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[1] We present the first complete budget of the interannual
variability in Arctic springtime ozone taking into account
anthropogenic chemical and natural dynamical processes.
For the winters 1991/1992 to 2003/2004 the Arctic
chemical ozone loss is available from observations. This
work investigates the dynamical supply of ozone to the
Arctic polar vortex due to mean transport processes for the
same winters. The ozone supply is quantified in a vortex-
averaged framework using estimates of diabatic descent
over winter. We find that the interannual variability of both
dynamical ozone supply and chemical ozone loss
contribute, in equal shares, to the variability of the total
ozone change. Moreover, together they explain nearly all of
the interannual variability of Arctic springtime column
ozone. Variability in planetary wave activity, characterized
by the Eliassen-Palm flux at 100 hPa, contributes
significantly to the variability of ozone supply, chemical
ozone loss and total springtime ozone. Citation: Tegtmeier,
S., M. Rex, I. Wohltmann, and K. Kriiger (2008), Relative
importance of dynamical and chemical contributions to Arctic
wintertime ozone, Geophys. Res. Lett., 35, 117801, doi:10.1029/
2008GL034250.

1. Introduction

[2] Vortex averages of Arctic column ozone exhibit
pronounced interannual variability in late winter and spring
[World Meteorological Organization (WMO), 2003], which
is in contrast to a much smaller degree of interannual
variability in autumn [e.g., Rex et al., 2000]. Therefore,
the variability of the Arctic ozone layer in spring results
from the variability of winter processes. A reliable predic-
tion and identification of the ozone recovery in a future
climate is limited by our understanding of these processes
[WMO, 2007]. Changes in the abundance of ozone are
driven by chemical and dynamical processes, i.e.

AO3,t0t = AOS,chem + AO3,tr:4ms (1)

where AOj; . denotes the fall to spring change in mean
total ozone inside the Arctic polar vortex. AOj chem denotes
the chemical loss of total ozone, i.e. the difference in
observed spring total ozone and total ozone that would have
been present in spring in the absence of chemical loss, all
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else being equal [Rex et al., 2002]. AOj ns denotes the
change in total ozone that results from transport processes.

[3] Past research has focussed mainly on chemical ozone
destruction. Several approaches to estimate the chemical
loss term and its interannual variability have been devel-
oped [Harris et al., 2002, and references therein]. As a
consequence, estimates of AOj chem are available for the
winters 1991/1992 to the present [e.g., Rex et al., 2002;
WMO, 2007] with uncertainties around 20% [Harris et al.,
2002].

[4] Chemistry explains just one component of the inter-
annual variability of Arctic ozone. The other component
results from the variability of dynamically driven transport
processes and consists of: (a) the transport of ozone due to
meridional mixing across the vortex edge, and (b) the
transport of ozone due to mean transport by the residual
circulation (i.e. the transport of ozone by advection in
contrast to the transport by two-way mixing). Mixing is
not related to net mass flux but it can contribute to the flux
of ozone due to the meridional gradient in ozone mixing
ratios. The degree of isolation of the polar vortex from air in
midlatitudes and therefore the relative importance of irre-
versible meridional transport across the vortex edge varies
from year to year. Generally the polar vortex is considered
to be relatively isolated with a steep gradient in potential
vorticity at the edge of the polar vortex constituting an
effective barrier to mixing [WMO, 2003, section 3.2.1.3,
and references therein].

[5] The supply of ozone to the polar vortex due to mean
transport is driven by the residual circulation. The theoret-
ical basis of the residual circulation has been laid out by the
Transformed Eulerian Mean theory [e.g., Andrews and
McIntyre, 1976; Holton et al., 1995]. The transport of ozone
by the residual circulation has been determined to be an
important contributor to the interannual variability of ozone
at all latitudes [e.g., Fusco and Salby, 1999; Randel et al.,
2002]. However, so far the transport of ozone to the polar
vortex has not been quantitatively estimated.

[6] The polar branch of the residual circulation results in
diabatic descent within the polar vortex. By using diabatic
heating rates from radiative transfer calculations, estimates
of the diabatic descent have been derived for selected
winters [e.g., Manney et al., 1994; Rosenfield and Schoeberl,
2001] or in the form of a multi-year time series (1957—
2004) [Tegtmeier et al., 2008] (hereinafter referred to as
T08).

