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Abstract.
The effect of the winter Brewer-Dobson
circulation (BDC) on the seasonal and decadal evolution of total ozone in both hemispheres is investigated using satellite total ozone data from the merged
GOME/SCIAMACHY/GOME-2 (GSG) data set (1995–
2010) and outputs from two chemistry-climate models
(CCM), the FUB-EMAC and DLR-E39C-A models. Combining data from both hemispheres a linear relationship between the winter average extratropical 100 hPa eddy heat flux
and the ozone ratio with respect to fall ozone levels exists and
is statistically significant for tropical as well as polar ozone.
The high correlation at high latitudes persists well into the
summer months until the onset of the next winter season. The
anti-correlation of the cumulative eddy heat flux with tropical ozone ratios, however, breaks down in spring as the polar
vortex erodes and changes to a weak positive correlation similar to that observed at high latitudes. The inter-annual variability and decadal evolution of ozone in each hemisphere
in winter, spring, and summer are therefore driven by the
cumulative effect of the previous winter’s meridional circulation. This compact linear relationship is also found in both
CCMs used in this study indicating that current models realistically describe the variability in stratospheric circulation
and its effect on total ozone. Both models show a positive
trend in the winter mean eddy heat flux (and winter BDC
strength) in both hemispheres until year 2050, however the
inter-annual variability (peak-to-peak) is two to three times
larger than the mean change between 1960 and 2050. It is,
nevertheless, possible to detect a shift in this compact linear
relationship related to past and future changes in the stratoCorrespondence to: M. Weber
(weber@uni-bremen.de)

spheric halogen load. Using the SBUV/TOMS/OMI (MOD
V8) merged data set (1980–2010), it can be shown that from
the decade 1990–1999 to 2000–2010 this linear relationship
remained unchanged (before and after the turnaround in the
stratospheric halogen load), while a shift is evident between
1980–1989 (upward trend in stratospheric halogen) and the
1990s, which is a clear sign that an onset of recovery is detectable despite the large variability in polar ozone. Because
of the large variability from year to year in the BDC circulation substantial polar ozone depletion may still occur in coming decades in selected winters with weak BDC and very low
polar stratospheric temperatures.

