

As in previous reports in this series, we use total column ozone measurements from satellite instruments to obtain metrics 
of the Antarctic ozone hole (see Klekociuk et al., 2015 for details). Here we use data processed with the version 8.5 TOMS 
algorithm from the Total Ozone Mapping Spectrometer (TOMS) series of satellite instruments, the Ozone Monitoring In-
strument (OMI) on the Aura satellite and the Ozone Mapping Profiler Suite (OMPS) on the Suomi National Polar-orbiting 
Partnership satellite.  

Table 1 contains the ranking for the 35 ozone holes adequately observed by satellite instruments since 1979 using 
8 metrics that provide different measures of the extent of ozone depletion in each year (see the notes accompanying the 
Table for the definition of each metric). The first 7 metrics in Table 1 measure various aspects of the maximum area and 
depth of the ozone hole; the 2014 ozone hole was ranked between 16th and 21st in terms of severity across these metrics, 
showing quantitative similarity with ozone holes of the late 1980s-early 1990s and some recent years, particularly 2010 and 
2013. 

Figure 1 shows time-series of the ozone hole area, minimum polar total column ozone and total ozone deficit within 
the ozone hole over the latter half of each year from 2009 to 2014. It can be seen that in 2014, the evolution of the ozone 
hole was generally similar to the long-term mean (white line, which is the average over 1979-2013). Specific notable features 
in the time-series for Figs. 1a and 1c are the brief reductions in area and mass deficit during the last few days of August and 
again around September 25 and the middle of October. These features coincided with disturbances of the polar vortex asso-
ciated with episodes of poleward heat transport as discussed in the Appendix (in association with Figs. 10-12). The vortex 
experienced a relatively undisturbed period at the beginning of October which led to a marked week-long increase in ozone 
hole area and deficit. The timing of the dissipation of the hole at the beginning of December was similar to the 2009 ozone 
hole, a few weeks later than that for 2013 which was unusually early, and a few weeks earlier than the ozone holes in 2010 
and 2011 which were very persistent. 

A further notable feature are the two relatively low total column values apparent in the OMI instrument data of Fig. 
1b towards the end of August; these are on the 23rd and 26th and have values of 127 Dobson Units (DU) and 130 DU, 
respectively. No measurements were available from the OMPS instrument on the 23rd, but on the 26th, the minimum value 
observed was 165 DU. SAOZ (Systeme d'Analyse par Observation Zenithale) total column ozone measurements at Rothera 
(67.6°S 68.1°W; close to where the OMI minima was recorded) shows 131 DU on the 23rd, and 172 on the 26th, which 
broadly confirm the OMI figures. The difference between the OMI and OMPS measurements on the 26th highlights that 
caution is needed interpreting this metric during the formation of the ozone hole, as parts of the polar cap are still in darkness 
and cannot be measured by these instruments, and effects due to scattering from Polar Stratospheric Clouds at low sun angles 
can influence the measurements.  

A prominent feature of daily maps of total column ozone obtained by satellite instruments during September and 
October was the ridge of high ozone concentration to the south of Australia (see Krummel et al., 2015). The ridge develops 
each spring due to transport effects associated with the circulation pattern set up by a wave-1 quasi-stationary planetary 
wave in the lower stratosphere. Episodes of disturbance in the planetary wave field during these months resulted in the ozone 
hole being displaced off the pole towards the Atlantic Ocean, and at times up to a third to a half of the Antarctic continent 
was outside of the ozone hole. During these periods the polar vortex (and hence the ozone hole) became quite elongated, 
resulting in the tip of South America being on the edge of or within the ozone hole on 14-17 September, 6-7 and 10 October, 
and 12-14 November. 

Between the above mentioned periods of high ozone, the polar vortex and ozone hole were relatively symmetrical, 
with the Australian Antarctic stations of Mawson, Davis and Casey being on the edge of or completely inside the ozone hole 
on 6-7 September, 20-21 September, 26-30 September and 1 October (the date of the peak ozone hole area for 2014). There 
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were also several periods when the stations were outside of the ozone hole: 15, 22-23 September, and 16-18 October. The 
Australian sub-Antarctic station at Macquarie Island spent most of the 2014 ozone hole season under the ozone ridge (see 
later).  

Yearly values from Table 1 for maximum ozone hole area (15-day average) are also presented as a timeseries in 
Figure 2a, together with the estimated level of Antarctic Equivalent Effective Stratospheric Chlorine (EESC; orange line) 
(Fraser et al., 2014; Klekociuk et al., 2015), which is a measure of the potential for chemical ozone depletion in the lower 
stratosphere. The 2014 value was characteristic of those observed in the early 1990s, and lower than the majority of the 
intervening years 1993-2013, suggestive of the beginning of ozone hole recovery. However, considerable meteorological 
variability is also evident, superimposed on the longer-term trend, most apparent in the reduced ozone hole area in the 
dynamically disturbed years of 1986, 1988, 2002, 2004, 2010, 2012 (Klekociuk et al., 2014b). 

As a general guide, the averages of the metrics in Table 1 for the peak ozone hole period of 1996-2001 can be 
compared to the average of the most recent 6 year period (2009-2014) ozone hole metrics, for simple indications of ozone 
hole recovery (keeping in mind these metrics are affected by the meteorological conditions). The 1996-2001 mean of the 
15-day ozone hole area was (25.6±2.0) x106 km2, while the 2009-2014 mean was (22.5±2.0) x106 km2, which is indicative 
of the commencement of possible ozone recovery, but not statistically significant as the 1σ uncertainties overlap. The 1996-
2001 mean of the 15-day ozone hole minima was 100±5 DU while the 2009-2014 mean was 119±13 DU. There is a strong 
suggestion that ozone is recovering in this metric with the uncertainties no longer overlapping (at 1σ level). The 1996-2001 
mean of the integrated ozone mass deficit was 2180±230 Mt while the 2009-2014 mean was 1380±510 Mt, which also 
suggests the commencement of ozone recovery (uncertainties no longer overlapping at 1σ). 

