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[1] Ozone mass deficit is a commonly used index to quantify Antarctic ozone depletion.
However, as currently defined, this measure is not robust with respect to reflecting
chemical ozone loss within the Antarctic vortex. Therefore, in this study, a new definition
of ozone mass deficit (OMD) is developed. The 220 Dobson Unit based value
currently used as the threshold for ozone depletion has been replaced with a new ozone
background representative of pre-ozone-hole conditions. Second, the new OMD measure
is based on ozone measurements within the dynamical vortex. A simpler method
is also proposed whereby calculation of the vortex edge is avoided by using the average
latitude of the vortex edge (62�S) as the spatial limiting contour. An indication of the
errors in OMD introduced when using this simpler approach is provided.
By comparing vortex average total ozone loss (defined using the new background and
limiting contour) with partial column accumulated chemical ozone loss calculated with the
tracer-tracer correlation method for 1992–2004 and in more detail for
1996 and 2003, it is shown that the new OMD measure is representative of chemical
ozone loss within the vortex. In addition the new criteria have been applied to the
calculation of ozone hole area. The sensitivity of the new measures to uncertainties in the
background have been quantified. The new ozone loss measures underestimate chemical
ozone loss in highly dynamically disturbed years (2002 and 2004), and criteria for
identifying these years are presented. The new measures should aid chemistry-climate
model intercomparisons since ozone biases in the models are avoided.

Citation: Huck, P. E., S. Tilmes, G. E. Bodeker, W. J. Randel, A. J. McDonald, and H. Nakajima (2007), An improved measure of

ozone depletion in the Antarctic stratosphere, J. Geophys. Res., 112, D11104, doi:10.1029/2006JD007860.

1. Introduction

[2] Ozone destruction over Antarctica has been of scien-
tific interest since the discovery of the ozone hole in 1985
[Farman et al., 1985]. Initially the severity of Antarctic
ozone depletion was quantified using minimum total col-
umn ozone values over Antarctica. However, later studies
[Stolarski et al., 1990] showed that in some years (e.g.,
1987 and 1989) while minimum ozone values were similar,
the development of the ozone hole area was quite different.
The ozone hole area, introduced by Stolarski et al. [1990],
and defined as the area within the 220 Dobson Unit (DU)
contour, has become another standard measure of the
severity of Antarctic ozone depletion. More recently, a third
measure, ozone mass deficit, that combines the size and
depth of the ozone hole has been used [Uchino et al., 1999].

This metric is calculated by integrating air masses depleted
in ozone over latitudes poleward of 40�S. In this case air
masses depleted in ozone are identified as those with less
than 220 DU of total column ozone. This threshold has been
generally acknowledged because it is lower than all pre-
ozone-hole values (before 1980) and the 220 DU contour
lies in the region of steep ozone gradients surrounding the
ozone hole. All three measures mentioned above (minimum
total column ozone, ozone hole area and ozone mass deficit)
have been used to describe and study interannual and intra-
annual variations in Antarctic ozone depletion [World
Meteorological Organization (WMO), 2003].
[3] The annual minimum value in total column ozone

over Antarctica is largely insensitive to reversible dynam-
ical disturbances of the vortex edge and has shown little
change through the 1990s during the annual Antarctic
vortex period (18 July to 30 November) [WMO, 2003].
The minimum appears usually in late September or early
October and has remained essentially unchanged at about
100 DU since 1993 after the considerable decrease during
the 1980s and early 1990s. Equivalent effective Antarctic
stratospheric chlorine (EEASC), a measure of the concen-
tration in ozone depleting substances in the Antarctic
stratosphere, peaks in 2001 [Newman et al., 2006]. The
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insensitivity of annual minimum ozone values to changing
EEASC suggests that its use in detecting a response of
Antarctic ozone depletion to reductions in ozone depleting
substances is limited. Similar saturation effects are observed
in ozone hole area. Ozone hole area is more sensitive to
changes in the vortex collar region than minimum total
ozone. The springtime ozone hole area increased rapidly
during the 1980s and more gradually during the 1990s
[WMO, 2003] while EEASC steadily increased. From
1995 to 2005 the ozone hole area also shows a lack of
response to EEASC [Newman et al., 2006]. Unlike mini-
mum total column ozone and ozone hole area averaged over
the Antarctic vortex period, the ozone mass deficit averaged
over the same time period shows significant growth during
the 1990s, as discussed in Bodeker et al. [2005], and greater
sensitivity to recent changes in EEASC.
[4] The long-term trend in ozone depletion is mainly