1

Introduction

For many years the main focus in studies of long-term ozone
changes was the impact on chemical ozone loss from halogen
containing anthropogenic ozone depleting substances (ODS)
(WMO, 1999). Chemical mechanisms leading to chemical
ozone losses, in particular heterogeneous ozone loss in the
polar region (polar ozone loss), are now generally well understood (Solomon, 1999; WMO, 2003, 2007, 2011). More
recently, studies of dynamical aspects in ozone changes, related to stratospheric circulation and meteorology, have become more important in particular with respect to the impact
of climate change on ozone and vice versa. Ozone levels
have started rising in accordance with the slowdown and reversal of stratospheric halogen increases, a consequence of
the global phase-out of many ODS from the successful implementation of the Montreal Protocol and its amendments
(WMO, 2007, 2011). The question arises how the climate
and, in particular, associated changes in the stratospheric
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circulation, will impact the speed of ozone recovery in coming decades.
The Brewer-Dobson circulation (BDC) generally describes the meridional transport of trace gases from the tropics to the poles (Brewer, 1949; Dobson, 1956). This circulation is now understood as a residual circulation since the
general air flow remains zonal and planetary waves in the
extratropics disturb this flow and cause a slow meridional
drift (Haynes et al., 1991; Rosenlof and Holton, 1993; Newman et al., 2001; Plumb, 2002). The transport time of air
in the stratosphere from the equator to the lowermost polar
stratosphere is in the range of a few years (e.g. Waugh and
Hall, 2002). The poleward transport of ozone is most effective in the winter hemisphere (e.g. Chipperfield and Jones,
1999). Several climate models and chemistry climate models
(CCM) indicate that the strength of the winter BDC will increase with increasing greenhouse gas concentrations (GHG)
and accelerate the expected ozone recovery (e.g. Rind et al.,
1998; Butchart and Scaife, 2001; Schnadt et al., 2002; Rind
et al., 2002; Sigmond et al., 2004; Eichelberger and Hartmann, 2005; Butchart et al., 2006; Jiang et al., 2007; Li et al.,
2007; Eyring et al., 2007; Fomichev et al., 2007; Garcia and
Randel, 2008; Butchart et al., 2010). Observational studies indicate that the stratospheric age-of-air (which should
decrease if BDC is enhanced) did not change during recent
decades (Engel et al., 2009), however, the available data for
this study is quite sparse and large uncertainties for the trend
estimates exists (Waugh, 2009). Very recently a new study,
based on tracer-tracer correlations seems to indicate that at
least in the shallow branch of the BDC (closer to the UTLS
and subtropics) faster transport times are recently observed
(Bönisch et al., 2011).
The planetary wave activity driving the BDC is usually described by the convergence of the Eliassen-Palm (EP) flux
−
→
→
−
→ −
F , i.e. − ∇ · F . The convergence of the EP flux in the
stratosphere is a measure for easterly momentum deposited
to decelerate the westerly zonal flow in winter (Newman
et al., 2001). Geostrophic balance then requires a small
meridional flow component that initiates the meridional or
residual circulation (Andrews et al., 1987). The vertical component of the EP flux vector, Fz , which is proportional to the
eddy heat flux, v 0 T 0 , is a measure of the vertical propagation of planetary waves from the troposphere. Both EP flux
convergence and the eddy heat flux are frequently used to
describe variations in the BDC driving.
Fusco and Salby (1999) and Salby and Callaghan (2004a)
showed that inter-annual variation of the eddy heat flux
correlates with year-to-year changes of extratropical column ozone and at the same time anti-correlates with ozone
changes in the tropics, documenting the year-to-year variation in hemispheric ozone transport. Part of the long-term