A longer-term data record of Antarctic ozone depletion is available from ground-based Dobson spectrophotometer 
measurements at the British Antarctic Survey’s Halley station (75.6°S, 26.2°W) in Antarctica. Fig 2b shows the mean Oc-
tober total column ozone obtained at Halley from 1957 to 2014, again with EESC levels.  

The Halley total column ozone value for 2014 shown in Fig. 2b of 148 DU was less than that measured in 2012 
(197 DU) and 2013 (177 DU), although the value was within 1 standard deviation (σ) of the long-term total column value 
expected on the basis of regression to EESC (Fig. 2c). Ignoring the dynamically disturbed years of 2002 and 2004 (Klekociuk 
et al., 2015), the mean October total column ozone value at Halley over 2009 to 2014 (166±18 DU) is higher than that over 
1996 to 2001 (141±4 DU); this increase is statistically significant at the 98% confidence limit based on the Student’s t-test 
for differences of mean with unequal variances. If we remove 2002 and 2004, the remaining years (1996-2014) show sig-
nificant ozone growth (recovery) of 1.5±1.2 (2σ) DU/yr. For the period 1993-2014, the ozone growth is 1.8±0.8 (2σ) DU/yr, 
although the early 1990s data may be low due to the impact of the Mt Pinatubo and Mt Hudson eruptions, rather than 
reflecting the minimum of EESC which occurred around the year 2000. 
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Table 1 Ranked Antarctic ozone hole metrics obtained from TOMS/OMI satellite data. TOMS data are used from 1979-2004, OMI data are used from 2005 
onwards. NOTE: in previous papers in this series (Tully et al. 2008, 2011; Klekociuk et al. 2011, 2014a, 2014b, 2015), the Antarctic ozone hole metrics 
for the year 2005 were an average of both TOMS and OMI data, and the 2005 rankings in those papers will differ to those quoted below. Rank 1 = 
lowest ozone minimum, greatest area, greatest ozone loss etc.; Rank 2 = second lowest ozone minimum, etc. There was a gap in TOMS coverage during 
the growth of the 1994 ozone hole; metrics for some parameters for that year are therefore undetermined and are left blank. There were no relevant 
TOMS measurements in 1995. Metric Definitions: 1. Maximum 15-day averaged area: The largest value (in each year) of the daily ozone hole area 
averaged using a 15-day sliding time interval. 2. Daily maximum area: The maximum daily value of the ozone hole area. 3. Minimum 15-day averaged 
total column ozone: The minimum of the 15-day averaged column ozone amount observed south of 35˚S. 4. Daily minimum total column ozone: The 
minimum of the daily column ozone amount observed south of 35˚S. This metric effectively measures the ‘depth’ of the ozone hole. 5. Daily minimum 
average total column ozone: The minimum of the daily column ozone amount averaged within the ozone hole. This metric effectively measures the 
‘average depth’ of the ozone hole. 6. Maximum daily ozone mass deficit:  The maximum value of the daily total ozone mass deficit within the ozone 
hole. This metric effectively measures the combined area and depth of the ozone hole. 7. Integrated ozone mass deficit: The integrated (total) daily 
ozone mass deficit for the entire ozone hole season. This metric effectively measures the overall severity of ozone depletion. 8. Breakdown date: The 
final date at which the daily maximum area (metric 2) falls below 0.5 million km2. Note that the metrics use 220 DU as the threshold in total column 
ozone to define the location and occurrence of the ozone hole.  

Metric 
1. Maximum 15-

day averaged 
area 

2. Daily maximum 
area 

3. Minimum 15-day   
averaged 

total column ozone 

4. Daily minimum 
total column ozone 

5. Daily minimum 
average total column 

ozone 

6. Daily maximum 
ozone mass deficit 

7. Integrated ozone 
mass deficit 

8. Breakdown Date 

Rank Year 106 
km2 

Year 106 km2 Year DU Year DU Year DU Year Mt Year Mt Year Date  

(day) 

1 2000 28.7 2000 29.8 2000 93.5 2006 85 2000 138.3 2006 45.1 2006 2560 1999 27-Dec (361) 

2 2006 27.6 2006 29.6 2006 93.7 1998 86 2006 143.6 2000 44.9 1998 2420 2008 26-Dec (361) 

3 2003 26.9 2003 28.4 1998 96.8 2000 89 1998 146.7 2003 43.4 2001 2298 2010 21-Dec (355) 

4 1998 26.8 1998 27.9 2001 98.9 2001 91 2003 147.5 1998 41.1 1999 2250 2001 19-Dec (353) 

5 2008 26.1 2005 27.2 1999 99.9 2003 91 2001 148.8 2008 39.4 1996 2176 2011 19-Dec (353) 

6 2001 25.7 2008 26.9 2011 100.9 1991 94 1999 149.3 2001 38.5 2000 2164 2006 16-Dec (350) 

7 2005 25.6 1996 26.8 2003 101.9 2011 95 2005 149.4 2011 37.5 2011 2124 1990 15-Dec (349) 

8 2011 25.1 2001 26.4 2009 103.1 2009 96 2009 150.4 2005 37.1 2008 1983 2007 15-Dec (349) 

