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Abstract. An assimilated data base of total column ozonel Introduction

measurements from satellites has been used to generate a

set of indicators describing attributes of the Antarctic ozoneOver the next few decades, decreases in ozone depleting sub-
hole for the period 1979 to 2003, including (i) daily mea- stances in the stratosphere are expected to lead to increases
sures of the area over Antarctica where ozone levels are bén ozone and eventual recovery of the Antarctic ozone hole
low 150 DU, below 220 DU, more than 30% below 1979 (Austin et al, 2003. Ground-based measurements have con-
to 1981 norms, and more than 50% below 1979 to 1981firmed that tropospheric chlorine concentrations have been
norms, (ii) the date of disappearance of 150 DU ozone val-decreasing since 1993Vipntzka et al. 199§ and more
ues, 220 DU ozone values, values 30% below 1979 to 198%ecently decreases in stratospheric chlorine concentrations
norms, and values 50% below 1979 to 1981 norms, for eacthave been observeRipsland et al.2003. Detecting the re-
year, (iii) daily minimum total column ozone values over sultant recovery of the Antarctic ozone layer can be aided by
Antarctica, and (iv) daily values of the ozone mass deficitderiving a set of indices which capture the essential charac-
based on a <220 DU threshold. The assimilated data baseteristics of the ozone hole. The nature of these indices, such
combines satellite-based ozone measurements from 4 Totals their long-term variability and their susceptibility to sat-
Ozone Mapping Spectrometer (TOMS) instruments, 3 dif-uration effects, will determine their suitability for detecting
ferent retrievals from the Global Ozone Monitoring Exper- recovery.

iment (GOME), and data from 4 Solar Backscatter Ultra-  To this end, this paper first updates the NIWA assimilated
Violet (SBUV) instruments. Comparisons with the global total column ozone data base (S&®twhich has been used
ground-based Dobson spectrophotometer network are use#l a number of previous studies of global ozone variability
to remove offsets and drifts between the different data sets tgBodeker et al.2001ab, 2002 Fioletov et al, 2002 WMO,
produce a global homogeneous data set that combines the agp03. As such, the paper documents in detail the construc-
vantages of good spatial coverage of satellite data with goodion of version 2 of the NIWA assimilated total column ozone
long-term stability of ground-based measurements. One podata base. Using this global homogenized data base, a set of
tential use of the derived indices is detection of the expectedndicators which describe the Antarctic ozone hole are de-
recovery of the Antarctic ozone hole. The suitability of the rived and investigated for their applicability to detection of
derived indicators to this task is discussed in the contextAntarctic ozone hole recovery (Se8). The conclusions of

of their variability and their susceptibility to saturation ef- this analysis and an outline of directions for future use of
fects which makes them less responsive to decreasing stratéhese indices is presented in Sekt.

spheric halogen loading. It is also shown that if the correc- A number of previous studies have calculated indicators
tions required to match recent Earth Probe TOMS measurepf Antarctic ozone depletion.Uchino et al.(1999 exam-
ments to Dobson measurements are not applied, some of thged changes in the area of the Antarctic ozone hole using a
indictors are affected so as to obscure detection of the recovhreshold of @<220 DU (1 DU=269x 10 molecules/crf)

ery of the Antarctic ozone hole. as well the ozone mass deficiency within the ozone hole.
Newman et al.(2009 investigated the past and expected
future development of the size of the Antarctic ozone hole
Correspondence tdG. E. Bodeker and investigated the sensitivity of this metric to changes
(g.bodeker@niwa.co.nz) in stratospheric halogen loading and temperatures. It was
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Fig. 1. Means (diamonds) andristandard deviations (error bars) of . s
the Dobson minus TOMS differences at each Dobson spectropho‘rfmd the analysis period is extended to the end of 2003 (B2001

tometer station(a) Dobson-N7T difference¢b) Dobson-EPT dif- ~ analyses extgnded to the end of 1998). The updatfas to
ferences. B2001 associated with each of these changes are detailed in

Sects2.1t0 2.5.

