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Abstract

The dynamical barrier to meridional mixing at the edge of the Antarctic spring strato-
spheric vortex is examined. Diagnostics are presented which demonstrate the link
between the shape of the meridional mixing barrier at the edge of the vortex and the
meridional gradients in total column ozone across the vortex edge. Results derived5

from reanalysis and measurement data sets are compared with equivalent diagnostics
from five coupled chemistry-climate models to test how well the models capture the in-
teraction between the dynamical structure of the stratospheric vortex and the chemical
processes occurring within the vortex. Results show that the accuracy of the simula-
tion of the dynamical vortex edge varies widely amongst the models studied here. This10

affects the ability of the models to simulate the large observed meridional gradients
in total column ozone. Three of the models in this study simulated the inner edge of
the vortex to be more than 7◦ closer to the pole than observed. This is expected to
have important implications for how well these models simulate the extent of severe
springtime ozone loss that occurs within the Antarctic vortex.15

1 Introduction

Models capable of simulating the most important processes involved in the production
and destruction of stratospheric ozone are critical tools for increasing our understand-
ing of variations in the stratospheric ozone layer and predicting the consequences of
anthropogenic emissions of ozone depleting substances. Two dimensional (latitude-20

altitude), zonally averaged models of composition, dynamics and radiation have been
extensively used to estimate the evolution of the ozone layer and to predict future strato-
spheric change (Hofmann et al., 1999; Chipperfield et al., 2003; Chipperfield and Feng,
2003). However, two-dimensional models are not capable of adequately representing
the ozone distribution in the polar regions (Chipperfield et al., 2003).25

Three dimensional coupled chemistry-climate models (CCMs), designed to include
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representations of dynamical, radiative, and chemical processes in the atmosphere
and their interactions are now being routinely used for the projections of future strato-
spheric change (Austin and Wilson, 2006; Eyring et al., 2007; Gettelman et al., 2008).
To have confidence in CCM projections of future ozone recovery as the provisions of
the Montreal Protocol and its amendments lead to the removal of halogens from the5

stratosphere, it is necessary to rigourously assess the reliability of CCMs. One method
for evaluating such models is to simulate the past evolution of ozone, other trace gas
species and dynamics under the varying natural and anthropogenic forcings, and com-
pare such simulations with observations. Such comparisons not only highlight model
deficiencies, but can help improve our understanding of processes, mechanisms and10

feedbacks within the atmosphere. This is the motivation behind the CCMVal (Chem-
istry Climate Model Validation, Eyring et al., 2005) activity of the SPARC (Stratospheric
Processes and their Role in Climate) project of WCRP (World Climate Research Pro-
gramme). Within the CCMVal project, the aim is to characterize the simulation of atmo-
spheric processes in CCMs and their associated General Circulation Models (GCMs)15

using a process-oriented approach to model validation.
How well CCMs simulate dynamical fields at the edge of the Antarctic polar vortex

is important for the accurate simulation of ozone concentrations at high southern lat-
itudes. This is because the mixing barrier at the edge of the vortex determines how
well air within the vortex is isolated from mid-latitude air. This isolation is critical for20

the development of the Antarctic ozone hole (Juckes and McIntyre, 1987; Schoeberl
and Hartmann, 1991; Solomon, 1999). Modeled ozone in the polar region is therefore
sensitive to the simulation of the dynamical vortex. For example, Kinnison et al. (2007)
show that the amount of active chlorine within the Antarctic vortex simulated by the
MOZART-3 chemistry transport model, depended on the transport and the degree of25

isolation of the vortex.
The primary objective of this paper is to evaluate the ability of five CCMs to simulate

the position of the mixing barrier at the edge of the Antarctic polar vortex and the as-
sociated latitudinal gradient in ozone concentration across this barrier. Mixing barriers
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at the edge of the polar winter vortices have been quantified through Lagrangian trans-
port studies (Bowman, 1993; Manney et al., 1994; Paparella et al., 1997; Günther et al.,
2007), contour advection (Chen, 1994), effective diffusivity (Haynes and Shuckburgh,
2000; Allen and Nakamura, 2001) and, in a recent paper Krützmann et al. (2008) use
Rényi entropy to diagnose the mixing barrier at the edge of the Antarctic vortex as5

simulated in the SOCOL (Egorova et al., 2005) CCM. In this work, the meridional im-
permeability (κ) defined by Bodeker et al. (2002) (also see Sect. 2) is used to diagnose
the position and strength of the mixing barrier at the vortex edge. κ has been used to
diagnose vortex isolation by Tilmes et al. (2006) as part of a study to quantify chemical
ozone loss during the setup phase of the polar vortex.10

Wang et al. (2005) compared results from a Lagrangian particle model, a contour
advection model and a vortex edge diagnostic very similar to κ. They show using con-
tour advection, that there is a distinct minimum in the growth of total contour numbers
across the polar jet indicating that the polar jet is effectively separating air particles
inside the vortex from those outside the vortex. The position, in equivalent latitude15

coordinates of the minimum of the growth of total contour numbers coincides with the
peak of the vortex edge diagnostic (κ diagnostic).