9 1996 25.0 2011 25.9 1993 104.0 1999 97 1996 150.6 2009 35.7 2003 1894 1998 13-Dec (347) 
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10 1993 24.8 1993 25.8 1996 106.0 1997 99 2008 150.8 1999 35.3 2005 1871 2005 11-Dec (345) 

11 1994 24.3 1999 25.7 1997 107.2 2008 102 2011 151.2 1997 34.5 1993 1833 1992 08-Dec (343) 

12 2007 24.1 1994 25.2 2008 108.9 2004 102 1997 151.3 1996 33.9 2009 1806 1996 08-Dec (343) 

13 2009 24.0 2007 25.2 2005 108.9 1996 103 2007 155.1 1992 33.5 2007 1772 1987 08-Dec (342) 

14 1992 24.0 1997 25.1 1992 111.5 2005 103 1993 155.2 2007 32.9 1997 1759 2004 05-Dec (340) 

15 1999 24.0 1992 24.9 2007 112.7 1993 104 1992 156.3 1993 32.6 1992 1529 2003 05-Dec (339) 

16 1997 23.3 2009 24.5 1991 113.4 1992 105 2014 160.0 2014 30.7 1987 1366 1993 04-Dec (338) 

17 2013 22.7 2013 24.0 1987 115.7 1989 108 1991 162.5 1991 26.6 2010 1353 1985 03-Dec (337) 

18 2014 22.5 2014 23.9 2004 116.0 2007 108 1987 162.6 2010 26.2 2014 1252 1997 03-Dec (337) 

19 2010 21.6 2004 22.7 1990 117.8 1987 109 1990 164.4 1987 26.2 1990 1181 2014 02-Dec (336) 

20 1987 21.4 1987 22.4 1989 120.4 1990 111 2010 164.5 2013 25.1 2013 1037 1989 01-Dec (335) 

21 2004 21.1 1991 22.3 2014 124.3 2014 114 2013 164.7 1990 24.3 1991 998 1984 28-Nov (333) 

22 1991 21.0 2010 22.3 2010 124.3 2013 116 1989 166.2 1989 23.6 2004 975 2009 29-Nov (333) 

23 1989 20.7 2002 21.8 2013 127.8 2010 119 2004 166.7 2002 23.2 1989 917 1994 25-Nov (329) 

24 1990 19.5 1989 21.6 1985 131.8 1985 124 2002 169.8 2004 22.8 2012 720 2000 19-Nov (324) 

25 2012 19.3 2012 21.2 2012 131.9 2012 124 2012 170.2 2012 22.5 1985 630 1991 18-Nov (322) 

26 2002 17.7 1990 21.0 2002 136.0 2002 131 1985 177.1 1985 14.5 2002 575 2013 16-Nov (320) 

27 1985 16.6 1985 18.6 1986 150.3 1986 140 1986 184.7 1986 10.5 1986 346 1986 14-Nov (318) 

28 1986 13.4 1984 14.4 1984 156.1 1984 144 1984 190.2 1984 9.2 1984 256 1982 12-Nov (316) 

29 1984 13.0 1986 14.2 1983 160.3 1983 154 1983 192.3 1983 7 1988 198 2012 07-Nov (312) 

30 1988 11.3 1988 13.5 1988 169.4 1988 162 1988 195 1988 6 1983 184 1980 06-Nov (311) 

31 1983 10.1 1983 12.1 1982 183.3 1982 170 1982 199.7 1982 3.7 1982 73 2002 06-Nov (310) 

32 1982 7.5 1982 10.6 1980 200.0 1980 192 1980 210 1980 0.6 1980 13 1983 05-Nov (309) 

33 1980 2.0 1980 3.2 1981 204.0 1979 194 1979 210.2 1981 0.6 1981 4 1981 31-Oct (304) 

34 1981 1.3 1981 2.9 1979 214.7 1981 195 1981 210.2 1979 0.3 1979 1 1988 26-Oct (300) 

35 1979 0.2 1979 1.2 1994  1994  1994  1994  1994  1979 19-Sep (262) 
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Figure 1 Estimated daily (a) ozone hole area, (b) ozone hole depth and (b) ozone mass deficit based on OMI satellite 
data for 2009-2014 and OMPS satellite data for 2014. The shaded region and white line show the range and 
mean, respectively, over 1979-2013. 

(a)  

(b)  

(c)  
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Figure 2 (a) 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 (green) and OMI data (purple) for all available years. The orange 
line is obtained from a linear regression to Antarctic EESC (EESC-A) as described in the text. The error bars 
represent the range of the ozone hole size in the 15-day average window. (b) October monthly mean total 
column ozone values for Halley station for 1957–2014 (green points and line) and regression to Equivalent 
Effective Stratospheric Chlorine (EESC; orange line) from Fraser et al. (2014) using a mean age of air of 5 
years. Orange dashed line is the 95% confidence interval of the regression. (c) Residual formed by subtracting 
the EESC regression from the October monthly data shown in (b), expressed as a percentage of the monthly 
average total column amount. 

 

 

In Fig. 2b, the dynamically disturbed years of 1986, 1988, 2002, 2004, 2010, 2012 (Klekociuk et al., 2014b) show 
obvious positive values of the anomaly. The period 1991-1995 shows negative anomalies, and these years were potentially 
affected by enhanced ozone depletion following the volcanic eruptions of Mt Pinatubo (June 1991; Philippines) and Mt 
Hudson (August 1991; Chile) (Deshler et al., 1992; Aquila et al., 2013). However the years 1983-1985, 1987 and 1989 show 
negative anomalies that are close to or outside the 95% confidence interval of the fitted regression. For these years, we do 
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not regard that instrumental factors nor underestimation of EESC could alone account for the depth of these anomalies, 
however these and other factors deserve more detailed consideration. We note that volcanic effects from the El Chichón 
eruption in early 1982 are not regarded as having significant negative impacts on Antarctic ozone (Angell et al., 1985; Angell 
1997). Further, October vortex mean temperatures were relatively cold during the period from 1987 to 1998. 