controlled by chemical processes and the interannual vari-
ability can be explained by variability in temperatures and
planetary wave activity [Huck et al., 2005]. However, when
expanding these studies to intra-annual variability, more
detailed processes need to be considered which can be
neglected when averaging over the Antarctic vortex period.
The start date and the rate of ozone destruction depend on
temperatures and on sunlight reaching areas with polar
stratospheric clouds. Furthermore, ozone depletion is con-
trolled indirectly by planetary wave activity displacing air
masses out of the polar darkness and therefore causing
earlier ozone depletion in some regions [Solomon et al.,
1993; Austin and Butchart, 2003]. By transporting heat,
waves directly affect polar temperatures and therefore the
occurrence of polar stratos heric clouds (PSCs) which

control chlorine activation and therefore ozone destruction
[Schoeberl and Hartmann, 1991]. To quantify intra-annual
variability in ozone depletion a measure sensitive to all of
these processes is necessary.
[5] If the ozone mass deficit and ozone hole area defi-

nitions are based on a 220 DU threshold, as was done by
Huck et al. [2005] and earlier studies, the identified onset of
ozone depletion occurs well after sunlight returns to the
polar regions, which is inconsistent with accepted theory of
polar ozone depletion chemistry (i.e., that ozone depletion
commences with the return of sunlight to regions containing
PSCs) and with observations of chemical ozone loss within
the vortex. The 220 DU based measures do not capture the
full deviation from pre-ozone-hole conditions (see Figure 1;
figure details presented in section 2.1). This suggests that
the first step toward improving the ozone mass deficit and
ozone hole area metrics is to define a better background
value that describes the column ozone for pre-ozone-hole
conditions. Since the 220 DU contour has previously
provided the unperturbed background ozone as well as the
limiting contour for the Antarctic vortex, calculation of a
new contour for defining the region within which ozone
depletion is considered becomes necessary when using a
pre-ozone-hole background.
[6] To test whether these new parameters for ozone mass

deficit and ozone hole area calculation are likely to lead to
more representative measures of Antarctic ozone depletion,
vortex average total column ozone loss is derived using the
pre-ozone-hole background. This measure is compared with
the accumulated chemical loss in partial column ozone
derived using tracer-tracer correlations for Halogen Occul-
tation Experiment (HALOE) and Improved Limb Atmo-
spheric Spectrometer (ILAS) data. While the HALOE
comparisons show the utility of the new measures in
tracking springtime ozone loss, the comparisons with ILAS
show how the new measures are able to track the wintertime
ozone depletion.
[7] With the tracer-tracer correlation method the impact

of dynamical changes on ozone within the analyzed layer
are separated from the chemical ozone loss [Proffitt et al.,
1990; Müller et al., 2001]. It can be shown that the
magnitude of ozone loss in the new measure, especially in
winter, is due to chemical ozone loss.
[8] The approach used to calculate the pre-ozone-hole

background ozone and the two spatial integration limits
considered are introduced in section 2.1. In section 2.2 the
application of the pre-ozone-hole background and the new
spatial integration limits to ozone mass deficit and ozone
hole area is described. In section 2.3 the new method is
tested by investigating whether these changes result in
better tracking of Antarctic chemical ozone loss calculated
with more complex and sophisticated techniques such as the
tracer-tracer correlation method. The results are presented in
section 3, in particular ozone mass deficit in section 3.1 and
the chemical ozone loss in section 3.2. The results are
summarized and conclusions are drawn in section 4.