trend in extratropical total ozone in the Northern Hemisphere can be explained by changes in the winter BDC
(Fusco and Salby, 1999; Randel et al., 2002; Dhomse et al.,
2006). The magnitude of this contribution to the overall
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ozone trend strongly depends on the choice and details of dynamical proxy terms used in the trend regression (Steinbrecht
et al., 1998; Hood and Soukharev, 2005; Reinsel et al., 2005;
Dhomse et al., 2006; Wohltmann et al., 2007). Various proxies have been used in the trend models individually and in
combination to describe dynamical ozone changes, like the
potential vorticity or tropopause height, teleconnection patterns, e.g. Arctic Oscillation (AO), equivalent latitude proxy,
and eddy heat flux. They are, however, not independent of
each other as is discussed for the AO and eddy heat flux as
an example in the following.
Figure 1 shows the evolution of middle latitude December to February (DJF) total ozone in the Northern Hemisphere starting in the 1960s. Also shown are the DJF Arctic
oscillation in the middle panel (which is closely related to
the North-Atlantic oscillation (NAO) defined by the surface
pressure difference between Azores/Lisbon and Iceland) and
the stratospheric halogen load (inverse scale for clarity) as
represented by the equivalent effective stratospheric chlorine
(EESC) (e.g. Newman et al., 2007) in the bottom panel.
The winter AO index represents changes in stratospheric
dynamics in recent decades and they correlate with ozone
changes (see smoothed lines in figure and Appenzeller et al.
(2001)). The long-term changes in the AO index indicate
possible long-term changes in the BDC (Fusco and Salby,
1999; Randel et al., 2002). Winters with extreme positive
(negative) NAM values (northern annular mode, a new term
for the Arctic oscillation, see Thompson et al. (2003)), correspond to years with small (high) winter eddy heat fluxes
and strong (weak) polar night jets (Hartmann et al., 2000).
An extreme negative AO index combined with an easterly
QBO (quasi-biennial oscillation) phase lead to very high total ozone throughout the Northern Hemisphere (NH) in 2010
(Steinbrecht et al., 2011). The study by Kiesewetter et al.
(2010a) showed that for winters in a high (low) annular mode
state, negative (positive) upper stratospheric ozone anomalies in fall result in low (high) column ozone anomalies in polar spring. Low ozone in winter/spring is also expected from
low winter planetary wave activity (weak BDC) and low polar temperatures during the winter season (Weber et al., 2003;
Kawa et al., 2005; Sinnhuber et al., 2006).
Figure 1 seems to indicate that long-term ozone changes
are correlated to both changes in stratospheric halogen and
atmospheric dynamics. This close coupling between atmospheric dynamics and chemistry is also evident on interannual time scales as shown by the compact linear relationship between the cumulative hemispheric winter eddy
heat flux and spring-to-fall polar total ozone ratio combining data from both hemispheres as reported by Weber et al.
(2003). They also showed a corresponding anti-correlation
with OClO columns from GOME observations, an indication of chlorine activation inside the polar vortex, that prove
year-to-year variability in polar ozone loss are driven by coupled variations in atmospheric dynamics and polar chemistry
(Weber et al., 2003; Tegtmeier et al., 2008).
www.atmos-chem-phys.net/11/11221/2011/
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SCIAMACHY, and GOME-2 merged data set (GSG data)
is presented in Sect. 4. The ozone anomaly as observed in
spring persists throughout the summer months until begin of
next fall and its connection to the previous winter’s BDC is
described and discussed in Sect. 5. Model results are presented in Sect. 6. The implications on future changes in the
ozone – BDC interaction are also discussed in this section
followed by conclusions from this study.
2
2.1