It is also worth noting the qualitative agreement between Fig. 2a and Fig 2b, indicating broad agreement between 
different measures of Antarctic ozone hole depletion.  

 

Vertically resolved ozone measurements 

Odin OSIRIS stratospheric ozone profiles 

To complement satellite measurements of total ozone during 2014 shown in Fig. 1, the time-height development of the 
anomaly in ozone density over the southern polar cap (poleward of 60˚S) from September 2014 to February 2015 is sum-
marised in Fig. 3. This figure uses vertical profiles of stratospheric ozone number density obtained from the Optical Spec-
trograph and Infra-Red Imager System (OSIRIS) instrument on the Odin satellite (see Klekociuk et al., 2015 for details), 
and the anomaly (expressed as a percentage deviation) has been evaluated using the climatological mean over corresponding 
days between 2003 and 2014.  

Evident in Fig. 3 are regions of anomalously low ozone (hatched blue regions) above approximately 17 km altitude in Sep-
tember which gave way to regions of anomalously enhanced ozone below approximately 21 km altitude in October and 
November. The timing of the increase in ozone generally coincides with the reduction in the severity of ozone hole metrics 
shown in Fig 1, particularly the sharp increase in area and deficit in early October and decrease in mid-October. Note also 
in Fig 3 that reduced ozone generally persisted at the lowermost altitudes of the figure from December through February of 
2015. 

Figure 3 Time-height cross-section of OSIRIS daily zonal mean stratospheric ozone number density anomaly averaged 
over latitudes 60°S-83°S for September to February 2014-2015. The anomaly at each height is evaluated rel-
ative to the corresponding days for 2003-2014 climatological period. White gaps indicate time periods when 
no measurements were performed. Hatching is shown where the anomaly is above (below) the 90th (10th) 
percentiles over the climatological period. 

 



Krummel et al.. Southern Hemisphere Earth System Science (xxxx) xx:x 9 

Aura MLS stratospheric ozone profiles 

Annual values of the vortex-average rate-of-change of ozone mixing ratio as a function of temperature, averaged over days 
200-260 (19 July – 17 September in non-leap years), for isentropic levels of 450 K (~18 km height) and 850 K (~31 km 
height), are shown in Figs. 4a and 4b, respectively. These figures essentially summarise characteristics during the period 
when the ozone hole is generally growing. The values are obtained from Aura Microwave Limb Sounder (MLS) version 3.3 
data as described in the Appendix. 

On the 450 K isentrope (Fig. 4a), the ozone rate-of-change is positively correlated with temperature (R = 0.79, 
significant at the 95% confidence limit), with an enhanced ozone loss rate occurring at lower temperatures. Recent years of 
relatively late ozone hole development, 2010 (Klekociuk et al., 2013) and 2012 (Klekociuk et al., 2015), lie to the upper 
right in the figure. The growth of the ozone hole is potentially influenced by the amount of chemical processing that has 
taken place within the vortex over the winter (which is enhanced at lower temperatures by greater polar stratospheric cloud 
volume), and the amount of the vortex that is illuminated by sunlight after the end of the polar night (which depends on the 
size and symmetry of the vortex). As both 2010 and 2012 were years in which the polar vortex was relatively disturbed in 
spring, Fig. 4a suggests that the influence of the warmer temperatures on reducing heterogeneous reactions is a more im-
portant factor during the ozone hole growth phase than distortion of the vortex, which would be expected to increase the 
ozone loss rate by enhancing photolytic destruction as the equatorward fringes of the vortex come under greater solar illu-
mination.  

On the 850 K isentrope (Fig 4b), the correlation between the ozone rate-of-change and temperature is negative (R 
= -0.78, also significant at the 95% confidence limit), with 2010 and 2012 appearing as anomalous years. At this level, ozone 
loss is primarily by gas-phase processes which are more efficient at higher temperatures. Overall, the behaviour of 2014 in 
Figs. 4a,b appears typical in comparison to years in which the polar vortex during late winter and early spring was relatively 
undisturbed by dynamical activity. As has been discussed with regard to Fig. 1 and Fig. 3, in 2014 episodes of poleward 
transport of heat occurred in late September and the middle of October (see also Fig. 10), somewhat later than the day 200-
260 period analysed here. 

Figure 4 Vortex-average ozone rate of change versus temperature, averaged between days 200 and 260, on isentropic 
surfaces of (a) 450 K and (b) 850 K obtained from MLS v3.3 swath measurements. The vertical and horizontal 
bars span ± one standard error in the mean of the deseasonalised daily measurements. The base period used to 
deseasonalise the daily values is 2004-2013. The relevant year is indicated to the upper left of each value. 

(a)  
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(b)  

Ozonesonde measurements at Davis 

In 2014, the program of ozonesonde measurements at Australia’s Davis station in Antarctica (68.6°S, 78.0°E) continued. 
This involved launches at approximately weekly intervals from mid-May to late December, and one flight per month for 
February to April. Figure 5 shows the 12-20 km partial column ozone amount for 2014 in comparison with earlier measure-
ments. Overall, the evolution of the partial column values did not diverge greatly from the average pattern of previous years, 
but did show generally less variability than earlier years during the spring (particularly when compared with 2012 and 2013), 
and most notably, no values of this partial column less than 20 DU were observed in contrast to many previous years. The 
steady decline of partial column ozone at Davis between days 200 and 260, at a range in the middle of the climatological 
spread, is reflective of the rate of decrease in the overall vortex shown in Fig. 4a. 