2. Methods

2.1. Derivation of Pre-Ozone-Hole Background

[9] To estimate the pre-ozone-hole mean annual cycle in
total column ozone over Antarctica, coefficients from a

Figure 1. Pre-ozone-hole mean annual cycle within the
Antarctic vortex (thick grey line) and its three s uncertainty
(thin black lines) displayed together with the 1979–1981
(dotted lines) and 2003 vortex mean ozone (thick black line)
from the NIWA combined total column ozone database (see
text). The 220 DU threshold, commonly used in calcula-
tions of OMD and OHA, is shown with a dashed line. The
light grey shaded area indicates ozone loss that would not
be incorporated in an ozone depletion index based on a
220 DU threshold.
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regression model applied to ozone in an equivalent latitude
coordinate [Bodeker et al., 2001] were used to construct the
stationary part of the annual cycle within the Antarctic polar
vortex. This mean annual cycle is compared with vortex
average daily total column ozone from the NIWA combined
total column ozone database for 1979, 1980 and 1981 in
Figure 1, which shows the consistency of this background
with pre-ozone-hole conditions in observations. In addition,
using data for 2003 as an example, the grey shaded area in
Figure 1 shows the ozone deficit below the pre-ozone-hole
background that would be excluded from a 220 DU based
ozone hole metric. The winter/spring decrease in the pre-
ozone-hole background results from the cold polar trough
region south of 70�S where planetary wave activity is weak
[Chandra and McPeters, 1986]. A function of the form:

O3 ¼ Aþ B � sin 2p
d

366

� �
þ C � cos 2p

d

366

� �
þ . . .þ H

� sin 8p
d

366

� �
þ I � cos 8p

d

366

� �

was fitted to this mean annual cycle, where d is the day
number of the year. The coefficients A to I are listed in
Table 1 and can be used to reconstruct the grey curve shown
in Figure 1. If this method is used for calculations based on
chemistry-climate model output, the method described by
Eyring et al. [2006, Appendix 1] can be used to construct
the pre-ozone-hole background.
[10] To test the sensitivity of the new measures to the pre-

ozone-hole background, a three s envelope around the grey
curve in Figure 1 was calculated from 100,000 Monte Carlo
calculations of the background using the parameter uncer-
tainties provided by the regression model [Bodeker et al.,
2001]. The upper and lower limits for the pre-ozone-hole
background are displayed in Figure 1. The resultant uncer-
tainties in the ozone mass deficit and ozone hole area
measures are indicated in the figures below.
[11] Ideally the Antarctic ozone depletion index should be

sensitive only to ozone depletion that occurs within the
Antarctic vortex. Therefore our primary approach is to use
the inner vortex edge, derived using the Nash et al. [1996]
method, to define the region over which the ozone loss is
calculated (the spatial integration limit). NCEP/NCAR
reanalyses potential vorticity (PV) values were transformed
into equivalent latitude coordinates. The vortex edge is
located at the steepest PV gradient multiplied by the total
wind speed. The inner and outer edge of the polar vortex are

defined by the maximum and minimum in the second
derivative of PV with respect to equivalent latitude. The
inner vortex edge is used in these studies to avoid counting
any mixed air in the vortex boundary region which would
affect the value of ozone depletion. However, this also
means that any ozone depletion occurring in the vortex
collar region will not be accounted for and therefore a slight
underestimation of depleted ozone mass and ozone hole
area would occur in this case. The vortex edge has been
calculated for an altitude range between approximately 17–
25 km at potential temperature levels of 450, 550 and 650 K.
An ozone measurement is flagged as being inside the vortex
if the equivalent latitude at that location is greater than the
equivalent latitude of the inner vortex edge at any of the
3 levels. It should be noted that the vortex edge might be
shifted or twisted at altitudes above 650 K and therefore does
not match the derived vortex edge between 450–650 K. This
effect could possibly occur at the end of winter or during a
disturbed vortex (e.g., in 2002 [Newman and Nash, 2005]).
The entire ozone column would be affected and it could
result in an underestimation of ozone mass deficit and ozone
hole area.
[12] Given the additional complexity associated with

calculating the vortex edge, and to ensure the utility of this
method, an additional spatial integration limit of 62�S, the
average latitude of the vortex edge [Bodeker et al., 2002], is
considered. Hereinafter, quantities calculated on the basis of
the vortex edge are denoted with a vortex subscript while
those based on the 62�S limit are denoted with a 62S
subscript. In Figure 2 the limiting contours, including the
220 DU contour, are displayed on top of a latitude-time
ozone distribution for 2003. It is obvious that when using
the 220 DU contour as the spatial integration limit instead of
the actual inner vortex edge (thick black line and crosses in
Figure 2) the area of ozone depletion is restricted to within
the polar vortex. However, it also omits much of the vortex
region, particularly early in the season.