Bodeker et al. (2002) (hereafter referred to as B2002) used equivalent latitude zonal
means of ozone and meteorological reanalysis to study the expansion of the Antarc-
tic ozone hole and its encroachment on the observed edge of the vortex. They used20

equivalent latitude coordinates to remove the effects of vortex displacement and elon-
gation which tend to blur gradients near the vortex edge when taking zonal means in
true latitude coordinates.

B2002 demonstrated that while the size of the vortex and the area where temper-
atures fall below 195 K changed little from 1980 to 2000, the area with ozone below25

220 Dobson Units (DU), the contour defining the ozone hole, steadily increased. Over
the 20 year period (1981–2000), the severity of the ozone depletion within the core of
the vortex also increased. The study of B2002 is extended here to show an additional
five years of results. Results from observations and meteorological reanalysis are used
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as context for the examination of how well five coupled chemistry-climate models cap-
ture the features of the dynamical vortex and the effect this has on the modeled ozone
distribution, in particular the models’ representation of the Antarctic ozone hole.

2 Measurement data sets and vortex diagnostics

The ozone measurements used in this study were taken from the NIWA combined5

total column ozone data-base (Bodeker et al., 2005) which is an update of the data-
base used in B2002. The data-base combines satellite-based ozone measurements
from four Total Ozone Mapping Spectrometer (TOMS) instruments, three different re-
trievals from the Global Ozone Monitoring Experiment (GOME) instruments, and data
from four Solar Backscatter Ultra-Violet (SBUV) instruments. Comparisons with the10

global ground-based World Ozone and Ultraviolet Data Center (WOUDC) Dobson
spectrophotometer network have been used to remove offsets and drifts between the
different data sets to produce a global homogeneous total ozone column data-set that
combines the advantages of good spatial coverage of satellite data with the long-term
stability of ground-based measurements. Updated versions of the TOMS (version 8),15

GOME (version 3.1) and SBUV (version 8) retrieval software, together with assimilated
total column ozone fields from Royal Netherlands Meteorological Institute (KNMI), have
been used to generate the data set. For more details on the NIWA data-base including
a description of the error characteristics of the ozone fields, see Bodeker et al. (2005).

The meridional impermeability, κ is defined as the gradient of potential vorticity (PV)20

with respect to equivalent latitude (φe) multiplied by the horizontal wind speed (|V|) on
a given potential temperature surface:

κ =
dPV
dφe

×|V| (1)

Wind, temperature and PV fields on potential temperature surfaces were taken from
NCEP/NCAR reanalyses (Kistler et al., 2001). κ is a purely dynamical construct, rather25
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than being defined based on the distribution of an advected tracer. It can therefore
be calculated directly from meteorological reanalyses and compared with the same
diagnostic calculated from CCM or GCM output. Meridional transects of equivalent
latitude zonal mean κ versus equivalent latitude highlight the position and latitudinal
structure of the meridional mixing barrier at the vortex edge (Wang et al., 2005).5

Daily NCEP/NCAR PV fields (2.5◦ latitude×2.5◦ longitude resolution) on the 550 K
potential temperature surface were used to define the equivalent latitude coordinate
(Bodeker et al., 2005). The 550 K potential temperature surface was chosen for the
derivation of equivalent latitudes and κ because, for high latitude total column ozone,
it is close to the altitude of the maximum in the ozone number density (Vincent and10

Tranchant, 1999). Daily PV versus equivalent latitude zonal means were generated
and these were used to transform the ozone and temperature fields to a equivalent
latitude coordinate. The same procedure was used to generate equivalent latitude
zonal mean results from the models.

3 CCM descriptions15

All of the models shown here are fully coupled CCMs that include representations of
the feedbacks between the dynamics, radiation and chemistry which are present in the
real stratosphere. In particular, the way the models simulate the dynamical vortex will
impact the in-situ chemistry which can feed back to the dynamics through changes in
the distribution of radiatively active gases.20

A short summary of the essential characteristics of each model is given in Table 1.
All of the models have been validated against measurements and intercompared with
other CCMs (Eyring et al., 2006, 2007; Bodeker et al., 2007; Austin et al., 2008). The
models shown here are a subset of all the models participating in CCMval. Only groups
that submitted daily PV, wind and total column ozone model output to the CCMval25

archive are included in this study.
E39C-A (Stenke et al., 2008a,b) is an upgraded version of the CCM E39C (Dameris
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et al., 2005, 2006) employing the fully Lagrangian advection scheme ATTILA (Rei-
thmeier and Sausen, 2002) for tracer transport. ATTILA is strictly mass conserving
and numerically non-diffusive. Water vapor, cloud water and chemical trace species
are advected by ATTILA instead of the operational semi-Lagrangian advection scheme
of Williamson and Rasch (1994) which has been used in the previous model version5

