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Abstract

13 yr of ozonesoundings at the Antarctic Belgrano II station (78◦ S, 34.6◦ W) have been
analyzed to establish a climatology of stratospheric ozone and temperature over the
area. The station is inside the polar vortex during the period of development of chemi-
cal ozone depletion. Weekly periodic profiles provide a suitable database for seasonal5

characterization of the evolution of stratospheric ozone, especially valuable during win-
ter time when satellites and ground-based instruments based on solar radiation are
lacking. The work is focused on ozone loss rate variability (August–October) and its re-
covery (November–December) at different layers identified according to the severity of
ozone loss. The time window selected for the calculations covers the phase of a quasi-10

linear ozone reduction, about day 220 (mid August) to day 273 (end of September).
Decrease of the total ozone column over Belgrano during spring is highly dependent
on the meteorological conditions. Largest depletions (up to 59 %) are reached in cold-
est years while warms winters exhibit significantly lower ozone loss (20 %). It has been
found that about 11 % of the total O3 loss in the layer where maximum depletion oc-15

curs takes place before the sun has arrived as a result of transport of lower latitude air
masses, providing evidence of mixing inside the vortex. Spatial homogeneity of the vor-
tex has been examined by comparing Belgrano results with those previously obtained
for South Pole Station (SPS) for the same altitude range and for 9 yr of overlapping
data. Unexpected results show more than 25 % larger ozone loss rate at SPS than at20

Belgrano. It has been found that the accumulated hours of sunlight are the dominant
factor driving the ozone loss rate. According to the variability of the ozone-hole recov-
ery, a clear connection between the timing of the breakup of the vortex and the monthly
ozone content was found. Minimum ozone concentration of 57 DU in the 12–24 km layer
remained in November for the longest vortex, while years when the final stratospheric25

warming took “very early”, mean integrated ozone rises up to 160–180 DU.
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1 Introduction

The discovery of the Antarctic ozone hole in the late 1980s (Farman et al., 1985) inten-
sified interest in stratospheric chemistry for a better understanding of the chemical and
dynamics processes involved. At present, one of the main goals for the stratospheric
ozone community is to detect the expected ozone recovery thanks to the Montreal Pro-5

tocol for the Protection of the Ozone Layer and its amendments (WMO, 1995, 2007,
2010) which led to the reduction in the abundance of anthropogenic ozone depleting
substances (Weatherhead and Andersen, 2006) and taking into account the complex
processes between ozone and climate change.

Behind the direct consequences caused by the reduction of the ozone layer as the10

increase levels of ultraviolet radiation at the surface (Frederick et al., 1991; McKenzie
et al., 1991; Lubin et al., 1995), the impact of the ozone hole goes further. Recent
studies based on coupled chemistry climate models have shown that stratospheric
ozone affects the whole atmospheric circulation in an unexpected number of ways (Son
et al., 2009). For instance, ozone depletion seems to have contributed to increasing the15

Southern Annular Mode (SAM) index (Arblaster and Meehl, 2006), poleward shifting of
the westerly jet in mid-latitudes and increasing global tropopause height (Santer et al.,
2003). Models predict that these changes will probably reverse due to the ozone recov-
ery (Son et al., 2009). Thus, in recent years, great attention has been paid to the timing
of ozone recovery. Chemistry climate models are an excellent tool to investigate how20

the decreasing in atmospheric halogen compounds loading to natural “background” lev-
els, will lead to stratospheric ozone recovery in the near future (Austin et al., 2010). On
the other hand, several indexes are commonly used to quantify and study the variability
of the Antarctic ozone depletion like minimum total ozone, ozone hole area (Stolarski
et al., 1990; Bodeker et al., 2005) and ozone mass deficit (Uchino et al., 1999; Huck25

et al., 2007). However, for individual stations, ozone loss rate is used in many stud-
ies to assess the degree of the severity of the ozone depletion. Long term series of
ozone loss rate have been used to detect ozone changes as a consequence of a de-
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cline of the equivalent effective stratospheric chlorine (EESC) levels. Assuming a linear
relationship between ozone loss rate and EESC, Hassler et al. (2011), found that a re-
duction of the ozone loss rate at South Pole station will be detectable in 2017–2021
period. In recent years, estimations of the ozone loss rate based on different satellite
instrumentation (Tilmes et al., 2006; Sonkaew et al., 2011), ground-based instrumenta-5

tion (Kuttippurath et al., 2010) and balloon-borne measurements (Hassler et al., 2011;
Hoffman et al., 2009) for the Antarctic region have been published.