found that the size of the ozone hole using the threshold o2.1 Change from version 7 to version 8 TOMS ozone

03<220DU was rather insensitive to changes in effective )
equivalent stratospheric chlorine (EES®3niel et al, 1995  Recently the Nimbus 7 TOMS (N7T) and Earth Probe TOMS
as discussed in greater detail in S&2 (EPT) measurements were reprocessed using version 8 of the

retrieval algorithm. This algorithm implements a number of
improvements over the earlier version 7 algoritivttPeters

2 Homogenization of the satellite data etal, 1996. The total column ozone retrievals are improved
for conditions such as high tropospheric aerosol loading, sun

The data base used in this analysis is an update and extensi@hnt, persistent snow/ice, and very high solar zenith angles
of the homogenized total column ozone data set developeéVellemeyer et a).2004. Use of a vertical ozone profile

by Bodeker et al(20013 (hereafter referred to as B2001). Climatology dependent on latitude and season reduces errors
Specific changes include: due to limited sensitivity of backscattered ultraviolet radi-

ance to ozone in the lower troposphere. The algorithm also
— Version 8 Nimbus 7 and Earth Probe TOMS (Total includes animproved cloud height database from the Nimbus
Ozone Mapping Spectrometer) data are used rather tha Temperature Humidity Infrared Radiometer (THIR) and a
version 7 http://toms.gsfc.nasa.gqv/ more accurate terrain height data bagéeemeyer et al.
2004 Labow et al, 2004).
— GOME data from the European Space Agency (ESA) Three-hourly means of version 8 N7T and EPT overpass
are updated from version 2.4 (used in B2001) to versiondata and direct-sun only Dobson spectrophotometer mea-
3.1. surements were calculated at all Dobson spectrophotometer

Atmos. Chem. Phys., 5, 2603615 2005 www.atmos-chem-phys.org/acp/5/2603/
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Fig. 3. The fit to the Dobson-N7T differences (Dobson minus TOMS) and the Dobson-EPT differences. Contour intervals are 2 DU. Regions
with positive differences are shown in red (TOMS underestimates ozone) while regions with negative differences are shown in blue (TOMS
overestimates ozone). Masked areas in winter high latitudes indicate where comparisons cannot be made since these regions are in pol
night were no measurements can be made.

sites submitting data to the World Ozone and Ultraviolet Ra-sets to avoid the effects of local inhomogeneities in the Dob-
diation Data Centre (WOUDC). The acceptance criteria forson time series, different temporal distribution of the Dobson
the Dobson measurements were tightened over those entlata, and different geographical coverage of the Dobson data.
ployed in B2001 so that only “AD wavelength, ordinary The resultant function fits are shown in Fgy.
setting” (WICode=0) and direct sun (ObsCode=0) measure- An increased trend in the Dobson-EPT differences beyond
ments were used. As a result, Longyear, Uccle, and Sofi2002 is clear in the right hand panel of F&).The additional
were no longer used in the comparisons with N7T and Nytrend in the differences beyond 2002 is 3.33 DU/year. Be-
Alesund, Sofia, and Salto were no longer used in the comparfore 2002, and over the majority of the globe, the differences
isons with EPT (Cf. Table 2 of BZOOl). Additional sites used between the version 8 N7T and EPT data and measurements
in the EPT intercomparison were Moscow, Lisbon (also for from the global Dobson spectrophotometer network are less
N7T), and Ushuaia. An updated version of Fig. 1 of B2001than 10 DU and show little or no drift. As in B2001, the
is shown in Fig1 here. function fits plotted in Fig3 were applied as corrections to

In comparison to the differences shown in B2001, the dif-the N7T and EPT data, though in this case the corrections
ferences shown in Fid. are significantly smaller showing a applied are much smaller than the corrections applied to the
dramatic improvement in the version 8 TOMS data over theversion 7 data.
version 7 data when compared with Dobson spectrophotome- To correct for any potential offset and drift between the
ter measurements. More recently, however, an anomaly itorrected version 8 TOMS data and the version 7 Meteor 3
the EPT data has been discovered (McPeters, personal conFOMS (M3T) and Adeos TOMS (ADT) data, daily Zonal
munication) evident as increasing differences between EP'means for each data set were calculated and differenced dur-
and coincident Dobson measurements from 2002 onwardgg their period of overlap (for M3T: 22 August 1991 to 6
(Fig. 2). May 1993; for ADT: 11 September 1996 to 29 June 1997).