Data
Observations

The GOME/SCIAMACHY/GOME-2 total ozone merged
data set, also called in short the GSG data set, has been compiled from observations made by GOME (Coldewey-Egbers
et al., 2005; Weber et al., 2005), SCIAMACHY (Bracher
et al., 2005), and GOME2 (Weber et al., 2007) instruments
and starts in 1995. In the GSG data set the SCIAMACHY
(2002–present) and GOME-2 (2007–present) data have been
adjusted to the GOME data record (1995–present) by determining a mean scaling factor (GOME-2 and SCIAMACHY)
Fig. 1. Top: JFM total ozone area-weighted between 45◦ N
and trend (SCIAMACHY
only) in the monthly mean zonal
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◦
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e.html)
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of GOME until
eans/gb 1964-2010
za.txt)
and satellites merged
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data, MOD V8,merged
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June
2003,
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(2003–2006),
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GSG, The
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merged data,
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the
three
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triangular
smooth
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http://www.iup.uni-bremen.de/gome/wfdoas/merged/.
data.
Middle
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DJF
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Wesmooth
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(EESC) drawn with a reversed y-axis. The EESC was obtained
overlapping periods (Stolarski and Frith, 2006). These data
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services/automailer/index.
from http://acdb-ext.gsfc.nasa.gov/Data
29
encompass the time period from 1978 to present and the
html and calculated for a mean age of air of three years and bromine
latest version is MOD V8.
efficiency of α=60 (Newman et al., 2006, 2007).

2.2
The goal of this paper is to elucidate further on the compact linear relationship between winter eddy heat flux and the
ozone build-up as reported in our earlier study (Weber et al.,
2003) by using in addition to observations results from two
CCMs, the FUB-EMAC and DLR-E39C-A models. First,
the two CCMs are compared to current observations and secondly the CCM data are used to look how such a dynamicschemistry coupling may change in the future in connection
with climate change and ozone recovery. Section 2 briefly
describes the total ozone data sets and the two CCMs (DLRE39C-A and EMAC-FUB) used in this study. Section 3
summarises results on the similarity of changes in the winter eddy heat flux, stratospheric temperature, and observed
spring ozone in both hemispheres since the start of the satellite era at the end of the 1970s. The update on the compact
linear relationship between the winter BDC and spring-tofall ozone ratio using more years of data from the GOME,
www.atmos-chem-phys.net/11/11221/2011/

Chemistry-climate models

The output from two CCMs is used to compare with observations and to discuss past and future changes in the relationship between the BDC and ozone. Major difference between the CCM EMAC-FUB and DLR-E39C-A is that the
first is a high-top model with altitude levels up to the mesosphere (0.01 hPa) and the latter a low top model (10 hPa)
with better vertical resolution in the UTLS (upper troposphere lower stratosphere). Both models have taken part in
the SPARC CCMval activities (Eyring et al., 2005, 2007;
SPARC-CCMVal, 2010). The DLR-E39C-A model is based
on the general circulation model ECHAM4, coupled with the
chemistry module CHEM and contains 39 layers extending
to 10 hPa (Stenke et al., 2009). The EMAC-FUB CCM consists of the ECHAM5-MESSy CCM (Jöckel et al., 2006) and
includes the interactive chemistry module MECCA (Sander
et al., 2005) as well as an improved short-wave radiation
parameterisation (Nissen et al., 2007). It was run with a
Atmos. Chem. Phys., 11, 11221–11235, 2011
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horizontal resolution of T42 (2.8×2.8) and 39 levels with the
top at 0.01 hPa.
In this study model runs from 1960 until 2050 with prescribed GHG concentrations from the A1B scenario (IPCC,
2000) and surface mixing ratios of ozone depleting substances (ODS) based on the halogen A1 scenario from WMO
(2007) are used. Both models include volcanic aerosols and
assumed background stratospheric aerosols after year 2006.
Sea surface temperature and sea ice coverage are prescribed
in the CCMs according to climate model projections. The
solar activity cycles as well as the QBO are considered in
both CCMs to include their impact on ozone-climate interaction. Details of the respectively chosen boundary conditions
can be found in Eyring et al. (2008) and Morgenstern et al.
(2010).