The severe Antarctic ozone destruction is followed by its recovery in summer months.
By the end of October or beginning of November, polar vortex begins to weaken, caus-
ing an exchange of air masses between vortex and extra-vortex air. When the vortex10

breaks up, ozone-rich air from outside replaces the ozone hole region and ozone starts
its recovery. The rate and the timing of the recovery will be influenced by the meteo-
rological conditions of the polar vortex. Several works have analyzed the interannual
variability of the vortex break-up using different criteria (Waugh et al., 1999; Haigh and
Roscoe, 2009; Black and McDaniel, 2007) and have exhibited a trend in the persistence15

of both polar vortices.
In the present paper, previous studies of the variability of the ozone loss in the

Antarctic region, are extended using 13 yr of ozonesonde measurements at Belgrano
II, a station located well inside the polar vortex where the ozone hole occurs each
year (Parrondo et al., 2007). Results are compared to those at South Pole Station20

(SPS hereafter) (Hofmann et al., 2009). Interannual evolution of the ozone recovery in
November and December has been analysed as well.

The paper is organized in 5 sections. After introduction, Sect. 2 describes the data
used for the work. In Sect. 3, the methodology applied for ozone loss rate calculation
and diagnostic of the polar vortex are presented. The main results are shown in Sect. 425

divided in five parts. Finally, a summary and the main conclusions will be exposed in
Sect. 5.
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2 Measurements

The ozonesounding programme at Belgrano II Antarctic station started in June 1999
as a joined effort between Argentinean Dirección Nacional del Antártico (DNA) and
Instituto Nacional de Técnica Aerospacial (INTA). Since then, ozonesondes have been
regularly launched at a frequency of 2 profiles per month during summer and au-5

tumn months and up to 6–10 profiles in winter and spring months on Wednesdays
at 12:00 GMT, whenever possible. Electrochemical concentration cells (ECC) from two
manufacturers have been used: SPC-6A (Science Pump Corporation) and ENSCI-Z
(En-SCI Corporation). Chemical sensing solutions for both types of sondes have been
prepared following the recommendations of each manufacturer. The standard cath-10

ode solution used was 1 % KI buffered for SPC-6A (Komhyr et al., 1995) and 0.5 % KI
buffered for ENSCI-Z type (EN-SCI Corporation, 1996). The sonde was interfaced to
a meteorological radiosonde from Väisala for pressure, temperature and humidity data.
The entire system is flown on a TOTEX balloon (TX-1200) filled with helium. Balloons
were dip-oil treated to reduce the occurrence of low burst height under very cold con-15

ditions, being the mean burst altitude under normal conditions around 30 km. A TSC-1
ozonizer/test unit (manufactured by Science Pump Corporation) was used for the cali-
bration and preparation of sondes according to the recommendations given by Komhyr
(1986). Laboratory studies performed to assess the quality and reliability of ozoneson-
des show that sondes operated according to standard operating procedures for ECC20

sondes can yield a precision of 3–5 % and 5–10 % accuracy up to 30 km altitude (Smit
et al., 2007; Deshler et al., 2008; WMO, 2011).

For each sounding, the ratio between total ozone column obtained by an indepen-
dent nearby instrument and the integrated ozone from the ozonesonde profile plus the
residual ozone has been calculated as a quality control parameter (Logan et al., 1994).25

Based on the criterion that the ratio should be on the 0.8–1.2 range (maximum allowed
discrepancy 20 %) a total of 2 % of the profiles were rejected. Residual ozone from the
balloon burst altitude to the top of the atmosphere has to be estimated. Several meth-
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ods can be used for this purpose, giving differences about 10–20 DU (Thompson et al.,
2003). In this work residual ozone was calculated assuming a constant mixing ratio
above the balloon burst altitude if the balloon reaches 17 hPa (Claude et al., 1987). For
reference, total ozone data from Total Ozone Mapping Spectrometer (TOMS) version 8
and from Ozone Monitoring Instrument (OMI) on board the Earth Probe satellite, and5

NASA’s EOS-Aura respectively, as well as total ozone from the Brewer spectrometer
installed at Belgrano station have been used.