E39C.
Extensive changes have been made to the chemistry and advection schemes in

the SOCOL model (Schraner et al., 2008) from that presented in Eyring et al. (2006);
Bodeker et al. (2007); Eyring et al. (2007); Austin et al. (2008). Results from SOCOL
version 2.0 are used in this study.10

The underlying GCM used in the MAECHAM4CHEM and SOCOL models is the mid-
dle atmosphere configuration of ECHAM4 (MAECHAM4) (Manzini et al., 1997). One
notable difference in the way the MAECHAM4 is configured in MAECHAM4CHEM and
SOCOL is that the non-orographic gravity wave scheme in SOCOL has been modified
to produce slightly stronger non-orographic gravity wave drag than MAECHAM4CHEM.15

This adjustment results in some improvements to the dynamical representation of the
stratosphere in SOCOL with respect to MAECHAM4CHEM (see Figs. 1, 2 and 3 of
Eyring et al., 2006).

The chemistry scheme in UMETRAC has been updated since Austin (2002) and is
now the same as the scheme used in the AMTRAC model (Austin and Wilson, 2006).20

Model results in the rest of this paper are listed in alphabetical order.
All models use the same prescribed changes in ozone depleting substances, well

mixed greenhouse gases and stratospheric aerosol surface area densities as well as
observed sea surface temperatures and sea ice lower boundary conditions. These
boundary conditions are the same as those used in the so called REF1 CCMVal inte-25

grations described in detail in Eyring et al. (2006).
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4 Dynamical containment of ozone depletion diagnosed in measurements

Antarctic ozone depletion usually maximizes during early October (Bodeker et al.,
2005). Figure 1 shows the equivalent latitude zonal mean, October average of daily
mean total column ozone, κ and 550 K temperature averaged over five year periods
This extends Figs. 2 and 4 of B2002 for a further 5 years.5

The total ozone column zonal mean (Fig. 1a) demonstrate that the severity of Antarc-
tic ozone depletion increased from 1981 to 2000 as indicated by the steady decline in
the total column ozone poleward of the vortex edge (>62◦ S). In conjunction with the
increased severity of ozone depletion, the equivalent latitude at which the contours
cross the 220 DU threshold (denoted by the horizontal dashed line in Fig. 1a) steadily10

decreased from 1981 to 2000 indicating an increase in area of the ozone hole. These
trends reverse for the 2001/2005 five year average where the average total column
ozone within the vortex is more than 20 DU greater than the previous five year average
and the equivalent latitude poleward of which ozone drops below 220 DU has moved
poleward by approximately four degrees.15

The reversal of the ozone trend is not necessarily an indication of the recovery of
Antarctic ozone from the effect of reductions in stratospheric halogen concentrations.
The severity of ozone depletion within the Antarctic polar vortex for a given spring,
depends on both chemical and dynamical conditions (Huck et al., 2005). The 2002 to
2005 period was significantly more dynamically active and stratospheric temperatures20

were higher than normal. This can be seen in the 550 K temperature plot (Fig. 1c)
where the 2001/2005 five year average within the polar vortex is higher by at least 2 K
compared with the other five year averages and more than 4 K higher when compared
with the previous five year average (1996/2000). The 2001/2005 averages are also
strongly affected by the unprecedented 2002 Antarctic sudden stratospheric warming25

(Hoppel et al., 2003; Sinnhuber et al., 2003; Nishii and Nakamura, 2004; Randall et al.,
2005).

Changes similar to the total column ozone changes in Fig. 1a can also be seen
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in the meridional impermeability, κ (Fig. 1b) derived from NCEP/NCAR reanalyses.
Peak κ increased by more than 50% from 1980 to 2000. As pointed out in B2002,
no secular trend in the equivalent latitude position of the peak in κ can be seen in the
reanalysis results, indicating that there has been no change in the size of the dynamical
vortex even though there were significant increases in the peak κ, an indicator of the5

permeability of the vortex edge, and the size of the ozone hole over the same period.
The 550 K temperatures (Fig. 1c) from NCEP/NCAR reanalysis data show a cooling

trend in the tropics for equivalent latitudes less that 20◦ S (equivalent to a shift to lower
pressures of the 550 K potential temperature surface). Compared to the 1981/1985
average, tropical temperatures on the 550 K surface were almost 3 K lower over the10

2001/2005 period. Within the polar vortex the results of Fig. 1c indicate temperatures
increased over the 25 year period from 1980 to 2005, with the 1995/2000 average
being anomalously low. Cooling in the tropics and warming at high latitudes in the
lower stratosphere is consistent with an increase in the strength of the Brewer-Dobson
circulation (Butchart et al., 2006).15