Figure 5 Time-series of partial column ozone for the height interval 12-20 km obtained from ozonesonde measurements 
at Davis, Antarctica (68.6°S, 78.0°E). Shown are data for all years of measurement, with data for 2014 high-
lighted in black. 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. 
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A feature of Fig. 5 is the generally higher inter-annual variability that is apparent in the winter (June-August, day-
of-year 152-243) compared with summer (December-February, 335-59) and autumn (March-May, 60-151). In Fig. 6a, we 
show the average winter (day-of-year 152 to 243 in non-leap years) against the standardized SAM index for the correspond-
ing period (Marshall, 2003). The period covered is at the time of year when the partial column values do not exhibit a strong 
seasonal trend, being generally while the vortex is in darkness and thus before ozone undergoes strong depletion. A weighted 
linear regression of the yearly partial column values (y) against SAM yields the equation 

y = 3.7 (1.8) * SAM + 121.3 (3.8) 

where values in parentheses are twice the standard error. The fraction of the variance in the partial column values explained 
by this relationship is R2 = 0.84.  

As described in Appenzeller et al. (2000), a positive correlation is seen between total ozone and the North Atlantic 
Oscillation (NAO) in winter months in the Northern Hemisphere. These authors showed that the observed behaviour is due 
to the raising (lowering) of the polar tropopause by the negative (positive) phase of the NAO which in turn effectively 
decreases (increases) the thickness of the stratosphere, and hence decreases (increases) the overburden of ozone. A similar 
mechanism was proposed by Fogt et al. (2009) to explain the winter correlation between model simulations of total column 
ozone over the South Pole and SAM. We therefore examined the relationship of the Davis partial column ozone values with 
the mean June-August pressure at the lapse-rate tropopause obtained from the ozonesonde measurements between 2003 and 
2014. A positive correlation between the tropopause pressure and SAM was found with R = 0.43 (i.e. a higher tropopause 
when SAM is negative, supporting the mechanism described by Apenzeller et al. (2000)) which is significant at the 91% 
confidence limit. The relatively low significance of the correlation may reflect that the tropopause pressure over Davis is 
influenced by synoptic-scale meteorological variability that, while affecting height of the tropopause, is unconnected with 
SAM variations. The correlation between surface pressure and SAM was found to be R = -0.78, while correlation between 
partial column ozone and surface pressure gave R= -0.6; both of these correlations are significant at the 95% confidence 
limit, and lend further support to the hypothesis that large-scale pressure changes provide a dominant influence on ozone in 
the winter lower stratosphere above Davis.  

Figure 6 (a) Average annual June-August 12-20 km partial column ozone from Davis ozonesonde measurements versus 
the standardised surface SAM index for June-August from Marshall (2003). The value for 2014 is highlighted 
in red. Vertical bars span ± one standard error in the mean. The line shows the best-fit linear weighted linear 
regression (weighted by the reciprocal of the standard error of each value). (b) Residual partial column ozone, 
given by the difference between the partial column ozone measurements and the linear regression in (a) versus 
CSIRO 5 year-lagged EESC. The vertical bars span ± one standard error in the residuals. Values progress in 
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year from right (2003) to left (2014, highlighted in red) and the line shows the best-fit weighted linear regres-
sion. 

(a)  

(b)  

We note that Miyagawa et al. (2014), from analysis of Umkehr measurements at Syowa (69.0°S, 39.6°E) from 1977 
to 2011 that were necessarily restricted to the months from August to March, find only a weak positive (negative) correlation 
between ozone in the lower stratosphere and SAM for August during years of high (low) solar activity (see their Fig. 6a). 
This difference with the response seen at Davis, which was observed over almost a full solar cycle, may reflect zonal asym-
metries in the spatial influence of the SAM on the upper troposphere near the Antarctic coast (e.g. Fig. 4 of Thompson et 
al., 2005). While a large fraction of the interannual variability in the partial column ozone is removed by subtracting the 
linear regression with SAM, the resulting residuals do not show a significant linear relationship with other relevant ozone-
influencing factors, such as EESC (Fig. 6b), June-August standardised Quasi-Biennial Oscillation Index (e.g. the 30 hPa 
QBO index discussed in the Appendix; not shown) or polar cap (65˚-90˚ S) temperature anomalies in the lower stratosphere 
(e.g. anomalies for the levels discussed in Fig. 9 of the Appendix evaluated for the 1979-2002 base period; not shown). 

Macquarie Island Dobson Observations 

The Bureau of Meteorology carries out long-term high quality measurements of total column ozone at sub-Antarctic Mac-
quarie Island (54.5° S, 158.9° E) using the Dobson spectrophotometer, continuing a program dating back to 1957. Observa-
tions for 2014 are shown in Fig. 6 (red) compared to the 1987-2013 range. In contrast to Dobson observations from Halley 
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shown in Fig. 2, Macquarie Island generally lies outside the boundary of the polar vortex in spring and sees significant 
fluctuations in daily total ozone due to variations in the shape and position of the vortex. 

Figure 6 Total Column Ozone observations made by Dobson spectrophotometer at Macquarie Island in 2014 (red), 
compared to the 1987-2013 range (The blue line shows the smoothed daily median, the dark blue band the 
30th-70th percentile range, and the light blue band the 10th-90th percentile range). 

 

As referred to earlier, during most of October and November total ozone was at or above the climatological mean range at 
Macquarie Island, however a number of fluctuations were also observed due to the periods of disturbance to the polar vortex 
noted earlier. 