To incorporate the increasing drift between the EPT andFor the calculation of the zonal means, and for those of the
Dobson measurements in recent years, an additional lineasther data sets presented below, there had to be at least two
trend term, set to zero before 2002, was added to the 22 paneasurements within each of six6dngitudinal sectors.
rameter function fit to the Dobson-TOMS differences usedBecause corrections to the version 7 data may need to be ap-
in B2001. Such functions are fitted to the difference dataplied to periods beyond the period of overlap with the version

www.atmos-chem-phys.org/acp/5/2603/ Atmos. Chem. Phys., 5, 26052005
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Fig. 4. The fits to the differences between the version 8 EPT zonal means and the ESA GOME zonal means. Contour spacing is 2 DU with
the 0 DU contour shown in bold. Regions with positive differences are shown in red (ESA GOME underestimates ozone) while regions with
negative differences are shown in blue (ESA GOME overestimates ozone). The arrows on the X axis show the start and end of the period
over which the fits were calculated.

8 data (e.g. corrections to M3T beyond 6 May 1993), func- Except for the winter-time over southern midlatitudes and
tions of the form winter-time over northern high latitudes, differences are most
Alp.1) = A+ B x it +C x Sin@2rt) + D x cog2rt) often less than 10 DU. These difference fits were then used

. to correct all ESA GOME data.
+E x sin(4rt) + F x cog4rnt). (1)

whereA is the difference between coincident N7T and M3T 2.3 KNMI GOME assimilated ozone

or EPT and ADT measurements, and the time in deci- iled d . fth imilated
mal years, were fitted to the difference time series in edch 2A detailed description of the KNMI assimilated GOME prod-

zone. At latitudes above 73he semi-annual component is uct (herez:]fter refer_rled_ to as t()3 OA()j Is pr(r)]videdﬁgkes etal.

not fitted since there is seldom enough data to constrain thé2003. The assimi ation IS based on t € version 3 GOME.
fit (as a result of lack of TOMS measurements during polardata processor discussed in the prewous.secuon. Synoptic
night). The fits to the differences for M3T and ADT are not global total column ozone fields are provided every 6h at

shown here but are essentially similar to those reported S resolution in longitude by 1-0resolution in Iatitude.
B2001. As for the ESA GOME product, data are currently available

from August 1995 to May 2003. A similar approached to
2.2 Update of ESA GOME data from version 2.4t0 3.1  that used to derive corrections to the ESA GOME data was
used to derive corrections for the GOA data. The resultant fit
B2001 used the version 2.4 operational GOME ozone prodof Eq. (1) to the EPT-GOA differences is shown in Fhy.
uct from ESA, whereas this study has used updated version Differences are generally less than 10 DU. When compar-
3.1 data. The data are currently available from August 1995ng Fig. 4 and Fig.5 it should be kept in mind that since the
to May 2003. On 22 June 2003 a tape recorder failure onassimilation is built on an atmospheric transport model, bi-
the ERS 2 satellite resulted in only a small portion of the ases in ozone over e.g. middle to high latitudes can be trans-
Northern Hemisphere being sampled by the GOME instru-ported to lower latitudes. Furthermore any shortcomings in
ment thereafter. The fits to the differences between the corthe transport model such as inadequate representation of the
rected zonal mean EPT data and the ESA GOME datal(Eq. subtropical barrier to transport will be reflected in ozone bi-
are shown in Fig4. ases. Finally, any changes in the meteorological reanalyses