The edge of the polar vortex can been defined in a number of ways (Bodeker et al.,
2002; Nash et al., 1996; Tilmes et al., 2006). Here we define the “vortex edge” as the
peak in κ and the “inner vortex edge” as the minimum of the second derivative of κ
with respect to equivalent latitude. Figure 2 updates Fig. 3 of B2002, and shows for
each year the October average equivalent latitude of the 220 DU total column ozone20

contour, the equivalent latitude of the vortex edge and the inner vortex edge. The
difference between the edge of the ozone hole (220 DU contour) and the vortex edge
decreased from 1980 to the early 1990s and remained relatively constant around 4 to
5 degrees from 1990 to 2005. There is a suggestion that this gap between the vortex
edge and the 220 DU contour started to widen after 2000 but the 2005 ozone hole edge25

closed to within 2.5◦ of the vortex edge.
The equivalent latitude of the 220 DU total column ozone contour closely tracks the

equivalent latitude of the inner vortex edge after 1990. This demonstrates how the area
of severe ozone depletion within the vortex expanded to the edge of the vortex over the
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1980 to 1990 period. After 1990 the ozone hole has not grown any larger relative to the
inner vortex edge (Fig. 2b) which implies the size of the ozone hole has largely been
constrained by the size of the dynamical vortex over the 1990 to 2005 period.

Both the vortex edge and the inner vortex edge time-series (Fig. 2a) show no change
in their respective equivalent latitude position from 1980 to 2005 in response to the5

growth in the ozone hole. Therefore the position and width of the vortex edge and thus
the size of the dynamical vortex is insensitive to the concentration of ozone within the
vortex.

5 Dynamical containment of ozone depletion simulated by five CCMs

For the comparison between observations/reanalysis and models, the 1990 to10

2000 period was chosen because after approximately 1990, the equivalent effec-
tive stratospheric chlorine (EESC) (Newman et al., 2004) remained relatively con-
stant. This means that after 1990, the variability in the severity of springtime
Antarctic ozone losses has primarily been driven by dynamical variability and chem-
ical/radiative/dynamic coupling rather than through significant changes in EESC (Huck15

et al., 2005) (see also Fig. 2). Most of the model simulations used in this work finish in
2000 so this was taken as the end point of the averaging period.

5.1 Modeled meridional impermeability

Figure 3 plots the 10 year average (1990–1999) of the equivalent latitude zonal mean κ
derived from NCEP/NCAR reanalyses and from the five CCMs. The dominant feature20

in the κ equivalent latitude zonal means, the peak spanning the vortex edge at approx-
imately 62◦ S, is reproduced by all of the CCMs but the details are not well simulated
by some of the models.

E39C-A, E39C, LMDZrepro and UMETRAC have vortex edge barriers that are sig-
nificantly too wide. The equivalent latitude of the vortex edge, as simulated by E39C-A,25
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E39C and LMDZrepro are in good agreement with reanalysis results but because the
edge barrier is too wide, the inner vortex edge is too close to the pole.

Comparisons of the κ equivalent latitude zonal means from E39C-A and E39C pro-
vide information on the influence on κ of changes in the trace gas advection scheme. κ
from both models are similar with the E39C-A showing a small improvement compared5

to reanalysis on the equatorward side of the κ peak.
The inner edge of the vortex in MAECHAM4CHEM agrees well with the reanalysis re-

sults. A second smaller κ peak within the vortex is apparent in the MAECHAM4CHEM
results (Fig. 3d). This feature is associated with small, high PV events that occur early
in October within the polar vortex in some years. These features are also present to10

a lesser degree in the SOCOL fields (Fig. 3e) suggesting that they are generated by
the underlying MAECHAM4 GCM. The cause of these features is presently not clear.
The 1σ range in κ from SOCOL is the only model result to capture the mean κ from
reanalysis over the whole latitude range spanning the vortex edge.

The shape of the κ peaks from MAECHAM4CHEM and SOCOL are similar.15

MAECHAM4CHEM and SOCOL are constructed using the same underlying GCM
(MAECHAM4). The similarity of the κ zonal means from MAECHAM4CHEM and SO-
COL and the insensitivity of κ to changes in advection scheme (E39C-A/E39C) demon-
strate that the shape of the κ peak derived from CCM output is strongly related to the
underlying dynamical model rather than the chemistry or spatial distribution of radia-20

tively active gases. This is consistent with the results in Sect. 4 which show the position
and width of the κ peak in the reanalysis data did not significantly change over the 26
year period 1980–2005, even though the concentration of ozone within the polar vortex
declined markedly over the same period.

UMETRAC generates a vortex edge barrier that is too wide (Fig. 3f). The vortex25

edge is closer to the pole than reanalysis and this, combined with the fact that the
vortex barrier is too wide means that the inner vortex edge is significantly too close to
the pole.