3

Coupling of chemistry and dynamics of total ozone

A key parameter for coupling atmospheric dynamics and
chemistry is the stratospheric temperature (Newman et al.,
Fig. 2. Top: March total ozone area-weighted between 50◦ N and
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sion (e.g. Shindell et al., 1999), a super ozone
recovery
(a
March and area weight averaged between 45◦ N and 75◦ N derived
recovery to higher ozone levels than in the 1960s) could be
from the same reanalyses.
expected (WMO, 2007). In the lower stratosphere, where the
largest fraction of the total ozone column resides, temperature changes are primarily driven by atmospheric dynamics.
30
variation of chlorine activation with variations in the winStratospheric cooling on one hand leads to additional polar
ter eddy heat flux was shown from OClO data from GOME
ozone loss in winter. On the other hand, an enhancement
(Weber et al., 2003) that are indicative for chlorine activation
in planetary wave activity results in instantaneous adiabatic
and subsequent catalytic ozone losses inside the polar vortex
compression in the polar region, in extreme cases in major
(Solomon, 1999; Wagner et al., 2001; Richter et al., 2005).
stratospheric warmings, and corresponding adiabatic expanFigure 3 shows the corresponding figure for the SH. The corsion in the tropics and cooling, driving temperatures in each
relation between temperature, winter planetary wave activity,
case away from radiation equilibrium (Andrews et al., 1987;
and spring ozone in each hemisphere is particularly good for
Kodera, 2006; Salby, 2008). This will result in less polar
the late period after the middle 1990s and somewhat lower
ozone depletion and enhanced ozone transport to high latibefore.
tudes. The slow relaxation from the fast adiabatic response
back to equilibrium temperatures then drives the residual or
The nearly linear decrease in SH polar spring ozone in
diabatic circulation with slow ascent in the tropics and dethe 1980s is not accompanied with corresponding changes
scent in the polar region and determines the stratospheric
in planetary wave activity and can be therefore more directly
age-of-air (Fels, 1982; Andrews et al., 1987).
associated with upward trends in the halogen loading (see
The coupling of winter polar stratospheric temperature
bottom of Fig. 1). The impact of the stratospheric aerosols
variations from year to year with corresponding changes
from the Mt. Pinatubo major eruption in 1991 apparently also
reduces this correlation. Following the Pinatubo event an inin the winter mean eddy heat flux and NH polar ozone in
crease in the winter mean eddy heat flux is evident in each
spring is shown in Fig. 2. Atmospheric dynamics drives
the inter-annual variability of polar stratospheric temperahemisphere, but without corresponding increases in polar
tures and ozone transport into the polar region (represented
ozone. Sulfate aerosols contribute to ozone depletion via hetby the winter eddy heat flux) during winter. Another imerogeneous reactions that needs not to be limited to the polar
portant aspect is that temperature controls polar ozone loss
vortex (Hofmann et al., 1994). However studies have shown
due to heterogeneous chemistry requiring polar stratospheric
that polar stratospheric temperatures where reduced in subseclouds to be formed (usually below 195 K). The inter-annual
quent NH winters as well as tropical lowermost stratospheric
Atmos. Chem. Phys., 11, 11221–11235, 2011
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The spring ozone distribution is shown for selected winter seasons at the top of this figure demonstrating the gradual changes from ozone hole conditions typically in the SH
to ozone rich distributions seen only in the NH. The BDC
is known to be weaker in the SH, where polar ozone loss
outweighs the net transport into high latitudes, thus providing ozone ratios below one. One exception is the perturbed
Antarctic ozone hole anomaly with the first major stratospheric warming observed in the SH (e.g. Weber et al., 2003;
Sinnhuber et al., 2003; Richter et al., 2005; von Savigny
et al., 2005) where the spring-to-fall polar ozone ratio is well
above one. Polar ozone losses in the NH are more sporadic
and ozone transport is generally more effective.
Normally the winter build up of ozone is strongest after
late fall (November) as discussed in Fioletov and Shepherd
(2003) and Salby and Callaghan (2004b), but here we use
September in the NH and March in the SH, respectively, as
starting point for the winter build-up. They are the months
in the seasonal cycle where total ozone reaches its minimum
(Weber et al., 2003; Fioletov and Shepherd, 2003).
Fig. 3. Top: October total ozone area-weighted between 50◦ S and
Severe ozone losses in March were observed during the
◦ S as measured
Top: 90October
total from
ozone
area-weighted
between 50◦ S and 90◦ S as
satellites
(solid line: SBUV/TOMS/OMI
cold Arctic winters in the 1990s (1995/1996, 1996/1997, and
ed from satellites
SBUV/TOMS/OMI merged
data, dashed line:
merged data,(solid
dashed line:
line: SCIAMACHY/GOME/GOME-2
merged
1999/2000) (Chapter 4 in WMO, 2007). Both the cold Arctic
ACHY/GOME/GOME-2
data).
panel:
weighted polar cap temdata). Middlemerged
panel: SH
areaMiddle
weighted
polar SH
cap area
temperature
winters
in the 1990s and the Antarctic ozone hole anomaly
◦ S–90different
◦ S) frommeteorological
(70◦ S-90◦ S)
analyses.
Bottom Bottom
panel: extra-tropical eddy
(70from
different meteorological
analyses.
of 2002 represent in terms of the linear relationship shown
panel:
extra-tropical
heattoflux
at 100 hPa averaged
fromweight
March averaged between
x at 100 hPa
averaged
from eddy
March
September
and area
in Fig. 4 an intermediate case between typical Antarctic and
Septembermeteorological
and area weight analysis.
averaged between 45◦ S and 75◦ S
d 75◦ S fromto different
Arctic winters. The Antarctic winter 2006 was characterfrom different meteorological analysis.
ized by the largest ozone hole area (area covered by total
ozone below 220 DU) observed in the GOME/SCIAMACHY
era and was a result of an extremely weak winter BDC fostemperature increased (Dhomse et al., 2006, Fig. 15) a typi31
tering very low polar stratospheric temperatures and, therecal signature of a reduced Brewer-Dobson
circulation. Sevfore, is located at the left lower end of the linear relationship
eral other studies indicate that the stratospheric circulation
shown in Fig. 4. Nevertheless, all special events, the Antarcwas reduced and winter AO enhanced following the Pinatubo
tic ozone hole in 2006, the ozone hole anomaly in 2002, and
eruption (see for instance Stenchikov et al. (2004) and Fig. 1
the cold Arctic winters are well covered by the linear relain this paper).
tionship observed in Fig. 4.
4