Atmos. Chem. Phys., 5, 2603615 2005 www.atmos-chem-phys.org/acp/5/2603/
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Fig. 5. The fits to the differences between the corrected version 8 EPT zonal means and the GOA GOME zonal means. Contour spacing is
2 DU with the 0 DU contour shown in bold. Regions with positive differences are shown in red (GOA GOME underestimates ozone) while
regions with negative differences are shown in blue (GOA GOME overestimates ozone). The arrows on the X axis show the start and end of
the period over which the fits were calculated.

used to drive the model (for the GOA assimilation a change 3. A-priori profiles required in the retrieval are taken from
was made from ERA-40 to operational ECMWF analyses in the improved ozone profile climatology used in the ver-

November 1999) may also affect the ozone fields. sion 8 TOMS algorithml{abow et al, 2004,

2.4 KNMITOGOMI ozone 4. Using the Fast Retrieval Scheme for Clouds from the
_ i Oxygen A-band (FRESCO) algorithm for the cloud cor-

A new algorithm for total column ozone retrieval from the rection

GOME instrument has been develop&lks and van Oss
2003. This algorithm, named TOGOMI (Total Ozone al- g
gorithm for GOME using the OMI algorithm), is based
on the total ozone Differential Optical Absorption Spec-
troscopy (DOAS) algorithm developed for the OMI instru-
ment {eefkind and de Haan2001). It resolves various lim-
itations of the current operational GOME algorithm (GDP
v3) used to generate the ESA GOME data used in this study
(Sect.2.2). A description of some of these limitations was  Gjopal total column ozone data fields retrieved using the
provided in B2001. The main improvements of the new al- ToGom algorithm are available from 13 March 1996 to
gorithm are: 11 August 2003, although for reasons outlined above, only
1. New treatment of rotational Raman scattering in thelimited data are available frqm 22 June 2003 onward. The
results of the fits of Eq.1{) to differences between TOGOMI

DOAS algorithm. The new formulation explicitly ac- .
counts for smearing of solar Fraunhofer lines as well asand corrected version 8 EPT total column ozone are shown

atmospheric tracer absorption structures, in Fig. 6.
Over most of the globe between B9 and 60 S, the

2. Improvements in the calculation of the air mass factor differences are less than 10 DU. Differences become larger
using the so-called empirical approach, close to polar nighti.e. when the SZA becomes large.

. Treatment of the atmospheric temperature sensitivity
using effective ozone cross-sections calculated from
ECMWF temperature profiles,

6. Accurate semi-spherical polarization-dependent radia-
tive transfer calculation (KNMI DAK model).

www.atmos-chem-phys.org/acp/5/2603/ Atmos. Chem. Phys., 5, 26052005
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Fig. 6. The fits to the differences between the corrected version 8 EPT zonal means and the TOGOMI GOME zonal means. Contour spacing
is 2 DU with the 0 DU contour shown in bold. Regions with positive differences are shown in red (TOGOMI underestimates ozone) while
regions with negative differences are shown in blue (TOGOMI overestimates ozone). The arrows on the X axis show the start and end of the
period over which the fits were calculated.

2.5 SBUV ozone data are somewhat larger. As an example, the function fits
(Eq.1) to the EPT - NOAA 16 SBUV differences are shown

The four different SBUV data sets used in this analysis arein Fig. 7.

summarized in Tablé. Function fits similar to those shown in Fig, derived for
Data quality control criteria applied to the SBUV total col- all four SBUV data sets, were then used to correct the SBUV

umn ozone data included having at least 100 measurementata before they were used in the analyses presented below.

within a hemisphere for the hemisphere of data to be consid-

ered valid (see SecB.1 for the process used to fill missing

data), data from both ascending and descending orbits wer8 Antarctic ozone depletion indices

used but with the criterion of SZA84° and the data having

a maximum residual quality control parameter (ResQC) of3.1 Data selection and missing data