The Arctic and Antarctic meridional impermeability simulated by the WACCM3 CCM
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(Tilmes et al., 2007) have been compared to the κ calculated using the UK Meteorolog-
ical office stratospheric analyses (Swinbank and O’Neill, 1994) for the period 1992 to
2003. The WACCM3 model produces an October average meridional impermeability
(κ) whose shape is similar to the LMDZrepro results shown here (see Fig. 5 of Tilmes
et al., 2007). The position of the peak of the WACCM3 κ zonal mean matches reason-5

ably well the peak derived from the Meteorological Office analyses but the peak is too
low and significantly too broad. Note also the shape of the κ zonal means from the
Meteorological Office analyses shown in Tilmes et al. (2007) are in good agreement
with the κ results derived from NCEP/NCAR reanalyses shown here. The absolute
values of κ from Tilmes et al. (2007) differ with results presented here because they10

used modified PV in their study, whereas Ertel PV is used here.
To quantify the shapes of the κ zonal means, the first three moments of κ were fitted

over a limited latitude range around the vortex edge peak:

m1 =
∫ b
a
φeκ(φe)dφe

m2 =
∫ b
a

(φe −m1)2κ(φe)dφe15

m3 =
∫ b
a

(
(φe −m1)

m2

)3

κ(φe)dφe.

Table 2 lists the fitted coefficients and the latitude range over which the κ values were
fitted. A normalizes the functions such that the integral under the original and the fitted
curves are equal over the range of latitudes considered. m1, m2 and m3 are the fitted
coefficients representing the first, second and third moments respectively. Each year20

was fitted separately. The 10 year mean of the fitted coefficients are listed in Table 2
along with the 1σ standard deviation in the fitted values.

The m1 values from E39C-A, LMDZrepro and UMETRAC results are significantly
larger than the reanalyses, demonstrating that the vortex edge in these models is too
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close to the pole. As discussed above, all models except SOCOL have a κ peak that
is too broad compared to reanalyses.

The fitted first and second moments from Table 2 were used to plot the fitted Gaus-
sian functions

κf (x) =
A

m2

√
2π

exp

(
(x −m1)2

2m2
2

)
(2)5

representing the vortex mixing barrier, shown in red in Fig. 3. If the dynamical barrier
is assumed to have a Gaussian shape as in Eq. 2, the inner vortex edge is then simply
m1+m2. As pointed out above, the MAECHAM4CHEM and SOCOL inner vortex edges
agree well with the reanalysis results. The other models (E39C-A, LMDZrepro and
UMETRAC) simulate inner vortex edges more than 7 degrees closer to the equivalent10

latitude pole than the inner vortex derived from reanalyses.

5.2 Modeled total column ozone

There is a sharp decrease in total column ozone at the edge of the vortex from the
NIWA observation data set (Fig. 4a) over a limited equivalent latitude range, approxi-
mately 60◦ S–70◦ S. This large gradient across the vortex edge highlights the advantage15

of using equivalent latitude coordinates where the effects of distortion and/or displace-
ment of the vortex are reduced compared to true latitude coordinates (Bodeker et al.,
2005). Using equivalent latitude rather than true latitude gives a clearer picture of the
vortex edge which helps in diagnosing the isolation of inner vortex air. The strong gra-
dient in total column ozone across the vortex edge represents the region over which20

the inner vortex air, which is depleted in ozone, mixes with ozone rich air from outside
the vortex.

The overall magnitude and latitudinal shape of the modeled total column ozone are in
reasonable agreement with observations from the NIWA combined total column data-
base (Fig. 4). The LMDZrepro and UMETRAC ozone holes are too deep in the vicinity25
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of the equivalent latitude pole and the MAECHAM4CHEM ozone columns are positively
biased over the whole of the southern hemisphere as noted by Steil et al. (2003).

The E39C-A total columns also have a positive bias over the whole of the south-
ern hemisphere. The shape of the equivalent latitude zonal mean total column ozone
(Fig. 4b) is a small improvement compared to results from the E39C model but at the5

expense of introducing a positive bias at mid and high latitudes. The ozone gradient
over the vortex edge is steeper and the large gradients near the vortex edge are more
confined in latitude in the E39C-A results compared to E39C results.

Total column ozone results from SOCOL version 2.0 shown here are a significant
improvement on the results shown in Eyring et al. (2006, 2007) and are in excellent10

agreement with observations, particularly in the tropics and high latitudes.
The meridional gradients of total column ozone are closely related to κ. This is clear

from Fig. 5 where the κ zonal means are compared to the negative of the gradient of
the total ozone column with respect to equivalent latitude, from observations and the
five CCMs. The correlation between κ and the gradient in ozone is good in all cases,15

particularly near the vortex edge.
The 550 K potential temperature surface on which κ are calculated is close to the

altitude where the ozone number density maximizes in the polar regions. Even though
the total column ozone is an integrated quantity over the full atmospheric column, it
is weighted strongly to ozone concentrations around the 550 K level and thus the total20

column ozone zonal means are related to κ on the 550 K surface. This is confirmed
by comparing the total column ozone gradients with gradients in ozone concentration
on the 550 K potential temperature surface from the models. The peak gradients at the
vortex edge match well.

Figure 5 demonstrates that κ clearly defines the position and structure of the barrier25

to meridional mixing at the edge of the polar vortex (Wang et al., 2005) and is therefore
an important diagnostic for the validation of stratospheric resolving CCMs.

