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[1] October mean total column ozone data from four
Antarctic stations form the basis for understanding the
evolution of the ozone hole since 1960. While these
stations show similar emergence of the ozone hole from
1960 to 1980, the records are divergent in the last two
decades. The effects of long-term changes in vortex shape
and location are considered by gridding the measurements
by equivalent latitude. A clear eastward shift of the mean
position of the vortex in October with time is revealed,
which changes the fraction of ozone measurements taken
inside/outside the vortex for stations in the vortex collar
region. After including only those measurements made
inside the vortex, ozone behavior in the last two decades
at the four stations is very similar. This suggests that
dynamical influence must be considered when interpreting
and intercomparing ozone measurements from Antarctic
stations for detecting ozone recovery and ozone-related
changes in Antarctic climate. Citation: Hassler, B., G. E.
Bodeker, S. Solomon, and P. J. Young (2011), Changes in the
polar vortex: Effects on Antarctic total ozone observations at var-
ious stations, Geophys. Res. Lett., 38, L01805, doi:10.1029/
2010GL045542.

1. Introduction

[2] The discovery of significant stratospheric ozone
depletion in the mid-1980s [e.g., Farman et al., 1985], and
the exposition of the chemistry responsible [e.g., Solomon
et al., 1986, Molina and Molina, 1987], led to the enact-
ment of the Montreal Protocol and its amendments and
adjustments. Under the Protocol, emissions of ozone
depleting substances (ODSs; compounds containing chlo-
rine and bromine), were significantly reduced and global
mean stratospheric ODS concentrations peaked in the late
1990s [Newman et al., 2007]. Since then questions about
when the first signs of ozone recovery would be detectable,
and when the ozone layer would be fully recovered, have
attracted significant attention [Yang et al., 2005, 2008].
Addressing this issue is important not only for policy-
makers, but also because ozone recovery is expected to
influence surface climate, particularly in Antarctica [Perlwitz
et al., 2008] and over the Southern Hemisphere [Son ef al.,
2009].
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[3] Yang et al. [2005, 2008] reported detection of the
first stage of ozone recovery in Antarctic total column
ozone, i.e. a statistically significant reduction in the rate of
ozone decline due to changing halogen loading [World
Meteorological Organization (WMO), 2007]. To evaluate
whether the slowdown of the decline can be attributed to
decreases in abundance of ODSs, Yang et al. [2008]
adjusted the ozone data to account for changes in tempera-
ture (on the 440 K potential temperature surface) and ozone
loss saturation. They also considered the coupling between
ozone and temperature at 100 hPa as an indicator for
dynamical influences on the ozone variability, especially in
the collar region of the polar vortex (a transition region
between the vortex interior and mid-latitudes defined by
significantly reduced meridional transport). Yang et al.
[2005] noted that strong ozone-temperature coupling
results from enhanced polar stratospheric cloud formation
under colder conditions (and therefore more ozone
destruction due to heterogencous chemistry), as well as
transport and mixing of mid-latitude air masses into the
polar vortex. However, Yang et al. [2005, 2008] did not
specify effects at particular locations, which is the focus of
the present work.

[4] Several studies have highlighted recent changes in
circulation and wave activity in the Southern Hemisphere
stratosphere, which has the potential to affect circulation
patterns and hence ozone distributions [Grytsai et al., 2007,
Lin et al., 2009]. In this study, these lines of investigation
are synthesized to evaluate how the evolution of October
total column ozone at four Antarctic stations is influenced
by systematic changes in Antarctic vortex dynamics. An
elongated polar vortex, or one shifted away from the pole,
induces a zonal asymmetry in the ozone field. Secular
changes in those vortex attributes may then induce sys-
tematic changes in ozone at Antarctic stations. We explain
why it is necessary to consider this influence when inter-
preting ozone changes at some stations, particularly those
near the edge of the vortex. While satellite-based mea-
surements have provided measurements of ozone over the
sunlit portions of the Antarctic stratosphere since 1979,
only these ground-based records extend back to 1958—
1962. Understanding changes at these locations is key to
revealing the full picture of the past evolution of the ozone
hole and considering its future. The data used are described
in Section 2. Section 3 characterizes the differences in
October total column ozone changes at the four Antarctic
stations, focusing on inter-station differences in ozone
measurements in the last two decades. The equivalent
latitude calculation used to classify the location of the
measurements relative to the vortex edge is described in
Section 4. In Section 5, the advantages and insights gained
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Figure 1. October mean total column ozone for four Antarctic stations: (a) Faraday/Vernadsky, (b) Halley, (c) Syowa and
(d) South Pole. Black circles and lines represent means calculated from all available daily measurements. Blue circles and
lines represent means calculated only from measurements taken from inside the polar vortex (screened). Red lines (orange
lines) represent the October decadal means, 1990-1999 and 2000-2009, calculated from unscreened (screened) monthly
means. Note that South Pole monthly means were calculated from measurements from the second half of October only.

following the equivalent latitude based sorting of the
October ozone means are discussed.