0.2. Data were included where the data quality control flags

in the SBUV data files were 0, 10, 100 or 110. This selectionThe 11 data sets described above are corrected using their

was made to maximize data availability without inclusion of relevant correction functions and then combined to form a

poor quality data. In some cases this resulted in shorter timgingle homogeneous data set spanning the period Novem-

periods of data being available than those listed in Table  per 1978 to December 2003. For each day, a single source
A statistical summary of the differences between the 2 of data is selected with the order of priority being (highest

zonal means of the 4 SBUV data sets and the corrected veto lowest): Nimbus 7 TOMS, Earth Probe TOMS, Meteor

sion 8 TOMS data (Nimbus 7 and Earth Probe) is presented TOMS, Adeos TOMS, GOA GOME, TOGOMI GOME,

in Tablel. The ‘Num’ column shows the number of inter- ESA GOME, Nimbus 7 SBUV, NOAA 9 SBUV, NOAA 11

comparison pairs used to generate the statistics shown in th6BUV and finally NOAA 16 SBUV. It was felt that the su-

other columns. For the SBUV instruments on NOAA 9 and perior spatial coverage and small TOMS-GOA differences

NOAA 11, the mean differences are not statistically signifi- made the GOA data preferable to the two other GOME data

cantly different from zero (at theollevel). Differences be- sets. The sparsity of the SBUV measurements places them at

tween the corrected TOMS and Nimbus 7/NOAA 16 SBUV lowest priority.

Atmos. Chem. Phys., 5, 2603615 2005 www.atmos-chem-phys.org/acp/5/2603/
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Table 1. The SBUV data used in this study together with a summary of TOMS (corrected N7T and EPT) - SBUV differences (TOMS minus
SBUV). Difference values are in DU.

Satellite platform Start date End date Num Mean  Stdv  Max Min  1stquartile 3rd quartile
Nimbus 7 (N7S)  31/10/1978 21/06/1990 152504-4.763 3.998 30.39 —40.65 —6.68 —2.39
NOAA 9 (N9S) 02/02/1985 19/02/1998 120592—3.131 4.832 37.56 —56.54 -5.79 —-0.74
NOAA 11 (N11S) 01/12/1988 26/03/2001 140394-3.303 4.355 49.71 —69.43 —5.59 -0.82
NOAA 16 (N16S) 03/10/2000 31/12/2003  68243-5.351 5.039 29.29 —41.84 —8.36 —2.50

Latitude

-90

EPT - NOAA 16 SBUV difference (DU)
-20-16 -12 -8 -4 0 4 8 12 16 20

Fig. 7. The fits to the differences between the version 8 EPT zonal means and the NOAA 16 SBUV zonal means. Contour spacing is 2 DU
with the 0 DU contour shown in bold. Regions with positive differences are shown in red (SBUV underestimates ozone) while regions with
negative differences are shown in blue (SBUV overestimates ozone).

For many of the indices presented below, total column The relative priority of the Earth Probe TOMS and GOA
ozone values within the region of polar night need to be es-<GOME data sets is debatable. While the GOA GOME data
timated. In this study the ‘over the pole’ linear interpolation provide coverage during the polar night and therefore require
method described and validated Bodeker et al(2001h no interpolation of missing data, they are essentially model
was used with the following constraints: interpolation in the output and may be influenced by shortcomings in the un-
zonal direction was not performed over more thap, Gter- derlying transport model (Se@.3). Then again, the ozone
polation in the meridional direction was not performed over column forecast uncertainty generated along with the GOA
more than 10 (this constraint was relaxed poleward of&  GOME data could be used to screen for values that are “far
to allow linear interpolation over the polar cap), and follow- away” from the measurements being assimilated. To test
ing the interpolation within these constraints there had to bewvhether such a change in priority would affect the results,
no missing data poleward of 48. If any of these constraints a second analysis was performed with the GOA GOME data
could not be met, the data set for that day was rejected. placed higher in priority than the Earth Probe TOMS data.

Where these results differ from those presented below, the
differences are discussed.

In this analysis, only southern hemisphere ozone fields are
used. The number of days of data used from each of the 11
data sets for each year is listed in TaBle

www.atmos-chem-phys.org/acp/5/2603/ Atmos. Chem. Phys., 5, 260532005
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Table 2. A summary of the data used in this study. The first value shows the number of days of data in the given year from a particular data
source. The values in parentheses show the number of days of data from each data source just for the Antarctic Vortex Period (AVP; day 200
to day 335 of each year). Note that in this analysis, no data from ADT, TOGOMI GOME or ESA GOME were used.