3 Methodology

3.1 Selection of layers and time window

Three contiguous layers in the lower stratosphere can be identified as being affected by10

the ozone depletion. Selection of the boundary levels have been made according to the
degree of severity in its maximum phase (October) with respect to the mean “normal”
ozone profile (Kuttippurath et al., 2010). Figure 1 displays the mean profiles used for
layers selection. We followed Lee et al. (2000) to select the “normal” reference as the
mean profile of all available soundings from 15 June to 15 July (blue line in Fig. 1). For15

the most depleted period the mean ozone profile was computed from the subset of the
minimum profile registered each year (black line). Minimum ozone values are generally
observed by the end of September or early October. The three regions identified are
the following: the first one extends from the lowest part of the stratosphere, 12 to 15 km;
the central layer extends from 15 to 21 km, and the top one from 21–24 km. The ozone20

removal is almost complete in the central layer (95±2.3 %) whereas in regions below
and above only about half of the ozone is destroyed. The degree of ozone loss in each
region agrees with values given by Solomon et al. (2005) and Hofmann et al. (2009)
for South Pole station. The low standard deviation, represented as a shadowed area,
provide information on the low inter-annual variability in the shape of the maximum25

depleted ozone profile.
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The general evolution of ozone loss inside of the polar vortex exhibits a phase of
a slow ozone decline, followed by a period of quick ozone destruction. The timing of
each phase for a specific station depends on the geographic position with respect to
the polar vortex (Kuttippurath et al., 2010). The time window of our study is focused on
the period when the ozone decrease is nearly linear in time, and has been determined5

for each of the regions by the mean ozone evolution for the 1999–2011 dataset.

3.2 Vortex edge and position of the station with respect to the polar vortex

The position of the polar vortex and its boundaries has been calculated for each
day from 1 May to 31 December using the widely accepted method of Nash
et al. (1996). Potential vorticity from European Centre for Medium-Range Weather10

Forecasts (ECMWF) truncated to T106 horizontal resolution (1.125◦ ×1.125◦) at the
isentropic level of 475 K has been used. The isentropic level of 475 K has been chosen
for the study as it represents a mean level of the low stratosphere where the maximum
ozone number density is observed. Each day was classified in three groups according
to the position of the station with respect to the polar vortex: inside, outside and at the15

edge of the polar vortex.

3.3 Breakup of the polar vortex

The common criteria used to determinate the date of the spring breakdown of the
polar vortex are based on the time when the parameters considered to diagnose the
vortex reach a predetermined threshold. In this work, potential vorticity and zonal winds20

are used to characterize the behaviour of the polar vortex. The first criterion defines
the breakup as the date when the equivalent latitude of potential vorticity at 500 K
for PV=46 PVU (1 PVU=10−6K m2 s−1 kg−1) is above 80◦ (Waugh et al., 1999). The
second criterion determines the stratospheric final warming date as the day when the
running 5 day average of the zonal-mean wind at 50 hPa and 70◦ S becomes negative25
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and does not change to values higher than 5 ms−1 until next year (Black and McDaniel,
2007).

4 Results

4.1 Ozone and temperature seasonal evolution

Figure 2 displays the time-height cross-section for ozone and temperature at Belgrano5

based on climatological monthly mean profiles. Year-to-year variations of ozone and
temperature tend to cancel in the climatology. In January, ozone reaches a maximum
at an altitude of 22 km and a concentration of 14 mPa. From that date onward, the
maximum descends at a rate of 30 mday−1 in summer and 17 mday−1 afterwards. De-
scent is faster in the upper levels. The lowering in the height of the maximum is partially10

a consequence of an O3 reduction in the 25–38 km layer height due to NOx catalytic cy-
cles (Osterman et al., 1997; Fahey and Ravishankara, 1999; Crutzen and Bhrul, 2001)
poleward of 70◦ (Cordero and Kawa, 2001) in a season where the meridional transport
is small, but also due to descent of the downward branch of the Brewer–Dobson cir-
culation. This climatological picture is close to the 3–7 km of descent over an 8 month15

period extending from 1 March to 31 October that Rosenfield et al. (1994) found for
the years 1987–1992 using National Meteorological Center (NMC) temperatures and
a radiation model.