2. Data

[5] Daily total column ozone measurements at South Pole,
Syowa, Halley, and Faraday/Vernadsky were obtained from
the World Ozone and Ultraviolet Radiation Data Center
(WOUDC, http://www.woudc.org/index_e.html) and from
the British Antarctic Survey (BAS, http://www.antarctica.ac.
uk/met/jds/ozone/index.html#data, stations Halley and Far-
aday/Vernadsky). October monthly means were calculated
from the daily data from 1960 onwards, if at least 10 days of
data were available in the month. At Faraday/Vernadsky and
Halley only occasional daily measurements are missing in
October between 1960 and 2009. At Syowa the measurement
density for each October is not as high as for Halley and
Faraday/Vernadsky, but is sufficient to calculate monthly
means for most of the 1966-2008 period. However, the
available daily measurements are generally well distributed
throughout the month so that the October monthly means
should not be biased to a particular part of the month.
Exceptions to the minimum number of required daily data to
calculate a valid October mean were made for South Pole
since polar darkness precludes measurements in the first half
of the month. At South Pole, valid monthly means required
only seven daily values, such that most of the 1962—2008
period has valid October means.

[6] To calculate the location of the vortex edge, daily
potential vorticity (PV) and wind fields on the 550 K
potential temperature surface were extracted from NCEP/

NCAR reanalyses [Kalnay et al., 1996] and used as input to
the algorithm described by Nash et al. [1996]. The choice of
the 550 K surface as the basis for this analysis follows
Bodeker et al. [2002].

[7] Stratospheric temperature measurements were taken
from the Remote Systems Sensing retrieval (version 3.2)
of the combined time series of channel 4 of the Microwave
Sounding Unit (MSU) and channel 9 of the Advanced
MSU (AMSU), known as MSU TLS [Mears and Wentz,
2009]. The MSU TLS weighting function peaks at
approximately 80 hPa (18 km), with a half power range
covering 150 - 50 hPa (14 - 21 km). In the polar regions
this pressure range covers the entire lower stratosphere.

3. Recent Total Column Ozone Measurements

[8] Figure 1 shows the time series of October mean
ozone at the four selected stations. As detailed above,
October means are available at all of these stations almost
continuously from 1960 to 2009. In addition to year-to-
year variability, all of these stations show a distinct decline
in ozone from the 1970s to the 1990s (black lines in
Figure 1). The decline slows during the early 1990s.
During the last two decades the ozone behavior at different
stations can be quite different. The October mean ozone
shows an apparent increase of approximately 20 DU from
the 1990s to the 2000s at Faraday/Vernadsky, Halley and
South Pole (Figure 1, black lines, unscreened data). In
contrast, the October means for the 2000s at Syowa are on
average ~6 DU lower than during the 1990s. This differ-
ence cannot be explained simply by high year-to-year
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Figure 2. October mean equivalent latitude values for the
Antarctic stations Faraday/Vernadsky (red solid line), Syowa
(blue solid line), Halley (green solid line) and South Pole
(cyan solid line) and the location of the vortex edge (black
solid line). Dashed lines represent the linear fit to the respec-
tive October mean equivalent latitude values for each station.

variability caused by unusually variable dynamics in the
Southern Hemisphere during the last decade [Langematz
and Kunze, 2006; WMO, 2007], nor can it be attributed
to differences in latitude since Syowa is located between
Faraday/Vernadsky and Halley. The latter two stations
both show an increase in decadal mean ozone, whereas
Syowa’s decadal mean ozone decreases. Reasons for this
divergent behavior during recent decades will be discussed
in the following sections.

4. Vortex Dynamics and Equivalent Latitude
Mapping

[9] The chemical composition of air masses inside and
outside the polar vortex is very different [e.g., Loewenstein
et al., 1989]. To differentiate between measurements of the
composition of such air masses, it is necessary to define the
location of the vortex edge. In this study a PV isoline, with
an associated equivalent latitude, demarcating the vortex
edge was defined as in the work of Nash et al. [1996]. A PV
value on the 550K surface at the location of an ozone
measurement can be used to define an equivalent latitude for
the measurement, which can then be used to determine the
location of the measurement relative to the vortex edge.
Because of displacements of the vortex, the equivalent
latitude at any station is not constant.