Year  N7T M3T EPT GOA N7S N9S N11S N16S  Total

1979 309(127)  0(0) 0(0) 00) 7(1) 0(0) 00) 00 316(128)
1980 358(133)  0(0) 0(0) 00) 3(1) 0(0) 00) 0(0) 361(134)
1981 361(135)  0(0) 0(0) 00) 1(1) 0(0) 0(0) 0(0) 362(136)
1982 363(136)  0(0) 0(0) 00) 2(00) 0(0) 00) 0(0) 365(136)
1983 363(136)  0(0) 0(0) 00) 1(0) 0() 0(0) 0(0) 364(136)
1984 364(134)  0(0) 0(0) 00) 22 0(0) 00) 00) 366(136)
1985 364(136)  0(0) 0(0) 00) 1(0) 0() 0(0) 0(0) 365(136)
1986 361(136)  0(0) 0(0) 00) 1(0) 2(0) 0(0) 0(0) 364(136)
1987 365(136)  0(0) 0(0) 00) 00) 0(0) 00) 00 365(136)
1988 366(136)  0(0) 0(0) 00) 00) 0(0) 00) 0(0) 366(136)
1989 364(136)  0(0) 0(0) 00) 1(0) 0() 0(0) 0(0) 365(136)
1990 365(136)  0(0) 0(0) 00) 00) 0(0) 00) 00 365(136)
1991 364(136)  0(0) 0(0) 00) 00) 0(0) 1(0) 0(0) 365(136)
1992 366(136)  0(0) 0(0) 00) 00) 0(0) 00) 00) 366(136)
1993  126(0) 159(101)  0(0) 00) 00) 33(33) 2(2) 0(0) 320(136)
1994  0(0) 211(88) 0(0) 00)  0(0) 120(45) 4(1) 0(0) 335(134)
1995  0(0) 0(0) 00)  153(123) 0(0) 131(9) 10(0) 0(0) 294(132)
1996  0(0) 00)  160(129) 206(7) 0(0) 00)  0() 0(0) 366(136)
1997  0(0) 00)  352(132) 13(4) 0(0) 0(0) 0(0) 0(0) 365(136)
1998  0(0) 0(0)  344(134) 21(2) 0() 0(0) 00) 0(0) 365(136)
1999  0(0) 000)  361(134) 4(2) 0(0) 0() 00) 0(0) 365(136)
2000  0(0) 000) 366(136) 0(0) 0(0) 0() 00) 0(0) 366(136)
2001 0(0) 000)  363(134) 2(2) 0(0) 0() 00) 0(0) 365(136)
2002 0(0) 00)  353(124) 12(12) 0() 0(0)  0(0) 0(0) 365(136)
2003  0(0) 000) 350(132) 9(0) 0(0) 0()  00) 6(4) 365(136)

For the calculation of indices over the Antarctic Vortex Pe- November means of the Antarctic ozone hole area are plotted
riod (AVP; day 200 to day 335), missing values were filled for each year and for each threshold.
by linear interpolation (interpolated values were zero or close Recent November average ozone hole areas are more sim-

to zero). ilar to those in the late 1980s or early 1990s. Whether or not
the decreases in November average hole areas in the last four
3.2 Antarctic ozone hole area years is statistically significant (e.g. applying the methodol-

ogy ofReinsel et al(2002) is beyond the scope of this paper.
Daily measures of the area of the Antarctic ozone hole aréNote also the change in periodicity frorR year periodicity
shown in Fig 8. up to 1988, 3 year periodicity from 1988 to 2000, and then 2

The very weak ozone hole during 2002 is clear, show-Yyear periodicity following 2000.