From the ozonesonde record alone it is challenging to detect any evolution summer
in total ozone column due to large scattering in integrated data but also because the20

upper part of the stratosphere is truncated. OMI data (not shown), however, display
a clear signature of a slow decline of no more than 0.25–0.4 DUday−1 which is abruptly
stopped when the vortex edge passes over the station. Inside the vortex, and before
chemical depletion takes place, a slight increase in ozone is attributed to air subsiding
by diabatic cooling (Christensen et al., 2005).25
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The ozone hole phase starts with the arrival of solar radiation and proceeds almost
simultaneously at all levels. The recovery, on the other hand, starts from above before
the maximum depletion takes place, in mid October, preventing the total ozone col-
umn from becoming even lower. The ozone enriched air resulting from poleward eddy
transport arrives to the polar region when the vortex edge barrier disappears (Miyazaki5

et al., 2005) and propagates downwards at a rate of 74 mday−1. It is worth noting that
chemical ozone depletion extends until January in the 12–15 km layer.

The temperature structure is dominated by the winter radiative cooling, reaching
minimum temperatures at 21 km. Height and time of Polar Stratospheric Clouds (PSC)
presence defined by the threshold temperature for the existence of nitric acid trihydrate10

(NAT) (Hanson and Mauersberger, 1988) extends from May to late October with a large
vertical extension of over 15 km, covering a 58 % of the mid and low stratospheric
region (12–30 km) from May to October. Minimum temperature takes place by the end
of July at 21 km. As spring proceeds, heating at upper levels propagates downwards
quite in coincidence with ozone increase at a mean rate about 0.5 ◦Cday−1. By the15

beginning of March the lower stratosphere remains essentially isothermal.

4.2 Seasonal evolution of ozone in the layer where complete ozone depletion
takes place (15–21 km)

Figure 3 displays a 30 day running mean of ozone partial column over Belgrano in the
layer where the maximum depletion takes place (15–21 km) for all available soundings.20

Four clear phases can be identified. In phase I, ozone increases from January to mid
June, when annual maximum values are reached. Afterwards two periods of ozone de-
crease are observed. In the first one (phase II) the decay is attributed to dilution effects
of poor ozone air from lower latitudes where ozone loss has already started (Roscoe
et al., 1997) providing evidence that a low but not negligible mixing takes place inside25

the vortex (Lee et al., 2001; Roscoe et al., 2012). During this period, the partial col-
umn has decreased by almost 11 % with respect to the maximum occurring on day 160.
Studies based on backward trajectories have shown how ozone depleted air from lower
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latitude regions exposed to sunlight and in the presence of PSC could be transported
poleward reducing the ozone content at higher latitudes (Sato et al., 2009). In phase III,
a direct chemical depletion evolves almost linearly from day 220, just after the arrival
of sunlight, and onwards. Green-blue thick curve for 78◦ S shows the hours of sunlight
at a height of 25 km. Minimum O3 partial column is reached by early October (day5

number 277), 57 days after the arrival of light at 25 km altitude. Typical ozone residual
in this layer is of only 5 % of the winter values. Mean ozone depletion in this phase is
2.0 DUday−1. After minimum occurrence, the ozone recovery also takes place linearly
at a slower rate of 0.78 DUday−1 and, as previously mentioned, is due to a downward
propagating refill from the top of the layer (phase IV). Red thick line represents the10

daily mean distance from the vortex edge to the station in terms of equivalent latitude
at the isentropic level of 475 K (approximately 18 km). Negative values indicate that
the station is inside the vortex. The figure shows that Belgrano is located well inside
the vortex at this level from mid-May to early December. At upper levels, however, the
vortex starts to collapse earlier as can be seen by the O3 increase in phase IV.15

4.3 Ozone loss rate and variability

Figure 4 shows ozone loss time series with respect the August value in percent (left
scale) and the corresponding ozone loss rate (right scale). Decrease of the total ozone
column over Belgrano during spring varies from 20 % to 59 %, depending on the year.
The total amount of ozone depleted is on the top of the bars. The largest ozone loss of20

about 140–160 DU (55–60 %) were observed in coldest years (2000, 2003 and 2006)
while lowest loss of ozone, 57 DU (20 %), occurred in 2002 due to the unprecedented
major warming over the Southern Hemisphere in spring, and the vortex split into two
centres (Charlton et al., 2005; Hoppel et al., 2003). Other warm winters like 2004 and
2010 exhibit lower ozone loss of 123 DU (46 %) and 77 DU (33.7 %), respectively.25