[10] This equivalent latitude remapping was applied to the
daily data from all four stations so as to include only those
measurements taken inside the vortex in the calculation of
the October monthly means. Measurements were considered
as representing air masses from inside the vortex if they
were taken more than four degrees in equivalent latitude
poleward of the vortex edge on the respective day. By
screening the data with respect to their location relative to
the vortex edge, ozone changes due to changes in vortex
dynamics are significantly reduced so that any chemically
driven ozone changes can be identified. Figure 1 shows both
the October means calculated from all days in October
(black lines), as well as the October means calculated using
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only those measurements made inside the vortex (blue
lines). This screening only resulted in noticeable changes in
the monthly means for Halley and South Pole (Figures 1b
and 1d, respectively) in some years, e.g. 2002, but affects
the monthly means for Syowa and especially Faraday/
Vernadsky more dramatically. After screening, the long-
term ozone behavior appears more consistent at the four
stations. This suggests a dynamical rather than a chemical
cause for the different behavior in ozone in recent decades.
Therefore, if Faraday/Vernadsky data were to be used to
diagnose ozone recovery in Antarctica the use of
unscreened data would provide a misleading picture.

[11] One possible contribution to the inter-station dif-
ferences seen in Figure 1 (black lines) is a change in the
vortex size. However, as shown in Figure 2 (black line),
we find that the October average vortex edge was close to
62°S (equivalent latitude) throughout the period from mid-
1960s to 2009 indicating little change in vortex area over
this period. This equivalent latitude value for the vortex
edge agrees well with the analyses of Bodeker et al. [2002]
(~62°S) and Karpetchko et al. [2005] (~63°S).

[12] The October mean equivalent latitudes for each of
the four Antarctic stations (Figure 2, colored lines) show
decreases of 5-8° in equivalent latitude at Syowa (dark
blue line) and Halley (green line) suggesting that system-
atic shifts in the location of the vortex have resulted in
these stations more frequently sampling air deeper within
the vortex. In contrast, at South Pole (light blue line) and
Faraday/Vernadsky (red line), changes in equivalent latitude
are small. While there is no significant trend in equivalent
latitude at Faraday/Vernadsky, the station is closer to the
vortex edge after about 2000. As the size of the vortex did
not change over the 40-year period, the differences in the
mean equivalent latitude for the four stations are more likely
caused by changes in vortex location with respect to the
different stations.

[13] The fraction of all available daily measurements
taken from inside or outside the vortex shows little change
for South Pole (inside: ~98%, outside: ~0.5%, collar region:
~1.5%), while the fraction of measurements made inside the
vortex increased for Syowa and Halley (from ~88% to
~96%, and ~92% to ~98%, respectively, excluding 2002).
In contrast, the fraction of measurements taken inside the
vortex at Faraday/Vernadsky decreased (from ~68% to
~58%, excluding 2002), particularly during the last decade.
These findings are consistent with a persistent eastward shift
in the mean location of the vortex [Huth and Canziani,
2003; Malanca et al., 2005].

[14] The vortex shift can also be inferred from strato-
spheric temperature fields. Figure 3a shows ten-year cli-
matologies of the zonally asymmetric component of MSU
TLS temperature (T minus zonal mean T, T*) for October.
During the three decades, the longitude of the T* minimum
moves eastward from about 44°W to 1°E (as indicated by
the thick black lines in Figure 3a), which corresponds to an
eastward shift of about 21.5 £ 11.6°E per decade (see
Figure 3b). This shift is related to changes in the quasi-
stationary wave number 1 [Grytsai et al., 2007; Lin et al.,
2009]. Grytsai et al. [2007] showed that the longitude of
the region of minimum temperatures in the vortex moved
eastward at 16.4 + 5.2°E per decade at 65°S, and at 21.2 +
7.3°E per decade at 75°S. Although the time series of total
column ozone analyzed by Grytsai et al. [2007] was shorter
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Figure 3. (a) Ten year climatologies of zonally asymmetric component of MSU TLS temperature (T*) for October. Plots
also indicate the location of the measurements stations (FAR: Faraday/Vernadsky; HAL: Halley; SYO: Syowa: SPO: South
Pole). (b) Time series and trend of the longitude at the minimum temperature (T,,;,) for 65°S - 70°S average for October.
Ten-year averages of the T,,;, longitude are indicated by thick black lines (Figures 3a and 3b), corresponding to the T*
climatologies in Figure 3a. Longitudes of the stations (not SPO) are indicated on the right hand y-axis in Figure 3b; uncer-

tainty for the trend (red line) corresponds to £20.