Note that the differences in the model and reanalysis/observed meridional equiva-
lent latitude zonal means are not a result of distortions due to the transformation to
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equivalent latitude coordinates. The same conclusions hold when the diagnostics are
calculated in true latitude coordinates. κ is the product of wind speed and the potential
vorticity gradient. Comparing these fields separately indicates that there is a greater
discrepancy between the NCEP/NCAR reanalyses and CCMs in the PV gradients than
the wind speed. In particular, the models generally produce larger PV gradients than5

the reanalysis within the inner vortex. The reason for this discrepancy is presently not
clear.

Although it is outside the scope of this paper, the results of this and the previous
section raises the question of whether the κ diagnostic along with the total column
ozone fields can be used to quantify the ozone transport across the vortex edge during10

the spring time period of severe ozone loss within the Antarctic polar vortex. This
is an attractive goal because it would allow the estimation of ozone transport across
the vortex edge directly from standard meteorological output (winds and PV) and total
column ozone without the need for any additional Lagrangian (Wang et al., 2005) or
tracer origin tagging (Grewe, 2006) model experiments.15

Qualitatively, the maximum ozone gradient is correlated with the peak height and
the κ gradient (peak height divided by the half width) and inversely correlated with
the width of the κ peak (see Table 2). The correlation coefficients, treating each year
(1990–1999) separately, are similar for the three κ parameters (peak height, width
and κ gradient) with values around 0.5. In the framework of turbulent diffusion, the20

meridional ozone flux is proportional to the meridional ozone gradient (Vincent and
Tranchant, 1999) but it is outside the scope of this study to quantify any relationship
between the κ peak and the transport across the vortex edge.

5.3 Vortex edge influence on other atmospheric quantities

The correlation between κ and the total column ozone meridional gradients in Fig. 525

highlights how closely linked the dynamics, transport and chemistry (particularly ozone)
are in vicinity of the polar vortex edge. This is reinforced by Fig. 6 which shows
the October average, 1990–1999 equivalent latitude zonal mean temperature, ozone,
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ClOx(=Cl+ClO+Cl2O2), water vapor and CH4 mixing ratios and the mean age of strato-
spheric air (Andrews et al., 2001) on the 550 K potential temperature surface using
UMETRAC output as an example. The modeled quantities shown in Fig. 6 represent
dynamics (temperature), chemistry (ozone, ClOx, CH4 and H2O), transport (CH4 and
mean age of air) and radiatively active species (ozone, CH4 and H2O). The physical5

process of dehydration within the vortex (Solomon, 1999) is also evident in Fig. 6f. In
all cases, the equivalent latitude zonal means of these quantities are intimately related
to the position and width of the corresponding κ peak. In some cases (temperature and
ozone) the gradients across the vortex edge are prominent over the whole κ peak, in
other cases the change occurs in the vicinity of the inner (ClOx and H2O dehydration)10

or outer (mean age and H2O) edge of the vortex.
The details of these relationships between the dynamical representation of the vortex

edge and other atmospheric quantities, the interplay between them, the similarities
and differences between the Antarctic and Arctic vortices and how well the current
generation of CCMs simulate these compared to the real atmosphere remain open15

questions but are an important area for future research. New coordinated model runs
and new observational data sets (Hassler et al., 2008; Santee et al., 2008) should be
of use in helping to address these questions.

5.4 The growth and dynamical containment of Antarctic ozone depletion

The results presented in the above sections point to weaknesses in the dynamical20

simulation by CCMs of the Antarctic polar vortex and the spring time chemical ozone
loss within the vortex. A question arises as to how can the best use be made of the
simulations and projections made by the current generation of CCMs, given known
biases.

Figure 7a shows the October average of the fraction of the dynamical vortex covered25

by the 220 DU ozone contour. Note, the model time series are calculated by dividing
the equivalent latitude of the 220DU contour by the equivalent latitude of the inner
vortex edge derived from the individual models (see Table 2). Only E39C results are
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shown in this section because E39C-A output was only available from 1990 to 1999
and therefore cannot be used to show the onset and growth of the ozone hole.

As seen in Fig. 2, the size of the observed ozone hole (defined by the 220 DU con-
tour) grows from 1980 to 1990 and then remains relatively stable with the 220 DU
contour tracking the inner vortex edge reasonably closely from 1990 to 2005. This is5

evident in Fig. 7a as the relative ozone hole area from observations (black solid line)
increases from 0 to 1 from 1980 to 1990 and then remains relatively close to 1 from
1990 to 2005, with the exception of 2002.

Figure 7a suggests that the models are not simulating well the onset, growth and
dynamical containment of the ozone hole. The ozone hole (defined by the 220 DU10

contour) is present at 1980 and grows to be larger than the dynamical vortex as defined
by the inner vortex edge in the majority of the models, unlike the observed ozone hole
which stays dynamically confined from 1990 onwards. MAECHAM4CHEM does not
produce an ozone hole until 1990 and the size of the ozone hole is significantly too
small relative to the size of the vortex.15

As pointed out by Eyring et al. (2007), the 220 DU total column ozone contour may
not be appropriate for CCMs, given known biases in the total ozone amounts. The
total column ozone biases in the 5 CCMs shown here were removed by calculating the
mean October total column ozone values at the equivalent latitude of the inner vortex
edge over the period 1990 to 1999. For each model the difference between this mean20

and 220 DU was then subtracted from the modelled ozone time series. Thus the model
total column ozone at the inner vortex edge averaged from 1990 to 1999 was corrected
to 220 DU. The values of the bias corrections for each model are given in Table 3.