When dividing the atmosphere into the three layers described above, details on
ozone loss rate inter-annual variability can be better observed. Figure 5 shows how
the main pattern is observed at all levels, providing evidence that ozone loss rates are
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mainly affected by the deep vortex structure rather than by effects in individual lay-
ers. Interannual variability is largest in region II, where the depletion is more severe
and its contribution to the overall total ozone column reduction is maximum. Layers
exhibit standard deviations ranging on 0.14–0.30 DUday−1. If considering relative vari-
ability, the contribution is largest in region III (83.4 %) and might be related to the larger5

temperature variations resulting from stratospheric minor warmings occurring at higher
altitudes. The main observed feature is a reduction of the ozone loss in 2002, reaching
values below two standard deviations. The anomalous behaviour of the atmosphere
in that year was a consequence of the already mentioned vortex splitting. As a re-
sult, stratospheric temperature rose fast inside the vortex. Over Belgrano, a dramatic10

temperature increase of 54 ◦C at the isentropic level of 700 hPa was observed by two
consecutive soundings separated by one week. The ozone depletion process was sud-
denly stopped and a fast poleward transport of ozone-enriched mid-latitude air arrived
the station at all levels above 550 K affecting also the levels below that height (Yela
et al., 2005).15

Year 2010 is also an interesting case. Ozone loss rate is the second lowest of the
data series and in the top layer is even positive. Positive ozone loss rate indicates an
increase in ozone during the period considered. However this case cannot be inter-
preted as if the ozone destruction hasn’t taken place, but the ozone depletion finished
earlier than the time window considered. This fact is related to a July minor Sudden20

Stratospheric Warming (SSW) covering the polar region, resulting in an increase of
temperature of 20 ◦C in less than two weeks, leading to the evaporation of PSC and
a deactivation of halogen species. Areas of potential PSC-I (NAT) presence have been
calculated for 2010 assuming values of 5 ppmv H2O and 9–10 ppbv HNO3 (Müller et al.,
2001) (Fig. 6). In 2010, after the mentioned Minor Warming the area of potential pres-25

ence of PSC I was 20 % lower than the mean values for the period 1999–2011. The
total integrated area in 2010 was 9 % lower than the mean area. Less PSCs result
in less halogen activation and hence, less O3 depletion. In addition, de Laat and van
Weele (2011) found, using Microvawe Limb Sounder (MLS) data, an enrichment of wa-
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ter vapor in the 10–50 hPa layer which strongly modified the chemical composition of
the region and inhibited the destruction process.

Year-to-year ozone loss rates are influenced by a number of factors which are not
independent of each other: ozone-depleting substances (ODS) present when the sun
arrives, winter temperature, sunlight available, and the amount of ozone present when5

depletion starts. In Fig. 7 ozone loss rates are plotted against the amount of ozone
partial column by the time when direct depletion takes place to show that the amount
of “initial” ozone plays a role in determining the individual year ozone loss rate. When
the anomalous year is excluded from the analysis, the correlation coefficient is −0.69
indicating an ozone loss rate dependence on the initial ozone. The same result was10

found in a previous study for the South Pole station (Hofmann et al., 2009). Winter
ozone is determined by dynamics through planetary wave forcing of the mean merid-
ional circulation. Years with a positive anomaly in ozone are related to a larger poleward
transport (Weber et al., 2011) as can be seen by the high correlation of ozone anomaly
with Eliassen–Palm (EP) flux anomalies at 70 hPa at high latitudes of Southern Hemi-15

sphere (Salby et al., 2011). Therefore, inter-annual variability in dynamical forcing from
planetary waves has a strong influence on the ozone loss rate as pointed out by other
studies (Kravchenko et al., 2012; Weber et al., 2011).