[7] In this study the vortex-averaged diabatic descent
from TO8 is used to estimate the dynamical supply of ozone
produced by mean transport. The ozone supply is quantified
for recent winters, where estimates of the chemical loss term
are available. We calculate the fraction of interannual Arctic
ozone variability caused by dynamical transport, and that
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Figure 1. Profiles of (a) ozone mixing ratio and (b) ozone concentration at the beginning of the winter 2000/2001 based
on observations (black) and at the end of the winter 2000/2001 resulting from our model calculations (red). The vortex-
averaged diabatic descent for the winter 2000/2001 is shown by vertical arrows for five levels.

caused by chemical ozone depletion. The relationships
between Eliassen-Palm (EP)-flux and change in total ozone
during winter, dynamical supply of ozone, and chemical
loss of ozone are investigated.

2. Method

[8] The stratospheric residual circulation transports ozone
rich air from lower latitudes into the polar vortex. At the
same time, air masses below 400 K with low ozone mixing
ratios are transported equatorwards. These processes pro-
duce a net dynamical supply of ozone to the polar vortex.
The meridional transport leads to adiabatic compression and
heating in the polar vortex, which then induces vertical
transport. In the isentropic coordinate system, this vertical
transport is described by diabatic descent rates. We use the
TO8 time series of the total winter diabatic descent to
quantify the increase of total ozone due to these transport
processes in a vortex-averaged framework.

[o] The vortex-averaged descent estimation is based on
reverse domain filling trajectory calculations coupled with
diabatic heating rate calculations carried out in the polar
stratosphere of the NH winters. Input data for temperature
and horizontal wind fields are obtained from the European
Centre for Medium-Range Weather Forecasts (ECMWF)
reanalysis (ERA40) [Uppala et al., 2005] and after 1999
from the ECMWF operational analysis [Simmons et al.,
2005]. For December 1995 and 1996 an unrealistic vertical
oscillatory temperature structure is found in the Arctic
stratosphere in ERA40 [Uppala et al., 2005]. These oscil-
lations might influence the calculated diabatic descent.
Therefore these two winters are distinguished from the
other winters in the presentation of results to follow.

[10] A vortex-averaged ozone mixing ratio profile for the
beginning of each winter is calculated from the ozone data-
set CATO [Brunner et al., 2006] as an average of mid
November to mid December ozone profiles. CATO provides
a homogeneous data set for the years of interest and doesn’t
suffer from the limited availability of sonde data in the polar
vortex in early winter. The edge of the vortex is defined

based on the criterion of Nash et al. [1996] using the
Rossby-Ertel potential vorticity. Figure la shows, as an
example, the vortex-averaged ozone profile at the beginning
of the winter 2000/2001. During the winter the air masses
experience diabatic descent. If there would be no chemical
ozone loss and no meridional mixing the descending air
masses would maintain their corresponding values of ozone
mixing ratio. To separate the influence of mean transport
from the effects of chemical loss and meridional mixing, we
treat the ozone mixing ratio as a conserved quantity. We use
the TO8 vortex-averaged diabatic descent from beginning of
December to mid March to assign each air mass (with its
corresponding fixed ozone mixing ratio) to the potential
temperature which it would possess near the end of the
vortex descent in mid March. The diabatic descent is given
for 19 vertical levels between ©, = 370 and 550 K. O, is
defined as the potential temperature an air mass reaches in
spring [Rex et al., 2006]. The new vortex-averaged ozone
profile estimated with our method is therefore given by 19
data points between O, = 370 and 550 K. Figure la shows
example vortex-averaged descent for five levels for the
winter 2000/2001, connecting the initial (December, black
line) and resulting (mid March, red line) ozone profile.

[11] In order to estimate the influence of the diabatic
descent on the total ozone column the corresponding ozone
concentration profiles at the beginning and end of the winter
are calculated (Figure 1b). The profile estimated for the end
of the winter would match the real vortex-averaged ozone
profile if there were no chemical ozone loss and no
meridional mixing but only mean transport processes. The
influence of the mean transport is apparent in the larger
values of ozone concentration at the end of the winter.