A number of days with very high ozone levels were recorded through late September and early October. The daily average 
for 25 September 2014 (day-of-year 268) was 458 DU, followed by 450 DU on 26 September. The daily average for 8 
October (day-of-year 281) was 443.5 DU. On these occasions the ozone hole had become elongated due to dynamical dis-
turbance along an axis located away from Macquarie Island. 

In contrast, in late August, Macquarie Island was subject to the influence of the polar vortex and low daily ozone averages 
were measured of 309.9 DU on 22 August (day-of-year 234) and 309.7 DU on 28 August (day-of-year 240).  

An episode of low ozone was also observed in early December with a daily average 276 DU on 7 December (day-of-year 
341); however this event appears attributable to transport from mid-latitudes rather than polar influence. 

Antarctic ultraviolet radiation 

Measurements of biologically effective solar ultraviolet radiation (UVR) continued in 2014 at Casey (66.3°S, 110.5°E), 
Mawson (67.6°S, 62.9°E) and Davis (68.6°S, 78.0°E) in Antarctica. Details on the instrumentation and methods used are 
provided by Tully et al. (2008) and Klekociuk et al. (2015).  

In Fig. 7, measurements of the Ultraviolet (UV) Index at Casey, Mawson and Davis from July to December 2014 
are compared with daily total column ozone measurements near local noon from the OMI instrument. There was a period of 
relatively high UV Index at the three stations in the first half of December as the ozone hole was dissipating. The general 
level of the UV Index at Mawson can be seen to be higher than at the other two stations in Fig. 7, despite Mawson being 
intermediate in latitude between Davis, the southernmost of the stations and Casey. This is further apparent in Fig. 8 which 
shows the September-December mean UV Index for the three stations from 2007-2014. The mean levels in these months 
during 2014 were higher at Davis and Mawson than in 2012 and 2013 when there was relatively less ozone depletion over 
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Antarctica (Fig. 1c). The higher UV exposure at Mawson is potentially the result of the asymmetry of the polar vortex, which 
tends have its inner edge further from the Mawson coast than for the other stations. Additionally, the surface ice albedo at 
Mawson is higher which is due primarily to the greater extent and persistence of land-fast sea ice than at the other stations, 
and this will tend to enhance UV levels through backscattering effects.  

 

Conclusions 

We have examined meteorological conditions and ozone concentrations in the Antarctic atmosphere during 2014 using a 
variety of data sources, including meteorological assimilations, satellite remote sensing measurements, and ground-based 
instruments and ozonesondes.  

The polar vortex was only moderately disturbed and was of a size and duration very close to the 1992-2013 mean 
for most of the season. Stratospheric 65-90° S temperatures were slightly cooler than the long-term mean in July, August 
and September, and until late September, ozone depletion was significant and the ozone hole relatively large. A dynamical 
disturbance in late September, and another in mid-October resulted in temperatures being slightly above the mean in October 
which prevented more severe ozone loss from taking place. As a result, all metrics of the ozone hole reported in this work 
were close to their median values, ranked between 16th and 21st of the 35 years assessed. In many respects, the 2014 ozone 
hole resembled those of the early 1990s, with less severe depletion measured than during the 1996-2001 peak period. Given 
meteorological conditions were close to average, the modest ranking of the metrics is suggestive that the ozone hole is now 
responding to declining levels of ozone depleting substances in the stratosphere (as indicated by the decline in EESC).  

A comparison of the historical ozone hole metrics from the peak period of 1996-2001 to the 2009-2014 period 
suggests that ozone hole recovery may have commenced based on the 15-day average ozone minima and integrated ozone 
mass deficit metrics using simple statistics, but the decline in the 15-day average ozone hole area is not yet statistically 
significant.  
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Figure 7 Total column ozone in Dobson units ( left axis) from OMI measurements and daily ground-based UV Index 
measurements ( right axis) during 2013 for (a) Casey (66.3˚S, 110.5˚E) and (b) Mawson (67.6˚S, 62.9˚E) 
and (c) Davis  (68.6°S, 78.0°E). The 220 DU ozone hole threshold is also marked ( left axis). 

(a)  

(b)  

(c)  
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Figure 8 Ultraviolet (UV) Index averaged over September to December for 2007-2014 from daily measurements at 
Casey, Davis and Mawson. 
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Appendix 

Polar temperatures and atmospheric indices 

Figure 9a shows monthly mean temperature anomalies for the latitude range 90°S to 65°S from the National Centers for 
Environmental Prediction (NCEP) Reanalysis-2 data (Kanamitsu et al., 2002) with respect to the base period 1979-2013 for 
three pressure levels. At the 50 hPa and 100 hPa levels, temperatures were within 1.5 K of the long term mean for all months, 
and the anomalies were generally mid-ranked in terms of exception compared with the preceding decade (rankings are indi-
cated at the top of each panel in Fig. 9a with a rank of 5 or 6 being mid-range). An exception was the January mean temper-
ature at 50 hPa, which as the lowest since 2004. Temperatures at 10 hPa were consistently below the climatological mean in 
all months except November. For the period January to March, the 10 hPa temperatures were amongst the coldest since 
2004. During the remainder of the year, the rankings of the anomalies at this pressure level were generally unexceptional. 
In particular, the October and November averages at 50 hPa and 100 hPa did not show the pronounced warm anomalies 
observed in 2012 and 2013 (Klekociuk et al. 2014b, 2015), or the pronounced cold anomalies seen in these months in 2010 
and 2011 (Klekociuk et al. 2011, 2014a). 