Stratospheric temperature and the strength of the polar vortex play also major roles
in the amount of ozone and the rate of depletion. A strong correlation between ozone20

loss and volume of PSCs (r = 0.9) has been found in the Arctic (Rex et al., 2004, 2006;
Harris et al., 2010). In Antarctica, the interannual variability based on the correlation
is meaningless since PSC occurrence reaches the saturation level inside the vortex
(Yang et al., 2008). In many years the ozone loss rate is very similar (see years 1999,
2000, 2003, 2004, 2005 and 2006). Only in warm years there is a reduction in ozone25

loss rate which becomes apparent in 2010 and in the extreme case of 2002 mentioned
above.

Recent studies based on larger time series have compared ozone loss rates in dif-
ferent periods finding a change in the trend for periods before and after 1996. For
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instance, Yang et al. (2008) found a decline in rate of ozone loss since 1997, statisti-
cally significant at the 95 % confidence level, and conclude that the reduced amount of
halogen over the past decade has contributed to the first stage of ozone recovery in
the Antarctic region. Positive ozone trends were also reported by Austin et al. (2010)
and Kiesewetter et al. (2010) during 2000–2009 using a chemistry transport model,5

however they attributed this fact mainly to changes in meteorology as the reduction in
stratospheric halogen loading is still small in this period. From the limited ozonesonde
time series at Belgrano no significant trend can be observed.

4.4 Ozone distribution within the vortex: Belgrano versus South Pole

Ozone loss rates from Belgrano have been compared with those obtained for SPS10

(Hofmann et al., 2009) for the same period in order to examine the vortex spatial homo-
geneity. In Hofmann et al. (2009) the month of September has been used for computing
ozone loss rate at SPS. Results show larger ozone loss rates at SPS by as much as
25 % for the 1999–2009 overlapping period (Fig. 8). Such a large difference in ozone
loss rate between two stations located clearly inside the Antarctic vortex was not an15

expected result. The period of stratospheric temperatures low enough for PSC forma-
tion over SPS starts few days earlier than that at Belgrano and ends at the same time.
The difference in time between the two stations is too small compared to the overall
period of 16–17 weeks of potential PSCs over continental Antarctica (not shown). In-
terestingly, the phase of almost linear ozone loss rate over SPS starts well before the20

arrival of the sunlight. Figure 9 displays the mean value of the ozone partial column
in a layer between 15–21 km as in Fig. 3 but with the SPS data included. As already
shown, sunrise at a height of 18 km over Belgrano coincides with the change in the
slope of the ozone loss rate toward larger values. In SPS, almost half of the total ozone
amount has been depleted before sunrise, instead. The ozone minimum is reached at25

same date, near days 275–280. Accumulated hours of sunlight at 18 km for both sta-
tions are also drawn. Larger rates of accumulated light seem to be the responsible of
the larger ozone loss rate observed.
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Accumulated solar radiation during the first four weeks in Belgrano is about 200 h
leading to activate less ODS than in SPS in four weeks as the accumulated sunlight
here is 550 h. It can be seen that when the minimum is reached, both stations have ac-
cumulated 590 h of sunlight, which seems to be the amount required for the saturation.
Santee et al. (2008) found a positive chlorine gradient toward the pole for this season5

by analysing AURA-MLS data and partial contribution of this effect to the observed
ozone loss rate at SPS cannot be excluded.

4.5 Ozone variability in November and December

The top panel in Fig. 10 displays the integrated total ozone column from 12–24 km
(the three layers considered) in November and December. A great interannual variabil-10

ity is observed, especially in November, with values ranging from 60–220 DU. During
the last few years, extreme low ozone values have been observed until the end of the
year. As already mentioned, in November the ozone budget is dominated by the ozone
eddy transport, this contribution being about 80 % of the total ozone transport (Miyazaki
et al., 2005). Taking into account that the strength of the eddy transport is strongly de-15

pendent on wave activity, on the strength of the polar vortex and on the presence of
a strong meridional ozone gradient (Monier et al., 2011), a relationship between the
persistence of low ozone content during November and December in the lower strato-
sphere and the behaviour of the polar vortex is expected. One of the parameters useful
to assess the strength of the polar vortex is the gradient of potential vorticity (Steinhorst20

et al., 2005). The mid-panel in Fig. 10 shows monthly meridional gradient of potential
vorticity at the isentropic level of 475 K averaged for all longitudes. Results show an
increase in the vortex strength during the last decade. These high values indicate that
the transport across the vortex is weak and can explain the low ozone values registered
during the last years. On the other hand, a weaker vortex brings about more exchange25