Linear correlation between BDC and ozone build-up

The compact linear relationship between spring-to-fall polar
ozone ratio and the winter mean eddy heat flux calculated
for each hemisphere, respectively, is shown in Fig. 4. This
figure combines data from the southern and Northern Hemisphere and is an update from Weber et al. (2003) and WMO
(2007, Chapter 4) and includes more recent ozone data from
SCIAMACHY and GOME-2 and covers the period 1995 to
2009. The SH winter eddy heat flux is negative but plotted
here in absolute (positive) values. By combining data from
both hemispheres the broad range of variation in the winter
BDC strength from minimum values in the SH up to maximum values typical for NH winters and associated changes
in the winter ozone build-up is visualised.

www.atmos-chem-phys.net/11/11221/2011/

5

Seasonal persistence of total ozone variability

In several studies it was shown that the inter-annual variations seen in polar total ozone anti-correlate with tropical
ozone changes as a result of the overturning BDC (Fusco
and Salby, 1999; Salby and Callaghan, 2004b). This is also
evident from the change of the positive correlation of the
winter accumulated eddy heat flux with polar ozone ratios
into an anticorrelation in the tropics as is shown in Fig. 5.
Here, the ozone ratios of February over September (NH)
and August over March (SH) are displayed for several zonal
bands ranging from the tropics to the polar region.This corresponds to a five month winter build up of ozone starting from
September (NH) and March (SH), respectively. The correlation coefficients are very high and close to 0.9 and −0.9 in
the polar and tropical region, respectively. The turnaround
latitude where the correlation changes sign is within the
Atmos. Chem. Phys., 11, 11221–11235, 2011
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Fig. 4. Spring-to-fall ratio of observed polar cap total ozone (>50◦ ) as a function of the absolute extratropical winter mean eddy heat
◦ from ECMWF ERA-Interim data separately in
flux (September
and Marchratio
to September
in thepolar
respective
derived
Fig.to4.March
Spring-to-fall
of observed
cap hemispheres)
total ozone (>50
) as a function of the absolute
the respectiveextratropical
hemisphere. Data
from
the
Southern
Hemisphere
are
shown
as
triangles
(September
ozone ratios)
winter mean eddy heat flux (September to March and Marchover
to March
September
in theand from the
Northern Hemisphere as solid circles (March over September ratios).

respective hemispheres) derived from ECMWF ERA-Interim data separately in the respective
hemisphere. Data from the southern hemisphere are shown as triangles (September over
March
ozone
fromcan
thebenorthern
hemisphere
as solid circles (March over September
latitude band
between
40◦ ratios)
and 50◦and
, which
interpreted
32 gion to the subtropics. A possible explanation is the breakratios).
as the zonal band where upwelling at low latitudes changes
up of the polar vortex and the removal of the polar transport
to downwelling in the extratropics as branches of the residual
barrier that mixes or dilutes polar air into middle latitudes
circulation.
and to the subtropics and beyond (e.g. Knudsen and Grooß,
2000; Hadjinicolaou and Pyle, 2004; Ajtić et al., 2004; FioOzone anomalies at the end of winter persist throughout
letov and Shepherd, 2005). The anticorrelation observed at
the summer months in the extratropics until fall, when photropical latitudes goes to zero by early summer. The most
tochemical equilibrium is reached and the residual circulalikely explanation is the absence of dynamic activity in the
tion starts building up ozone for the next winter (Fioletov
summer hemisphere. Since variations in the tropics are lower
and Shepherd, 2003). The summertime changes in ozone are
than at high latitudes, the photochemical equilibrium is probmainly governed by NOx chemistry in the absence of dyably reached much faster than in the extratropics.
namic activity (Brühl et al., 1998; Brühl and Crutzen, 2000).
As a consequence summertime trends are closely tied to winter trends (Fioletov and Shepherd, 2003, 2005).
6 Model results
In Fig. 6 the correlation coefficients of the linear relationship between ozone ratios and the average eddy heat flux for
various zonal bands are plotted as a function of time from
The analysis of the BDC impact on total ozone variability
fall to fall next year. North of 45◦ latitude the correlation is
on time scales from seasonal to inter-annual described so
far provides a valuable diagnostics for CCMs. The question
positive and negative at lower latitudes throughout the winter
and early spring similar to that shown in Fig. 5 for a specific
arises how well do models compare with observations and
winter month. The positive correlation remains high for powhat can models tell us about past and future changes. In
lar latitudes until next fall. In late spring and early summer
Figs. 7 and 8 the seasonal correlation maps are shown for
the region of positive correlation extends from the polar reboth CCMs, DLR-E39C-A and EMAC-FUB, respectively.
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Fig. 5. Winter-to-fall ratio of observed total ozone for various zonal bands from the polar region to the tropics as a function of the mean
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Fig. 7. Same as Fig. 6, but for CCM data from DLR-E39C-A model
Fig. 6. Correlation between GOME/SCIAMACHY total ozone raduring the period 1985–2010. Dotted line shows the correlation of
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The model data are shown for years 1985 to 2010 to be
comparable to observations shown in Fig. 6. The correlation maps with positive values
34 in polar latitudes and negative in the tropics are qualitatively very similar to observawww.atmos-chem-phys.net/11/11221/2011/

tudes also agrees with observations. The overall patterns in
the winter/summer correlation appear realistic and are consistent with observations.
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Fig. 8. Same as Fig. 7, but for CCM data from EMAC-FUB model.