ing dramatic reductions in area in late September. For the Annual maximum ozone hole areas, and the dates on
threshold of @ 50% below the 1979-1981 mean, there is a which they occur, are shown for all four threshold conditions
local minimum in the climatology and in the 2001 time se- in Fig. 10.
ries around the second week of November. This may result The maximum ozone hole area increases steadily over
from the 1979-1981 baseline against which the comparisonthe 25 year period showing slightly higher values that those
are made having atypical seasonal variations during Novemeerived byUchino et al.(1999 as a result of the nega-
ber (although the feature persisted if the climatology was ex+ive offset corrections applied to the satellite-based measure-
tended to 1983). Except for 2001, ozone hole areas duringnents. If the data from the anomalous Antarctic ozone hole
the month of November are close to or lower than the mearin 2002 are ignored, there is little or no indication of a re-
values over 1979-1999 suggesting that ozone hole area duduction in the size of the ozone hole using the thresholds of
ing November may be a candidate indicator for Antarctic O3<220DU, G3<150DU or G 30% below the 1979-1981
ozone hole recovery as also observedAyarez-Madrigal mean, in agreement with previous studidgfwman et al.
et al.(2005. This is shown more clearly in Fi@ where the  2004). There is some indication however that the area of the
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Fig. 9. November means of the Antarctic ozone hole area for therig 10. The annual maximum ozone hole area for the four different
four different threshold conditions. threshold conditions, and the dates on which those maxima were
achieved.

ozone hole with ozone 50% below the 1979-1981 mean has

decreased; over the 5 year period from 1999 to 2003, excephe period. For the §<220 DU threshold condition, over
for one year (2000), the area for every year has been belowhe period 1980 to 2000, the date on which the maximum
the minimum value over the 5 year period from 1994 to 1998.0zone hole area occurs shifts earlier by more than 2 weeks
There is an indication in the bottom panel of Fif) that per decade. For this threshold condition, over the most re-
the date when the maximum occurs has shifted earlier ovecent 4 years, the maximum area date drifts laterti days.
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Fig. 12. The annual dates of disappearance of ozone hole type val-
ues for all four threshold criteria. In 1988 there were no ozone
values below 150 DU.

Ozone hole size difference (EPT-GOA, 10°%km?)

3.3 Date of ozone hole disappearance
-10

The annual dates of disappearance of ozone levels flagged
N B A BN AT as ozone hole values (latituded0® S) for all four threshold
29-Jul 28-Aug 27-Sep 27-Oct 26-Nov 26-Dec criteria are shown in F|g]_2

The dates of disappearance of ozone hole values drift later

Fig. 11. Differences in the size of the Antarctic ozone hole calcu- jntg the year up until 1998/1999. Thereafter the date has
lated using the Earth Probe TOMS and GOA GOME data sets (EPT-

GOA) § 4 EPT and GOA d " dEPT dshifted earlier in the year for all four threshold criteria. To
) for (a) correcte an ata, (b) correcte aNGinvestigate whether the recent earlier dates of disappearance
uncorrected GOA data.

of vortex like values are related to changes in the timing of
the breakdown of the dynamical vortex, meridional impermi-

Again, whether or not this is a sign of statistically significant ability, «, on the 450K surface was calculated for each day
ozone recovery is beyond the scope of the paper. of each year $0deker et aIZOOZ The date on which the
Early in the season there are differences in the size of théneridional maximumk value falls below 10% of its annual
ozone hole calculated using the Earth Probe TOMS and GOAnaximum value was used to denote the dissipation of the
GOME data sets (Fidl1). dynamical vortex. Previous analyses have shown that from
However, because negative corrections were app“ed to thg’le late 1970s to the late 1990s the date of breakdown of the
GOA GOME data over high southern latitudes during winter dynamical vortex has drifted later in the year by between 2
(Fig. 5) this may result in excessively large ozone hole val- and 4 weeks, depending on the metric used to detect vortex
ues. Therefore a comparison of ozone hole areas from th&reakdown {chino et al, 1999 Waugh et al.1999. In 2000
corrected Earth Probe TOMS and uncorrected GOA GOMEand 2002 the dynamical vortex dissipated on the 19 and 18
data sets is also shown in Fitl. Except for 1997, 1998 and November respectively (not shown graphically here). This
2000, the differences are generally less than 5millioA km Was earlier than any previous vortex breakdown since 1979
and after the first week of September are generally less thathen the vortex also dissipated on 18 November. In 2001,
2 millionkm?2. The sources of these discrepancies are curalthough the vortex dissipated on 14 December, 1 day later
rently unknown but most likely relate to how the GOA as- than in 1999, ozone hole like values disappeared 12 days ear-
similation model uses measurements close to the vortex edgéer in 2001 than in 1999 suggesting that mechanisms other
(which may be in sunlight and therefore subject to ozone dethan changes in dynamics may also be driving earlier disap-
pletion chemistry) to infer ozone values deep within the vor- pearance of ozone levels typical of the Antarctic ozone hole.