of air masses with high ozone from outside of the vortex, leading the ozone build-up.
Moreover, a strong vortex persisting until November and December is a signal of a late
polar vortex breakdown. The bottom panel shows the date of breakdown of the South-
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ern Hemisphere polar vortex calculated using the criteria defined in Sect. 3.3. The day
of the breakdown varies from early December to mid-January. It can be observed that in
the last years when the polar vortex has been stronger, the final breakdown takes place
later than for years with a less strong one. Some works have been done to analyze the
potential factors contributing to the evolution of the Antarctic polar vortex particularly5

focused on the delay in its breakdown (Haigh and Roscoe., 2009; Fogt et al., 2009;
Perlwitz et al., 2008; Gillett and Thompson, 2003). Their results have demonstrated
that ozone depletion is a major factor influencing the delay in the polar vortex breakup,
while the combined effects of solar activity, the phase of the quasi-biennial oscillation
and greenhouse gases exert a small influence. Thus, all of them play an important role10

on the rate of the ozone recovery.

5 Summary and conclusions

An ozone and temperature climatology has been constructed based on 13 yr of
ozonesonde data over the time period 1999–2011 at Belgrano station in Antarctica.
The seasonal ozone maximum takes place in January at an altitude of 22 km. From15

that date, a slow descent is observed at a rate of 30 mday−1 during summer, slowing
afterwards to 17 mday−1. Meteorological conditions for halogen activation are present
from May to late October. In this period, stratospheric temperatures below the threshold
for PSC-I cover a large vertical extent above 15 km, representing the 58 % of vertical
stratospheric region from 15 to 30 km. Minimum temperature takes place by the end20

of July at 21 km. As spring proceeds, heating at upper levels propagates downwards
quite in coincidence with ozone increase at a mean rate about 0.5 ◦Cday−1. By the
beginning of March the lower stratosphere remains essentially isothermal.

Total ozone depletion during spring varies from 20 % to 59 % of August values, de-
pending on the year. The largest ozone losses were of about 140–160 DU in coldest25

years while the lowest value of 57 DU (20 %) occurred in 2002 due to the unprece-
dented major warming over the Southern Hemisphere.
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An in-depth analysis of ozone variability was performed in three stratospheric lay-
ers in which ozone suffers chemical depletion. It has been observed that 11 % reduc-
tion of the ozone partial column in the most severely affected layer (15–21 km) takes
place when Belgrano is still in darkness, and is attributed to dilution effects with air
from a lower-latitude belt, where ozone depletion has already started. When sunlight5

reaches the station, an almost linear mean ozone loss rate of −2.0 DUday−1 is found.
By comparison with South Pole Station it was found that the ozone loss rate at the latter
station was over 25 % larger than at Belgrano and the ozone minimum was reached
simultaneously around day 275 (2 October) when the lower stratosphere above both
stations have received the same amount of light, around 600 h, suggesting that the10

amount of sunlight is the determinant factor controlling the ozone loss rate.
Finally, the analysis of the rate of the ozone-hole build-up in November and Decem-

ber shows a clear relationship between the persistence of low ozone content during
this period, the strength of the polar vortex and the timing of its final breakdown.
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 1 

 2 

Figure 1. Ozone mean profiles a) Winter profile typical of pre-O3 hole conditions (blue line). 3 

b) October-mean profile when depletion is at maximum (black line). Shadowed areas indicate 4 

one standard deviation. Three regions of study are shown. 5 
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Fig. 1. Ozone mean profiles (a) Winter profile typical of pre-O3 hole conditions (blue line). (b)
October-mean profile when depletion is at maximum (black line). Shadowed areas indicate one
standard deviation. Three regions of study are shown.
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 1 

 2 

Figure 2. Time-height cross-sections of ozone (upper panel) and temperature (lower panel) 3 

over Belgrano. Isothermal of -78ºC is plotted in white, defining approximately the boundaries 4 

of time and height where PSC formation is possible. 5 
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Fig. 2. Time-height cross-sections of ozone (upper panel) and temperature (lower panel) over
Belgrano. Isothermal of −78 ◦C is plotted in white, defining approximately the boundaries of
time and height where PSC formation is possible.
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 1 