The bias corrected time series of the relative ozone hole area is shown in Fig. 7b.
The agreement between the models and observations/reanalysis is greatly improved25

in Fig. 7b compared to Fig. 7a. All of the CCMs simulate a reasonable onset, develop-
ment and dynamical containment of the ozone hole after bias correction. SOCOL per-
haps shows too early an onset although the 1980 values are not available. UMETRAC
manifests too much variability compared to other models and observations/reanalysis.
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Figure 7b demonstrates that by acknowledging the known biases in CCMs, useful
information in the model output can be highlighted and exploited. Figure 7b suggests
that all of the models considered here capture reasonably well the onset, development
and dynamical containment of the severe ozone depletion within the Antarctic polar
vortex. Further, the projection of the MAECHAM4CHEM model indicates that the size5

of the ozone hole will be controlled by the dynamical containment of ozone depleted
air until at least 2020.

6 Conclusions

The following are the primary conclusions from the study of satellite ozone measure-
ments and the Antarctic polar vortex edge as represented in NCEP/NCAR reanalyses10

(Sect. 4).

– The strength of the meridional mixing barrier at the vortex edge, represented
by the peak in κ, from NCEP/NCAR reanalyses steadily increased from 1980 to
2000. The 2001 to 2005 average κ peak was lower than the previous five year
average but was strongly affected by the 2002 Antarctic sudden stratospheric15

warming.

– The equivalent latitude position of the edge of the dynamical vortex and the inner
vortex edge, and therefore the size of the dynamical vortex did not change over
period 1980 to 2005.

– The area of severe ozone depletion over Antarctica has been confined by the20

mixing barrier at the edge of the dynamical vortex since 1990.

These conclusions are consistent with the original study of B2002. An important
conclusion from these results is that the position of the edge of the dynamical vortex
is insensitive to the concentration of ozone within the vortex. Significant reductions
in the ozone concentration inside the vortex occurred from 1980 to 1990 without any25
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concomitant change in the position of the vortex edge. This is supported by the CCM
results shown here. In agreement with results from reanalysis, the position of the vortex
edge in the five CCMs is insensitive to the concentration of ozone within the vortex.
Furthermore, the MAECHAM4CHEM and SOCOL models use the same underlying
GCM. The configuration of the GCM in these two models is almost identical (the non-5

orographic GWD schemes are tuned slightly differently) and they produce similar κ
zonal means, even though the ozone distributions in the two models are very different.

It seems likely that the representation of gravity wave initiation, propagation and
breaking is critical to the simulation of the Antarctic vortex in CCMs and their under-
lying GCMs. Holton (1983) showed that the zonal-mean wind structure of the middle10

atmosphere arises largely from a balance between radiative driving and gravity wave
drag (GWD). Further sensitivity studies using GCMs are required to determine the
particular model parameters influencing the shape of the κ peak. Although the GWD
parameterizations and their interaction with the mean flow are model specific, a bet-
ter understanding of what model parameters influence the representation of the vortex15

edge provides a pathway to improving the representation of the dynamical vortex edge
in these models.

Eyring et al. (2005) point out that the validation of CCMs is best achieved using a
process oriented approach, comparing CCM simulations of past stratospheric change
with observations. How well CCMs simulate the dynamical barrier at the vortex edge20

should be considered when validating models, in particular when attempting to attribute
differences between observation and model results to particular processes. For exam-
ple, what may appear to be a transport problem across the vortex edge in a CCM
may be resulting from a poor dynamical representation of the vortex edge. It is also
important to be aware how CCMs simulate the dynamical vortex edge when making25

comparisons between CCM results and measurements near the edge of the Antarctic
vortex or for diagnostics that depend on the area of the dynamical vortex, e.g. average
daily ozone mass deficit and maximum ozone hole area (Bodeker et al., 2005) and
the volume or area over which polar stratospheric clouds form. Accounting for known
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biases in the representation of the dynamics and chemistry in models can highlight the
useful information contained in model simulations.
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Table 1. Details of the CCMs used.