(1979-2005) than in this study, results from the zonally
asymmetric temperature component in Figure 3 agree well
with theirs.

5. Discussion and Conclusion

[15] The analysis presented above suggests systematic
shifts in the position of the Antarctic vortex biases the
sampling of air masses at stations close to the vortex edge.
By screening total column ozone measurements according
to their location with respect to the vortex edge the influence
of the vortex shift on October means can be diagnosed
(Figure 1, blue lines). For Halley and South Pole (Figures 1b
and 1d, respectively) the screening has a noticeable effect
only in some years (e.g. 2002), and the resultant change in
decadal means is less than 5 DU. These stations are located
at geographical latitudes of 75.52°S and 89.98°S respec-
tively, and are far enough away from the vortex edge as to
be unaffected by the shift in vortex location. In contrast, at
Syowa the screening substantially reduces the higher
monthly means, whereas the lower values remain almost
unchanged (Figure 1c). This effect can be clearly seen in the
decadal means over the last two decades (orange and red
lines in Figure 1¢). With a geographical latitude of 69°S,
Syowa is located close enough to the vortex edge such
that small disturbances of the vortex have a noticeable effect
on ozone measurements. However, Figure 3 shows that
Syowa’s location is to the east of the displaced vortex, in the
direction of the vortex’s movement. During recent years,
Syowa has therefore been located closer to the center of the
vortex, reducing the effects of vortex disturbances on ozone.
This is mirrored in the closeness of the blue and the black

line in Figure 1 during the 2000s (with the exception of
2002) compared to the earlier decades.

[16] The screening of the October ozone data shows the
most pronounced effect at Faraday/Vernadsky. As for
Syowa, Faraday/Vernadsky is located close enough to the
vortex edge (65.3°S) for small dynamical disturbances of
the polar vortex to affect ozone measurements. While dif-
ferences between screened and unscreened monthly means
are apparent throughout the time series, the time series
diverge during the last two decades. By screening for
measurements made from inside the vortex, it becomes
clear that the high October ozone measurements at Faraday/
Vernadsky are not caused by a reduced effect of chlorine on
ozone (changes in polar chemistry) but instead linked to
changes in the vortex location (changes in polar strato-
spheric dynamics). With the vortex shifting to the east, the
edge of the vortex moves closer to Faraday/Vernadsky (see
Figure 2) and a greater portion of the ozone measurements
are in air from the collar region or outside the vortex where
ozone values are higher.

[17] This analysis demonstrates how the interpretation of
ozone station data is influenced by the observed shift in the
Antarctic vortex. It shows the importance of accounting for
dynamical influences in interpreting whether (and how)
slowly decreasing concentrations of stratospheric chlorine
and bromine may be affecting ozone. According to Newman
et al. [2006], effects of the changes in equivalent effective
stratospheric chlorine (EESC) concentrations should be
moderate during the first years after reaching peak con-
centrations, so that those changes do not instantaneously
have a direct effect on the amount of Antarctic ozone
depletion. The decline in EESC concentrations is slowest at
high latitudes [WMO, 2010], due to longer transport times of
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atmospheric chlorine there, which will delay the detection of
a significant reduction of ozone loss compared to the mid-
latitudes. In accordance with the slow decline of ODSs in
the polar stratosphere, results by Hofmann et al. [2009]
show that ozonesonde observations at the South Pole dur-
ing the last decade reveal that more than 90% of the ozone is
still removed each year at around 70 hPa, similar to the
ozone destruction in the mid 1990s. Dynamical changes
(shifts in the vortex location) therefore provide a more
plausible explanation for the divergent behavior of total
column ozone data at the four Antarctic stations than
changes in polar stratospheric chemistry.

[18] Just as the analysis in this study provides insights into
ozone changes and the detection of recovery of the ozone
hole, it also provides a set of Antarctic ozone measurements
made exclusively inside the vortex suitable for looking for
the onset of ozone decline within the vortex as the ozone
hole began to form. For those stations with sufficient data, a
t-test diagnosis of 5 year populations of October monthly
means shows that statistically significant divergence from
the 1960—-1964 climatology, at the 20 level, occurs in 1976—
1980 for Halley and 1979-1983 for Faraday/Vernadsky.
The same results are obtained by analyzing the unscreened
data. This means that there is no indication of a statistically
significant reduction in ozone at the 2o level at these Ant-
arctic stations prior to 1980, i.e., a change outside the
bounds of natural variability cannot be detected.

[19] Acknowledgments. We would like to thank WOUDC and BAS
for providing the total column ozone data and all people involved in obtain-
ing the measurements and processing the data.
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