[12] Based on the two ozone concentration profiles, the
partial ozone column between O, = 370 and 550 K at the
beginning of winter (marked area bounded by the black
curve in Figure 1b) and at the end of winter (entire marked
area bounded by the red curve in Figure 1b) are calculated.
The difference between the two partial ozone columns
equals the dynamical ozone supply by mean transport
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Figure 2. Interannual variability of the observed late winter ozone column (black), the dynamical supply of ozone to the
polar vortex (red) and the chemical loss of ozone over the winter (blue) for the winters 1991/1992 to 2003/2004. The range
of variability for the three quantities is given on the right hand side. Estimated late winter ozone column (violet) and
residual between observed and estimated late winter ozone (dashed grey) are shown for the same years. Results for the
winters 1995/1996 and 1996/1997 are marked by open circles.

processes within the region between ©, = 370 and 550 K.
We do not take into account the net ozone supply above
O, = 550 which we consider to be small since ozone
profiles at the beginning and end of winter converge quickly
above 550 K. Furthermore, we do not take into account the
ozone supply below ©, = 370 K. Since the polar vortex
below 370 K is very unstable, it is not possible to estimate
the vortex-averaged descent. However, diabatic descent
rates below 370 K are quite small [e.g., Greenblatt et al.,
2002] and the main influence of the diabatic descent on total
ozone is seen between ©, = 370 and 550 K.

[13] Based on this approach we calculate the dynamical
ozone supply to the polar vortex between ©, = 370 and
550 K caused by mean transport for the winters 1991/1992
to 2003/2004 not taking into account any meridional mix-
ing. For simplicity we will refer to this dynamical ozone
supply term as the change in total ozone that results from
transport processes AO3 yans.

3. Interannual Variability of Dynamical and
Chemical Contributions

[14] The calculated time series of the dynamical ozone
supply AOj; yans for the winters 1991/1992 to 2003/2004 is
displayed as red line in Figure 2. The blue and the black line
of Figure 2 show the chemical loss of ozone over the
winter [Rex et al., 2006] and the observed late winter ozone
inside the polar vortex, respectively. All three quantities
have been estimated based on the same vortex definition.
The time series of observed total ozone is derived from the
data set of the NH ozonesonde station network used by Rex
et al. [2006], applying the same method to estimate the
vortex-average. While the procedures used to estimate the
dynamical ozone supply and the chemical ozone loss have
been applied to slightly different time periods, the quantities
produced are valid estimates of the respective terms from

December to March. The violet line in Figure 2 shows the
late winter ozone estimated as the sum of the chemical
ozone loss, the dynamical ozone supply and an approxima-
tion of the December total ozone column: 290 DU. The
chemical loss and the dynamical supply show a very similar
year-to-year variability and together explain a large fraction
of the observed fall to spring change in total ozone. The
residual change in total ozone AO; . may be attributed to
transport of ozone due to meridional mixing and dynamical
supply above or below the ©, = 370 to 550 K region. The
residual term AOs; s can be estimated as

AC)l,rcs = A()34101 - (Aolchcm + AO},trans)7 (2)

and is influenced by the errors of the dynamical supply and
the chemical loss. AOs, is displayed as dashed grey line
in Figure 2 and shows a mean of 38 DU and a standard
deviation o of 29 DU. The values of AO; . are mainly
positive, due to not taking into account the processes below
0, =370 K.

[15] The chemical ozone loss varies between —10 and
—100 DU with a mean of —50 DU and a standard deviation
Ochem Of 29 DU. The dynamical ozone supply is character-
ized by positive values between 60 and 145 DU with a
mean of 101 DU and a standard deviation o, of 28 DU.
Both time series show nearly the same standard deviation
and therefore the variability of late winter ozone is influ-
enced in equal shares by the variability of dynamical supply
and chemical loss. Winters with a maximum dynamical
ozone supply (e.g., 1998/1999) show nearly no chemical
ozone loss, whereas winters with little dynamical ozone
supply (e.g., 1999/2000) are characterized by strong chem-
ical ozone destruction. This reflects the fact that the dynam-
ical supply and the chemical loss are both strongly
correlated with dynamically driven temperature anomalies
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Figure 3. Correlation between the EP-flux and (a) the dynamical supply of ozone (red) and the chemical loss of ozone
(blue) and (b) the observed late winter ozone (black). Results for the dynamical supply of ozone for 1995/1996 and 1996/

1997 are marked by open circles.

in the polar vortex. The connection between dynamical
supply and chemical loss is confirmed by the high correla-
tion coefficient of 0.7 between the two time series. Coef-
ficients greater than 0.55 are statistically significant at the
95% confidence level.