E39C-A LMDZrepro MAECHAM4CHEM

Underlying GCM ECHAM4 LMDz4 MAECHAM4
Roeckner et al. (1996) Lott et al. (2005) Manzini et al. (1997)

# of vertical levels 39 50 39
Pressure of top model level 10hPa 0.07hPa 0.01hPa
Horizontal resolution 3.75◦×3.75◦ (T30) 2.5◦×3.75◦ 3.75◦×3.75◦ (T30)
Advection Lagrangian finite volume semi-Lagrangian

Reithmeier and Sausen (2002) Hourdin and Armengaud (1999) Steil et al. (2003)
Orographic GWD Miller et al. (1989) Lott and Miller (1997) McFarlane (1987)
non-orographic GWD none Hines (1997) Hines (1997)
Reference Dameris et al. (2005) Lefèvre et al. (1994) Manzini et al. (2003)

Stenke et al. (2008b) Jourdain et al. (2008) Steil et al. (2003)

SOCOL UMETRAC

Underlying GCM MAECHAM4 Met Office Unified ModelTM (UK)
Manzini et al. (1997) Cullen and Davies (1991)

# of vertical levels 39 64
Pressure of top model level 0.01hPa 0.01hPa
Horizontal resolution 3.75◦×3.75◦ (T30) 2.5◦×3.75◦

Advection Hybrid Eulerian (quintic-mono)
Zubov et al. (1999) Gregory and West (2002)

Orographic GWD McFarlane (1987) Gregory et al. (1998)
non-orographic GWD Hines (1997) Warner and McIntyre (1996)
Reference Egorova et al. (2005) Austin (2002)

Schraner et al. (2008) Struthers et al. (2004)
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Table 2. 10 year (1990–1999) average of the coefficients from the fitting of the first three
moments to the κ zonal means. The latitude range of the fitting is listed in the last row. The
uncertainty values are 1σ standard deviations of the 10 year averages of each of the fitted
coefficients. A is the normalization factor. The maximum ozone gradient values are the 10
year average of the maximum of the negative gradient in total column ozone with respect to
equivalent latitude (see Fig. 5).

NCEP/NCAR E39C-A LMDZrepro MAECHAM4CHEM SOCOL UMETRAC

A 4350±560 5760±350 7720±670 5060±340 5480±680 6600 ±1200
m1 (vortex edge) 62.0±0.7 65.3±1.1 64.1±1.1 60.5±0.8 61.8±1.4 65.7± 2.0
m2 4.0±0.5 9.2±0.5 8.0±0.2 5.7±0.4 5.1±0.3 6.4± 0.4
m3 0.12±0.2 -0.09±0.1 -0.25±0.1 0.36±0.3 0.20±0.3 0.20± 0.2
Inner vortex edge 66.0 74.5 72.1 66.2 66.9 72.1
Maximum value 434 250 385 354 429 411
Max/halfwidth 46.1 11.5 20.4 26.4 35.7 27.3
Maximum ozone gradient 22.1 12.2 16.8 15.8 16.1 16.1

Latitude range of fitting 48.5–74.5 35.5–86.5 40.5–86.5 44.5–78.5 44.5–78.5 49.5– 87.7
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Table 3. Total column ozone biases for the 5 CCMs. The bias was calculated relative to 220 DU
at the inner vortex edge of each model averaged over 1990–1999 (see Fig. 4).

E39C LMDZrepro MAECHAM4CHEM SOCOL UMETRAC

Total column ozone bias (DU) –19.5 –101.5 81.5 –21.5 –67.0
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ozone, (b) κ and (c) 550 K temperature from NCEP/NCAR reanalyses.
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Fig. 2. (a) October mean equivalent latitude of the 220 DU contour (black line), the center of
the vortex edge (blue line) and the inner vortex edge (red line). (b) Difference between the
equivalent latitude of the 220 DU contour and the center of the vortex edge (blue line), and the
inner vortex edge (red line). The ozone results are derived from the NIWA combined data-base
and the vortex edge time series are from the NCEP/NCAR reanalyses.
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Fig. 3. 10 year (1990–1999) average October equivalent latitude zonal mean κ from (a)
NCEP/NCAR reanalyses and (b–f) the five CCMs. Grey shading indicates the 1σ standard
deviation about the mean. The dashed line in (b) shows results from the E39C model. The blue
lines are the reanalysis mean overlaid on the model results for comparison. The red curves are
the mean gaussian functions fitted to the NCEP/NCAR and modeled κ (see text for details).
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Fig. 4. 10 year (1990–1999) average October equivalent latitude zonal mean total column
ozone from (a) NIWA combined total column ozone data-base and (b–f) the five CCMs. The
dashed line in (b) shows results from the E39C model. Grey shading indicates the 1σ standard
deviation about the mean. The blue lines are the observed mean overlaid on the model results
for comparison.
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Fig. 5. Comparison of κ (solid line) and the negative of the gradient in total column ozone
with respect to equivalent latitude (dashed line) from NCEP/NCAR reanalyses and NIWA ob-
servation data-base and the five CCMs. The blue lines in (b) shows results from the E39C
model.
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Fig. 6. UMETRAC 1990–1999 climatological October mean, equivalent latitude zonal mean
temperature, trace species concentration and mean age-of-air on the 550 K potential surface.
UMETRAC 550K κ (dashed lines) plotted for comparison.
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Fig. 7. Temporal evolution of the size of the ozone hole relative to the inner edge of the dy-
namical vortex using (a) the 220 DU ozone column contour to define the ozone hole, (b) bias
corrected ozone contour values. See Table 3 for bias values and text for the definition of the
biases.
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