tex. In any event, the differences do not affect the resultsh 2003 the dynamical vortex dissipated on 30 November
shown in Fig.9 and Fig.10. which is also relatively early compared to the 1990s where

in only two years (27 November 1991; 30 November 1997)
did the vortex dissipate in November.

Earlier dates of dissipation of the dynamical vortex, and
earlier dates of disappearance of ozone hole ozone values,

-15
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have important implications for summer-time UV levels over —&— Using uncorrected EPT
southern midlatitudesMcKenzie et al. 1999. The closer

the date of dissipation of the vortex to the summer solstice,
the greater the likelihood of ozone depleted fragments of the
vortex being advected to midlatitudes at times when the UV

is high.

14+
12+
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3.4 Daily minimum ozone levels

Vortex period (19 July - 1 December) average
daily ozone deficit over Antarctica (million tons)

Da”y minimum ozone levels south of 48 have been calcu- fora oo 1087 1084 1085 1088 1990 1967 1904 199 1998 2000 2002 2004

lated for each day from the assimilated total column ozone e

datg base. A comparison ,Of these vglues for 200,0 to 200‘Ia—ig. 15. The AVP mean ozone mass deficitd©220 DU) for each

against the 1979 to 1999 climatology is presented iNE83.  year in 19kg. Values derived using the EPT data corrected af-
The minimum Antarctic ozone levels for the year 2000 ter comparison with Dobson spectrophotometer measurements are

to 2003 are generally close to the lower range of the 197%hown using diamonds, while values derived using uncorrected EPT

to 1999 climatology up until the end of September. Dur- data are shown using circles.

ing November however, the values are more typical of the

mean of the 1979 to 1999 climatology. As already reported ) o

by Alvarez-Madrigal et al(2005, this suggests that min- The results are unaffected by the relative priority of the EPT

imum ozone levels over Antarctic in November are show-2Nd GOA data sets.

ing a more immediate return to pre-ozone hole values tharz3 5 Ozone mass deficit

the minimum values in September. When GOA GOME data™

are used in preference to Earth Probe TOMS data, minimunhq in Bodeker and ScourfielL995, the AVP mean ozone
ozone values over the Antarctic in 2000 (where the differ- 555 geficit has been calculated for each year and is plotted
ences are largest c.f. Figl) are 20-40 DU lower than those ;, Fig. 15.
shown in Fig.13 but become very close to those shown in e mass deficit provides a direct measure of the mass of
Fig. 13 by mid-August. ozone that would need to be added to the atmosphere to re-
Annual minimum ozone levels south of 48 together  turn ozone values over the Antarctic to above 220 DU and
with the dates on which the minimum values occurred areajds comparison with ozone changes over other parts of the
plotted in Fig.14. globe Uchino et al, 1999 Bodeker et al.20018. Clearly
While the annual minimum Antarctic total column ozone the application of the small corrections to the EPT data can
levels over recent years appear to show an up turn, the datehange the conclusions that may be drawn from the ozone
on which the annual minimum occurs appears to continuemass deficit data on recovery of the Antarctic ozone hole.
moving earlier into the year over the whole analysis period.Unlike the annual maximum area and the annual minimum
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total column ozone which show little change through the Edited by: M. Dameris
1990s, the ozone mass deficit shows significant growth dur-

ing the 1990s, almost doubling in value from 8 B kg in

1990 to 15.210° kg in 2000. This results from more severe References
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