2.2. Ozone Mass Deficit and Ozone Hole Area

[13] In theory, ozone depletion begins as soon as sunlight
reaches areas of polar stratospheric clouds, activates chlo-
rine, and initiates heterogenous ozone depleting reactions.
These processes continue until solar radiation and dynamics
warm the polar region to temperatures above the threshold
for PSC existence. Activated chlorine then returns to
inactive reservoir species. The warming of the polar regions
also causes a weakening of the polar vortex until the final
warming event breaks the structure apart. From theory it is
therefore expected that the start of the ozone hole should
coincide with the day when sunlight first reaches PSC areas.
This date has been calculated and compared to the date
when the ozone mass deficit (OMD) and ozone hole area
(OHA) first become nonzero, as discussed in more detail in
section 3.1.
[14] In addition to calculating the daily OMD using the

method described by Huck et al. [2005], OMDvortex and
OMD62S have been calculated by replacing the 220 DU
threshold with the pre-ozone-hole background. Daily values
of these indices were calculated from the NIWA combined
total column ozone database [Bodeker et al., 2005] from 1979
to 2004. Through the period when a vortex edge can be
defined, ozone measurements within the vortex (section 2.1)

Table 1. Regression Model Coefficients to Calculate the Pre-

Ozone-Hole Background

Coefficient Value

A 302.2
B �9.522
C 2.753
D �8.708
E 17.80
F �11.07
G �4.121
H 1.518
I �2.250
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that fall below the background add to the OMDvortex total
while measurements above the background are subtracted
from the OMDvortex total. The same approach is used when
calculating OMD62S using values poleward of 62�S. The
NIWA combined database has also been used to calculate
daily OHAvortex and OHA62S by adding the area of each cell
with an ozone value below the pre-ozone-hole background
to a daily total if it is within the spatial integration limit and
subtracting the area of each cell with an ozone value above
the background. OMD and OHA values have only been
calculated during the Antarctic vortex season and are
considered to be zero outside that period. Because the date
when sunlight first illuminates PSC regions occurs after the
date when the dynamical vortex is first defined, this
restriction does not affect the start date of OMD and
OHA. Shortly after the vortex forms, in the absence of
other drivers of ozone variability, the OMD and OHAvalues
should be zero. However, the derived pre-ozone-hole back-
ground does not account for year-to-year ozone fluctuations
caused by various transport processes, e.g., the quasi-
biennial oscillation, solar cycle or volcanic eruptions. This
results in OMD and OHA values that are occasionally
nonzero during this period. To correct for this artifact, the
average May value for OMD and OHA for each year has
been subtracted from the data. Averaged over 26 years
(1979–2004) the OMD is corrected by 1.5% of the annual
maximum value and the OHA by 5.6%.

2.3. Comparison With Tracer-Tracer Correlation
Derived Chemical Ozone Loss

[15] To test whether the newly defined OMD measure
better tracks chemical ozone loss within the Antarctic
vortex, spatially averaged ozone loss over the two regions
defined above, was compared with ozone loss within the
vortex calculated with a tracer-tracer correlation method.
These two methods for calculating Antarctic ozone deple-
tion are completely ind ent. Daily vortex average total