During 2014, the NCEP standardised 30 hPa Quasi-Biennial Oscillation (QBO) index (URL 
http://www.cpc.ncep.noaa.gov/data/indices/qbo.u30.index) was decreasingly positive (eastward) up to April, and progres-
sively became more negative (westward) from May through the remainder of the year (eastward; Fig. 9b, top panel). The 
QBO modulates the ability of upward propagating planetary waves to influence extratropical latitudes in the winter hemi-
sphere, and the negative phase favours a stronger and less disturbed polar vortex (Baldwin and Dunkerton, 1998; Watson 
and Gray, 2014). 

The surface standardised Southern Annular Mode (SAM) index (Marshall, 2003 and URL http://www.antarc-
tica.ac.uk/met/gjma/sam.html) (Fig. 9b, middle panel) was mostly positive during the year, but generally within two standard 
deviations with respect to the 1979-2001 base period (the exception being December when the value of the index was +2.5). 
See Klekociuk et al. (2015) for a discussion of the significance of SAM index values in relation to tropospheric and strato-
spheric wave dynamics. The bottom panel of Fig. 9b shows the SAM index for 50 hPa evaluated using empirical orthogonal 
function analysis of NCEP Reanalysis-2 data, following the approach used by the NOAA Climate Prediction Center for their 
700 hPa Antarctic Oscillation index (URL http://www.cpc.ncep.noaa.gov/products/precip/CWlink/daily_ao_in-
dex/aao/aao_index.html). The 50 hPa SAM index was generally weakly negative in 2014, except in June and December 
when it was weakly positive. Generally the QBO and SAM indices were indicative of a strong and stable polar vortex with 
relatively low levels of dynamical disturbance, which contrasted with the situation in the spring of 2013 (Klekociuk et al., 
2015).  

Returning to temperature conditions, a further representation of NCEP Reanalysis-2 temperatures is shown in Fig. 
10, which show the pressure-time structure of the climatological zonal mean anomaly for the latitude band 55°S - 75°S. Up 
to mid-September, the generally cold temperatures noted at 10 hPa Fig. S1a are apparent. Short episodes of warming oc-
curred in the upper levels late in each of July, August and September, as well as mid-October. The September and October 
warmings extended to the lower levels, but were less pronounced than the overall warming at these levels that occurred in 
the spring of 2013 (Klekociuk et al., 2015). 

Daily temperature anomalies averaged over the Antarctic region obtained from measurements by the Microwave 
Limb Sounder (MLS) on the Aura spacecraft (Schwartz et al., 2008) are shown in Fig. 11. This figure shows that temperature 
anomalies throughout the winter and spring were relatively weak and isolated. In particular, the transition to summer was 
devoid of any significant disturbances at all levels, which contrasted with 2013 for which the lower stratosphere was mark-
edly warm while the upper stratosphere and upper mesosphere were markedly cold (Klekociuk et al. 2015, Fig. 9). 

Dynamical activity 

The poleward transport of heat provides a useful indicator of dynamical disturbances to the polar atmosphere produced by 
planetary waves at low- and mid-latitudes. Figure 12 shows the evolution of heat flux (measured by the product of the zonal 
anomalies in temperature and meridional wind speed) during 2014 using assimilated meteorological data from the United 
Kingdom Meteorological Office (UKMO). Outbreaks of poleward heat transport in the mid- and upper stratosphere (pressure 
levels 10-0.2 hPa) primarily occurred in mid-July, late August and mid-September (top panel of Fig. 12). The penetration of 
heat to higher latitudes was generally confined above the height of the 10 hPa level, except in September and more signifi-
cantly in October when poleward heat transport extended into the lower stratosphere (bottom panel of Fig. 12). 
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Figure 9(a)  Monthly temperature anomalies (K) from zonal means for the latitude range 65°S to 90°S from NCEP Rea-
nalysis-2 data relative to the monthly climatology for 1979-2012 at pressure levels of 10 hPa (top), 50 hPa 
(middle) and 100 hPa (bottom). Coloured bars show monthly anomalies for 2013, and diamonds connected by 
solid lines show maximum and minimum anomalies for 1979-2013. Numbers at the top of each panel are the 
rank of 2013 relative to years 2004-2013 (1 [10] = most positive [most negative] anomaly), and numbers at 
the bottom of each panel are values (K) of the monthly anomalies for 2013. Values for 2012 are shown as 
black crosses. 
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Figure 9(b)  Monthly (top) NCEP standardised 30 hPa Quasi-Biennial Oscillation (QBO) index, (middle) standardised 
surface Southern Annular Mode (SAM) index (Marshall, 2003), and (bottom) standardised SAM index eval-
uated at 50 hPa (see text for details). The indices are expressed in standard deviations relative to base period 
of 1983-2012 (for QBO) and 1979-2000 (for SAM). Diamonds connected by solid lines show maximum and 
minimum anomalies for each index over the period 1979-2013. Values for 2012 are shown as black crosses. 
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Figure 10  Pressure-time cross section of the 2014 NCEP Reanalysis-2 zonal mean temperature anomaly in the lower 
stratosphere for the latitude range 55°S - 75°S with respect to the 1979-2013 climatology. Red (blue) colours 
indicate warmer (colder) than climatological conditions. 