[16] The observed total change in ozone during winter
varies between 10 and 190 DU with a standard deviation
ot 0f 55 DU. The interannual variability of the fall to
spring change in ozone can be explained by the variability
of the component time series, and the interaction between
them:

2

_ 2 2
Otot = Ttrans to

chem +2- COVirans,chem + res (3)

with res = o2 + 2 - (COVirans,res T COVenem res), Where covy
denotes the covariance between the time series x and y. We
find no connection between AO; . and either AO; gaps OF
AO; chems, reflected by low correlation coefficients of —0.15
and —0.19, respectively. Therefore, the term res is relatively
small and represents only a small fraction of the total
variance of the fall to spring change in ozone ogy. The
main part of the variance o5, results from the term ogans +
Ohem + 2 - COVirans chem- CoOnsequently, a large fraction of
the variability of the fall to spring change in ozone is
explained by the variability of the dynamical ozone supply,
the variability of the chemical ozone loss and the connection
between these two time series.

4. Correlations With EP-Flux

[17] The residual circulation is driven by planetary waves
which can be characterized by the EP-flux entering the

stratosphere. Atmospheric wave activity causes strato-
spheric temperature anomalies as illustrated by the strong
correlation between polar temperatures and the vertical
component of the EP-flux [Newman et al., 2001]. Devia-
tions of the temperature from radiative equilibrium cause
diabatic descent, as reflected by a strong correlation
between diabatic descent and both temperature and EP-flux
(TO7). Therefore we expect to find a close connection
between the strength of wave activity and the dynamical
ozone supply. Additionally, the polar temperature has a
strong influence on ozone chemistry and we also expect
to find a close connection between wave activity and
chemical ozone loss. Since dynamical supply of ozone
and chemical loss of ozone are both strongly influenced
by the EP-flux and together explain most of the variability
of the fall to spring change in ozone, there must exist a
strong correlation between EP-flux and total springtime
Arctic ozone, as first shown by Randel et al. [2002]. We
will focus on demonstrating the connections between EP-
flux and the three time series: AOj3 rans, AO3 chem and total
ozone in spring.

[18] The EP-flux is taken at 100 hPa, averaged from
December to February over 45°N to 75°N. The data are
obtained from ERA40 and after 1999 from the ECMWF
operational analysis. The upper portion of Figure 3a shows
a scatter plot of the dynamical ozone supply and the vertical
component of the EP-flux, F©. The plot illustrates the
correlation between AO; s and EP-flux, as expected.
For strong wave activity, high values of dynamical ozone
supply are found, whereas low values of F© are associated
with weak ozone supply. The high correlation coefficient of
0.81 confirms the influence of atmospheric wave activity on
the dynamical ozone supply. The lower portion of Figure 3a
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displays a similar scatter plot for the chemical loss of 0zone
and EP-flux. For a stronger wave activity with higher values
of F© we find less chemical ozone destruction, whereas
small values of F lead to strong ozone destruction in a
cold and stable polar vortex. The correlation coefficient here
(r = 0.73) is slightly less strong than the correlation
coefficient between AOj3 y,ns and EP-flux.

[19] Finally we examine the connection between EP-flux
and the total ozone column in late winter (Figure 3b). As
expected we find a clear correlation (r = 0.68) where high
values of F© are associated with high values of total ozone
in spring. The correlation coefficient is smaller than corre-
lation coefficients between F© and the dynamical supply or
the chemical loss. Since the amount of total ozone in spring
is influenced by the residual term, which is not correlated
with F@, we expect a lower correlation coefficient for the
total ozone column.

5. Conclusions

[20] The influence of mean transport processes by the
residual circulation on the total ozone column in spring is
quantified. The net dynamical supply of ozone caused by
these transport processes is estimated based on vortex-
averaged diabatic descent for the winters 1991/1992 to
2003/2004. Together with the chemical loss term, which
is available for the same winters, the estimated dynamical
ozone supply explains a large fraction of the observed fall to
spring change in ozone. The dynamical ozone supply and
the chemical ozone loss influence in equal shares the
interannual variability of total ozone in late winter. Addi-
tionally, nearly all of the interannual variability of the fall to
spring change in ozone is explained by the variability of the
dynamical supply, the variability of the chemical loss and
the connection between these two time series.

[21] Variability in planetary wave activity, characterized
by the EP-flux entering the stratosphere, contributes signif-
icantly to the variability of both the net transport of ozone
through the residual circulation and the chemical ozone loss
during winter, and therefore to the variability of total ozone
at the end of winter. This is confirmed by high correlation
coefficients between the four time series.

[22] The calculated time series of the dynamical ozone
supply can provide a useful diagnostic to validate the
influence of transport on total ozone in spring in coupled
Chemistry-Climate Models. Continuing the time series for
the most recent NH winters and for SH winters can be
investigated in a future study.
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