column ozone loss was calculated for 1992–2004 by
subtracting the measured ozone column from the pre-
ozone-hole background. Chemical ozone loss was derived
with the tracer-tracer correlation method for 1992–2004
[Tilmes et al., 2006a]. This method requires measurements
of an ozone profile and simultaneous measurements of a
passive tracer which can be used to track the diabatic
descent of air parcels within the vortex. HALOE measure-
ments were used for 1992–2004 while ILAS V6.0 and
ILAS-II V1.4 measurements were used for more detailed
comparisons in 1996 and 2003, respectively. For the accu-
mulated ozone loss derived from HALOE data, CH4 and/or
HF were used as the passive tracer while for the accumu-
lated ozone loss derived from ILAS-II, N2O was used as the
passive tracer. HALOE provided discontinuous measure-
ments of O3, CH4 and HF inside the polar vortex [Russell et
al., 1993] which have been averaged over periods between
1 and 20 days and result in one to four data points per year.
ILAS provided daily measurements of O3 and N2O inside
the polar vortex from 30 October to 13 December 1996
[Suzuki et al., 1995; Sasano et al., 1999] and ILAS-II from
2 April to 24 October 2003 [Nakajima et al., 2006;
Nakajima, 2006]. While HALOE provides more years for
comparison of the tracer-tracer method with the total col-
umn ozone loss derived here (1992–2004), ILAS and
ILAS-II provide better temporal coverage during the years
for which data are available (1996 and 2003).
[16] For the tracer-tracer correlation method an early

winter reference function is derived for chemically unper-
turbed conditions in an established vortex. Deviations from
this reference function are used to identify chemical ozone
loss. This reference function was calculated using O3 and
N2O measurements in June from ILAS and ILAS-II. The
relationship between ozone and N2O does not change
within the confined borders of the polar vortex unless ozone
reacts chemically. Accumulated chemical ozone loss was
calculated by integrating the tracer-tracer correlation
derived ozone loss profiles between 350 K and 550 K for
HALOE and between 350 K and 600 K for ILAS and ILAS-II.
These altitude ranges have been identified as the region
where the halogen catalyzed polar ozone loss takes place
[Tilmes et al., 2006b]. Therefore the integrated values
represent the total amount of chemically destroyed ozone
in the polar vortex. Mixing of air from outside to inside the
vortex could potentially result in an underestimation of
chemical ozone loss [Müller et al., 2005].

3. Results

3.1. Ozone Mass Deficit and Ozone Hole Area

[17] The OMDvortex and OMD62S measures, calculated as
described in section 2.2, are compared with each other, and
with the OMD based on the 220 DU threshold, for 2003 in
Figure 3. While the 220 DU based OMD starts about two
months later than both new measures, the seasonal start date
of the new OMDs is now very close to the date when
sunlight first illuminates PSC areas (i.e., 21 May 2003)
which is consistent with observations and theory. As de-
fined, OMDvortex terminates at the same time as the vortex
breaks up (the time when no edge can be found using the
criterion of Nash et al. [1996]) while OMD62S remains
positive to the end of the year. Both new measures for ozone

Figure 2. Zonal mean total column ozone over the
Southern Hemisphere in 2003 shown using shades of grey
indicated by the scale on the right, together with the
different spatial integration limits used in this and previous
studies, i.e., the inner vortex edge (black crosses), the mean
location of the vortex edge at 62�S (thin black line) and the
220 DU contour (thick black line).
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mass deficit track each other closely until shortly after the
seasonal maximum after which OMD62S shows higher
values compared to OMDvortex. Overall, considering the
years 1979–2004 (not all shown), more depleted ozone
mass is accounted for in the new OMD measures compared
to the 220 DU based OMD. This confirms that it is likely
that the 220 DU based OMD omits some of the depleted
ozone mass, as has been suggested by Figure 1.
[18] A similar comparison of the ozone hole area measures

conducted for 2003 (Figure 4), indicates similar results as
for OMD. Comparing the 220 DU based OHA with
OHAvortex and OHA62S, the seasonal evolution of the
two new measures shows an earlier start compared to the
original OHA but all three measures considered match at
similar values after the maximum of the 220 DU based
OHA is reached. Because the seasonal start date for the new
ozone hole area measures is similar to that for when sunlight
first reaches PSC areas (and earlier than if the 220 DU
contour is used), the new measures are considered to be a
better measure of the ozone hole area than the method using
the 220 DU contour.
[19] Use of 62�S as the spatial integration limit rather

than the vortex edge introduces errors in OMD and OHA.
Calendar month averages of these errors over 26 years are
summarized in Table 2.