 

Figure 11  Daily time-height section of anomalies of the zonal average air temperature over latitudes 65°S to 85°S from 
Aura Microwave Limb Sounder (MLS) quality controlled version 3.3 data for 2014. The anomalies are eval-
uated relative to the base period of 8 August 2004 (the start of measurements) to 31 December 2013. The solid 
black line marks the height of the warm-point stratopause in 2013, while the white dashed line marks the 
average warm-point stratopause height over the climatological period. The white bar marks missing data. 
Single diagonal hatches marks anomalies that are outside the interdecile range based on measurements prior 
to 2014. Crossed diagonal hatching marks anomalies that are at the daily maximum or minimum value for all 
measurements up to and including those of 2014. 
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Figure 12 Daily eddy heat flux for 2014 averaged between latitudes of (a) 35°S to 55°S and (b) 65°S and 85°S as a 
function of pressure evaluated from UKMO Stratospheric Assimilated Data (Swinbank and O’Neill, 1994). 
Negative values indicate poleward transport of heat. The zero contour is outlined in white 

 (a)  

(b)  
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The Polar Vortex 

Time-series of proxies for the areal extent of the stratospheric polar vortex are shown in Fig. 13 for the 450 K and 850 K 
isentropic surfaces. For both isentropes, the vortex area was notably above the long-term average during July and August 
(being close to the 95th percentile over the 1993-2013 base period during these months), but otherwise generally close to the 
climatological mean throughout the year. Overall, the decay of the vortex generally followed the climatological mean, and 
the dates of eventual breakdown at the two levels (late-December and late-September at 450 K and 850 K, respectively) was 
not exceptional. 

Daily time-series of vortex-average time-derivatives of temperature, ozone mixing ratio and chlorine monoxide 
(ClO) mixing ratio for isentropic levels of 450 K (~18 km height) and 850 K (~31 km height), are shown in Figs. 14a and 
14b, respectively, along with climatological means and percentiles. The time-series are constructed using soundings from 
the Aura Microwave Limb Sounder (MLS), and estimates of the vortex edge location are derived from the GEOS5 meteor-
ological reanalysis (Manney et al., 2007). As discussed by Manney et al. (2007), location of the vortex edge can be prob-
lematic, particularly outside of winter in the lower stratosphere, and no account has been made here for biases introduced by 
incorrect diagnosis of the vortex position. As discussed above in relation to Fig. 13, the vortex was rapidly breaking down 
on the 450 K and 850 K isentropes during mid-December and mid-October, respectively, so the behaviour of the time-series 
show after these dates in the relevant parts of Fig. 14 should be treated with caution. 

The temperature trend time-series of the top panel in each of Figs. 14a,b (black line) show episodes of enhanced 
warming (maxima in the time derivative) throughout the interval shown. The warming episodes on the 850 K isentrope in 
late-August (~day 235), mid-September (~day 260) and mid-October (~day 285) correspond to periods of enhanced plane-
tary wave activity (as indicated by corresponding episodes of poleward heat flux shown in Fig. 11). Smaller corresponding 
perturbations are also apparent on the 450 K isentrope. In Fig. 14a, ozone shows an increasing loss rate up to approximately 
day 260; up to this date, ClO showed growth indicating that ozone was undergoing catalytic destruction. Overall, it can be 
seen that the behaviour of the time derivatives of ozone and ClO shown in Fig. 14a for 2014 do not appear notable in 
comparison with the climatological indicators shown.  

On the 850 K isentrope, the ozone time derivative shows a feature near day 260, which is repeated in each year of 
MLS measurements. Over the 4 week period around this date, ozone concentrations show an initial decline, then rapid 
growth, which is followed by a less pronounced decline that subsequently relaxes. Over the 4 weeks leading up to day 260, 
both temperature and ClO show general increases.  The ClO increase suggests in part that that some of the initial decline in 
ozone was driven by catalytic reactions. However the timing of warming in temperature suggests that other processes are at 
play, potentially including horizontal transport of ozone-rich air into the vortex (providing the transient ozone increase before 
day 260), and upward mixing of ozone-depleted air (providing the transient ozone decrease after day 260). In terms of the 
behaviour during 2014 shown in Fig. 14b, the time derivatives of temperature and ClO between days 220 (8 August) and 
245 (2 September) were at times outside of the 10th or 90th percentiles of the climatological period. This period generally 
corresponded to enhanced poleward heat flux at high southern latitudes near the 10 hPa level (Fig. 11b), and generally below-
average area of the vortex on the 850 K isentrope (Fig. 13b). 
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Figure 13 Southern Hemisphere vortex area evaluated on potential temperature (θ) surfaces of (a) 450 K (~18 km height) 
and (b) 850 K (~31 km height). The time-series for 2013 is shown in black; the blue time-series is the mean 
for 1992-2013, while the lower and upper red time-series in each graph show the 5th and 95th percentiles, 
respectively, for 1992-2013. The vortex area is evaluated using data from the UKMO stratospheric assimila-
tion, and represents the surface area enclosed by potential vorticity contours of (a) -30 PVU and (b) -600 PVU. 

(a)  

(b)  
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Figure 14 Time derivative time-series of vortex-average parameters on isentropic surfaces of (a) 450 K and (b) 850 K 
obtained from Aura MLS v3.3 daily swath measurements. (a) Temperature (T) time derivative. Middle: Ozone 
(O3) mixing ratio time derivative. (b) Chlorine Monoxide (ClO) mixing ratio time derivative. Daily values are 
shown for 2014 (black line), the mean for 2004-2013 (red line), and the 10th and 90th percentiles over 2004-
2013 (dashed grey line). To produce the daily data, swath profiles passing the recommended MLS data quality 
criteria were interpolated to each isentropic surface and then averaged within the inner edge of the polar vortex 
defined by Nash et al. (1996) using information provided by the MLS Derived Meteorological Product (Man-
ney et al., 2007). A 7-day running average was then applied to the daily values before calculating the time 
derivative. Because the first MLS measurements were made on 8 August 2004, and subsequent measurements 
are not available for all days, daily averages and percentiles are not necessarily evaluated over all years be-
tween 2004 and 2013. 

(a)  
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