 2 

Figure 3. Seasonal evolution of the 1999-2011 mean ozone in the layer 15-21 km (30-points 3 

running mean as orange stars). Daily mean distance from the vortex edge to Belgrano in terms 4 

of equivalent latitude computed for the same period (red solid line). Negative values means 5 

Belgrano inside the vortex. Hours of light at 78ºS (thick blue line) and 70ºS (dashed blue line) 6 

in the stratosphere (25 km). 7 
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Fig. 3. Seasonal evolution of the 1999–2011 mean ozone in the layer 15–21 km (30-points
running mean as orange stars). Daily mean distance from the vortex edge to Belgrano in terms
of equivalent latitude computed for the same period (red solid line). Negative values means
Belgrano inside the vortex. Hours of light at 78◦ S (thick blue line) and 70◦ S (dashed blue line)
in the stratosphere (25 km).
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 2 

Figure 4. Time series of ozone loss rate (red line and right scale) for the total column and 3 

ozone loss with respect the ozone in August in percent (bars and left scale). The total amount 4 

of ozone depleted is shown on the top of the bars. 5 
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Fig. 4. Time series of ozone loss rate (red line and right scale) for the total column and ozone
loss with respect the ozone in August in percent (bars and left scale). The total amount of ozone
depleted is shown on the top of the bars.
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Figure 5. Inter-annual evolution of the ozone loss rate in the 21-24 km layer (upper plot), 15-3 

21 km (middle plot) and 12-15 km (lower plot). Grey shadowed areas indicate one standard 4 

deviation 5 
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Fig. 5. Inter-annual evolution of the ozone loss rate in the 21–24 km layer (upper plot), 15–
21 km (middle plot) and 12–15 km (lower plot). Grey shadowed areas indicate one standard
deviation.
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 2 

Figure 6. Mean Area of potential polar stratospheric clouds (PSC-I) formation based on 3 

ECMWF analysis temperature for the period 1999-2011 (black line). Grey area represents one 4 

standard deviation. Area for the year 2010 is shown in blue line. 5 
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Fig. 6. Mean Area of potential polar stratospheric clouds (PSC-I) formation based on ECMWF
analysis temperature for the period 1999–2011 (black line). Grey area represents one standard
deviation. Area for the year 2010 is shown in blue line.
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Figure 7. Ozone loss rate versus the amount of ozone present when the direct ozone depletion 3 

starts for all years of measurements.  4 
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Fig. 7. Ozone loss rate versus the amount of ozone present when the direct ozone depletion
starts for all years of measurements.
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 2 

Figure 8. Time series of ozone loss rate at Belgrano (blue line) and at South Pole (red line) 3 

stations. 4 
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Fig. 8. Time series of ozone loss rate at Belgrano (blue line) and at South Pole (red line)
stations.
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 3 

Figure 9. 1999-2009 mean values of the ozone partial column for the 15-21 km layer (left 4 

scale) for Belgrano (red stars) and SPS (black diamonds). Solid lines represent the 5 

accumulated hours of light for both stations (same colour code, scale at the right side). 6 
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Fig. 9. 1999–2009 mean values of the ozone partial column for the 15–21 km layer (left scale)
for Belgrano (red stars) and SPS (black diamonds). Solid lines represent the accumulated hours
of light for both stations (same colour code, scale at the right side).
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Figure 10. Top panel shows integrated ozone column in the region 12-24 km in November 3 

and December. The vertical error bars indicate one standard deviation. Mean meridional 4 

gradient (60º-90ºS) of potential vorticity at the isentropic level of 475 K is displayed in mid-5 

panel. Lowest graph presents the day of the final breakdown of the Antarctic polar vortex 6 

from 1999 to 2011 based on Black et al., 2006 (squares) and Waugh et al., 1999 (triangles) 7 

definitions. 8 
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Fig. 10. Top panel shows integrated ozone column in the region 12–24 km in November and
December. The vertical error bars indicate one standard deviation. Mean meridional gradient
(60◦–90◦ S) of potential vorticity at the isentropic level of 475 K is displayed in mid-panel. Lowest
graph presents the day of the final breakdown of the Antarctic polar vortex from 1999 to 2011
based on Black et al. (2006) (squares) and Waugh et al. (1999) (triangles) definitions.
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