3.2. Vortex Average Chemical Ozone Loss

[20] Two measures for vortex average chemical ozone
loss have been derived as described in section 2. The two
measures are (1) the total column ozone loss derived by
subtracting a pre-ozone-hole background from column
ozone measurements within the vortex and (2) the accumu-
lated chemical ozone loss derived with the tracer-tracer
correlation method. Unlike the tracer-tracer correlation
method which is specif chemical ozone loss, the total

column ozone loss method considers the combination of
chemical ozone loss and dynamical resupply. The two
methods are compared, from 1992 to 2004, in Figure 5.
To reduce uncertainties in the accumulated chemical ozone
loss, up to 20 profiles inside the vortex have been averaged
for one data point. Because of the orbit of the HALOE
instrument this results in 1 to 4 data points per year. Except
for 2002 and 2004 (unusually dynamically perturbed years,
see below) the two methods show excellent agreement, well
within the 1s uncertainties on the HALOE based ozone loss
and the uncertainty resulting from the pre-ozone-hole back-
ground envelopes. In dynamically perturbed years, the
vortex average total column ozone loss (and by inference
the new OMD metric) is reduced as a result of dynamical
resupply of ozone to the vortex; that is, it does not
accurately reflect the pure chemical depletion of ozone.
Dynamically perturbed years can be identified using the
following indicators: (1) when the September average
temperatures at 65�S and 50 hPa exceed 210 K; and/or
(2) when the standard deviation on September zonal mean
zonal winds at 60�S and 50 hPa exceeds 10 m s�1; and/or
(3) when the standard deviation on September average total
wave power at 60�S and 20 hPa, derived from geopotential
height fields, exceeds 300 m.
[21] The two methods (subtraction of the pre-ozone-hole

background from vortex average total column ozone and the
tracer-tracer correlation method) provide very similar
measures of Antarctic ozone loss in spite of the fact that
they cover different altitude ranges (suggesting that ozone
loss above or below the region diagnosed with the tracer-
tracer correlation method is negligible) and that the tracer-
tracer correlation measurement samples only a few locations
within the vortex (suggesting that the air within the core of
the vortex is well mixed). The large discrepancy in 2002 is

Figure 3. Daily values of OMDvortex (thin black line),
OMD62S (thin grey line) and OMD220DU (thick black line)
for 2003. The arrow early in the period shows the first day
of sunlight on PSC areas in 2003. The two error bars on the
OMDvortex and OMD62S curves indicate the uncertainties on
these measures, resulting from uncertainty in the pre-ozone-
hole background (see Figure 1), which are similar
throughout the season.

Figure 4. Daily values of OHAvortex (thin black line),
OHA62S (thin grey line) and OHA220DU (thick black line)
for 2003. The arrow early in the period shows the first day
of sunlight on PSC areas in 2003. The error bars on the
OHAvortex and OHA62S curves indicate the uncertainties on
these measures, resulting from uncertainty in the pre-ozone-
hole background (see Figure 1), which decrease throughout
the season: by June the error is more than 1 � 1013 m2

whereas by August-September it is only 0.05 � 1013 m2.
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not surprising since in that year a midwinter major warming
[Hoppel et al., 2003; Sinnhuber et al., 2003] caused a
significant influx of ozone rich air into the vortex. The
underestimation of the ozone loss in 2002 and 2004 using
the total column ozone loss method suggests that dynamical
resupply of ozone to the Antarctic vortex may have become
more prevalent in recent years. While no major stratospheric
warming was observed in 2004, vortex minimum temper-
atures were higher than in the previous decade, and winter-

time PSC frequencies were significantly lower than in the
previous decade [Hoppel et al., 2005]. Furthermore, our
analysis of wave powers in geopotential height fields from
1979 to 2004, showed that the standard deviation on
September wave powers of wave number 5 were anoma-
lously high in 2004.
[22] In Figure 6 the relationship between the two dif-

ferent vortex ozone depletion measures is displayed as a
scatter diagram. Except for 2002 and 2004, the two ozone
loss measures are correlated with a correlation coefficient
of r = 0.6 at 99.9% significance (when 2002 and 2004 are
excluded), with the total column ozone loss method show-
ing smaller ozone loss as expected since it considers both
the effects of chemical loss and dynamical resupply.
[23] A day-by-day comparison of total column ozone

loss and accumulated chemical ozone loss for 30 October
to 13 December 1996 and 1 June to 20 October 2003 is
displayed in Figures 7 and 8, respectively. The accumulated
chemical ozone loss for these periods is based on ILAS and
ILAS-II observations [e.g., Tilmes et al., 2006b]. In this

Table 2. Percentage Error in OMD and OHA When Calculating

These Quantities Poleward of 62�S Rather Than Poleward of the

Inner Vortex Edge

Period OMD62S/OMDvortex 100% OHA62S/OHAvortex 100%

June 162.9 117.9
July 110.6 107.8
August 95.3 95.8
September 72.9 83.9
October 62.6 61.9
November 70.1 67.0

Figure 5. HALOE chemical ozone loss (black stars) compared to vortex average total column ozone
loss (thick grey line) for 1992–2004. Uncertainties in calculating the accumulated chemical ozone loss
(error bars on black stars) result from the estimation of the reference function as well as averaging over
the profiles inside the vortex, whereas the uncertainties in calculating the vortex average ozone loss have
been estimate the uncertainties on the pre-ozone-hole background (thin grey lines).
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comparison, two different total column ozone loss time
series, resulting from integration over the two regions
described in section 2.1 are considered. In 1996 ILAS data
are only available for late in the season. Good agreement
between the accumulated chemical ozone loss and the total
column ozone loss are observed when averaging the total
column ozone loss within the vortex boundaries (Figure 7).
From 6 December 1996 onward larger deviations occur. As
was the case for OMDvortex and OMD62S (Figure 3), the
ozone loss integrated within the vortex is greater than that
integrated poleward of 62�S from October onward.
[24] In 2003 ILAS-II data are available for the whole

Antarctic vortex period. High correlations between accu-
mulated chemical ozone loss and vortex average total
column ozone loss are observed from the start of the ozone
hole until the minimum is reached (Figure 8). The day-to-
day variability of accumulated chemical ozone loss and total
column ozone loss (both within the vortex and poleward of
62�S) are similar. Comparing the accumulated chemical
ozone loss and the vortex average total column ozone loss,
some deviation occurs after the minimum value is reached
whereas the average poleward of 62�S starts deviating at the
beginning of September and shows greater deviations.
Therefore, if ozone loss only until early September is
considered, ozone loss poleward of 62�S (the simpler
diagnostic) provides the same accuracy as ozone loss within
the vortex. Vortex average total column ozone loss reaches
its minimum at about 20 DU higher than the accumulated
chemical ozone loss. The date when the minimum is
reached is in both cases around 9 October 2003. The
differences could be due to different altitude ranges consid-
ered for the two measures, filaments from lower latitudes
intruding into the vortex and/or mixing of ozone rich air
from the top of the vortex. Since the tracer-tracer correlation
requires an impenetrable vortex edge, filaments from lower
latitudes and mixing of ozone rich air from the top of the
vortex are not accounted for. In Figure 2 it can be seen that
there is a slight increase in total ozone in the vortex core
after about 4 October 2 his increase is most probably

due to mixing of polar air masses with ozone rich air from
lower latitudes at high altitudes.

4. Discussion and Conclusions

[25] New definitions for the Antarctic ozone mass deficit
(OMD) and Antarctic ozone hole area (OHA) have been

Figure 6. Comparison of vortex average chemical ozone
losses derived with two different methods for 1992–2004.
Different symbols stand for different years.

Figure 7. Chemical ozone loss derived with tracer-tracer
correlations and total column ozone loss derived with the
new method displayed for October to December 1996 (thick
black line indicates ILAS ozone loss, dotted lines indicate
uncertainties on ILAS ozone loss, thin black line indicates
total column ozone loss (inside vortex), and grey line
indicates total column ozone loss (poleward of 62�S)). Two
single error bars on the vortex average total column ozone
loss lines indicate the uncertainties on these measures.

Figure 8. Chemical ozone loss derived with tracer-tracer
correlations and total column ozone loss for 2003 (thick
black line indicates ILAS-II ozone loss, dotted lines indicate
uncertainties on ILAS-II ozone loss, thin black line
indicates total column ozone loss (inside vortex), and grey
line indicates total column ozone loss (poleward of 62�S)).
Two single error bars on the vortex average total column
ozone loss lines indicate the uncertainties on these
measures.
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presented and discussed above. The algorithm used to
calculate these indices retains some of the simplicity of
earlier methods (e.g., those that use 220 DU as both the
unperturbed background and spatial integration limit) but
has the advantage of better representing the chemical ozone
loss within the vortex. This was demonstrated by comparing
total column ozone loss, calculated using the pre-ozone-hole
background and spatial integration limits used for the new
OMD and OHA indices, with accumulated chemical ozone
loss from a more complex and sophisticated tracer-tracer
correlation technique. Except for unusually dynamically
perturbed years the two methods showed good agreement.
Diagnostics for identifying such years are presented. As
noted above, because the total column ozone loss method
(which uses the same assumptions as for the OHA and
OMD calculations) does not distinguish between chemical
and dynamical induced changes in ozone, the newly pro-
posed Antarctic ozone depletion indices will only be repre-
sentative of chemical depletion of ozone in years when
dynamical contributions to ozone variability within the
vortex are small. However, even in unusually dynamically
perturbed years, the new measures provide improved met-
rics (compared to 220 DU based metrics) of the severity of
Antarctic ozone depletion and for impact studies of ozone
depletion on the biosphere, since the 220 DU based metrics
omit large parts of ozone depletion (Figure 1).
[26] The new methods for calculating OMD and OHA

require total column ozone fields and, only for the option
that uses the vortex edge, potential vorticity fields. Total
column ozone fields are more readily available than the
ozone and passive tracer profiles required for the tracer-
tracer correlation method, and therefore accurate measures
of Antarctic ozone depletion can be obtained over longer
time periods. Thus the recommendation is that the former
method for calculating OMD should be replaced with the
new method that integrates depleted ozone mass poleward

of the inner vortex edge from a pre-ozone-hole background
derived with the regression coefficients listed in Table 1. We
acknowledge that this method is somewhat more compli-
cated than the former method in that it requires calculation
of the dynamical vortex edge. If the additional complication
of calculating the dynamical vortex edge is avoided and the
OMD is integrated poleward of 62�S (the average latitude of
the vortex edge), the resultant errors in the ozone mass
deficit (and OHA) are listed in Table 2. Figure 9 is an
updated version of Huck et al. [2005, Figure 1] showing the
interannual variability and long-term trend in OMDvortex

compared to that based on the 220 DU threshold. While the
long-term trend follows the chlorine and bromine loading of
the stratosphere, strong interannual variability is seen in
recent years.
[27] The new OHA defined over regions within the

vortex and where ozone is below the pre-ozone-hole back-
ground has also shown an improvement when compared
with the OHA defined within the 220 DU contour. In
particular, the new version of OHA (and the new version
of OMD) shows closer correspondence with the timing of
the return of sunlight to the vortex and the onset of ozone
depletion.
[28] A further advantage of using the pre-ozone-hole

background is that the effect of the annually repeating cycle
in dynamics on ozone is better captured than when a
constant background is used. This leads to better separation
of the effects of chemistry and dynamics in a specific year
from ozone changes driven by the long-term background
meridional transport that has affected Antarctic ozone over
climatological time periods. However, interannual variabil-
ity due to the quasi-biennial oscillation, solar cycle or
volcanic eruptions is not currently included in the pre-
ozone-hole background. To correct for these effects, an
offset, derived in May when the vortex has formed but
before ozone depletion has started, is subtracted from the
Antarctic ozone loss measures.
[29] These new definitions of OHA and OMD should also

aid chemistry-climate model intercomparisons. The new
measures will be less sensitive to ozone bias since the
pre-ozone-hole background from which the OMD and
OHA are calculated, will be specific to each model and
will result in some cancelation of any ozone bias.
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