Same as Figure 7, but for CCM data from EMAC-FUB model.
Differences between models and observations are found in
the transition zone from positive to negative correlations during winter. Observations indicate 45◦ latitude (Fig. 6), while
it lies equatorward of 40◦ in both models. Figures 7 and 8
also show the changes with time in the transition zone. The
dotted and dashed lines show the correlation of the 30◦ –40◦
zonal bands for the periods 1960–1985 (past) and 2010–2050
(future), respectively. In the36
DLR model it appears that the
transition zone is nearly unaltered, only in the past it was
slightly shifted to lower latitudes as evident from the higher
and positive correlation. The FUB model shows a different
behavior. In both past and future decades the transition is
closer to about 35◦ latitude and slightly shifted to higher latitudes in the period 1985–2010. The rough position of the
modeled transition near 35◦ latitude is close to the latitude
separating tropical upwelling at lower latitudes from downwelling at higher latitudes shown in other model data (Austin
and Li, 2006).
During the summer months the correlation of polar ozone
(and the anti-correlation of tropical ozone) with the average eddy heat flux from last winter starts to weaken about a
month earlier in the DLR model compared to the FUB model
and observations.
Figures 9 and 10 show the relationship of the spring-tofall polar total ozone ratio (September over March in the SH
and March over September ratio in the NH) for the DLR and
FUB models, respectively. Also shown are the GSG data set
from Fig. 4. All model data from 1960–2050 are shown. Different colors are representing different time periods, grey for
the past (1960–1985), black the present (1985–2010), and
blue the future period (2010–2049). The corresponding regression line (dashed) for the three different periods is also
shown. Since the ozone values in the DLR model show a
consistent bias of about 50 DU with respect to observations,
an offset of −50 DU was applied to all DLR model data.
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In general, the correlation in the relationship between
polar ozone ratio and winter eddy heat flux is remarkably
high and reproduces very well the observations. However,
there are some differences with respect to observations. The
spring-to-fall polar ozone ratios in the SH are in most cases
above one, while observations are always below one except
for the anomalous Antarctic ozone hole in 2002 indicating
that ozone transport outweighs SH polar ozone loss in the
models as opposed to observations. In both hemispheres the
ozone ratios are in most cases higher than observations. A
possible explanation for this could be that either modeled polar ozone losses are too low or that the polar vortex is more
permeable due to numerical diffusion, meaning more mixing
with middle latitude air occurs in the model (Austin et al.,
2010).
One interesting aspect from the model studies is the evolution of this compact linear relationship on decadal time scales
from the past into the future. The ozone ratios are smallest
during the present period (1985-2010) compared to the past
and future in both models. The long-term changes in the linear fits in Figs. 9 and 10 coincide with changes in the halogen loading (see Fig. 1 and Newman et al., 2007). During
the period 1985-2010 the halogen loading reached a maximum and ozone losses in spring were maximum leading to
lower spring-to-fall ozone ratios under identical meteorological/dynamical conditions of the polar winter stratosphere.
Due to the phase-out of ozone depleting substances (WMO,
2007, 2011), the stratospheric halogen starts a slow decrease
so that an increase in future ozone ratio and thus an upward
shift in the linear fit curves back to the pre-ozone hole period
1960–1985 as shown in Figs. 9 and 10 is expected.
The upward shift of the regression line is smaller for the
EMAC-FUB model than for DLR-E39C-A. This indicates
that the ozone recovery is slower in the FUB model. However, both models are among the CCMs with faster ozone
recovery (Austin et al., 2010; SPARC-CCMVal, 2010).
The variability in the modelled winter eddy heat fluxes
(Figs. 9 and 10) is quite large in each hemisphere (spread
across the x-direction of the plots) and is mostly in the range
what is seen in the observations. The variability in the NH
is somewhat smaller for the FUB model, when compared to
the DLR model and observations. Both the FUB and DLR
model have individual NH winters with extremely low winter eddy heat fluxes and spring-to-fall ozone ratios that are
similar to Antarctic values. Such cases have not been seen in
observations during the satellite era. On the other hand, none
of the models was able to produce SH conditions similar to
the Antarctic ozone hole anomaly observed in 2002.
No significant changes with time in the ranges of the winter eddy heat flux are evident in the models so that the largest
changes with time in the compact linear relationship appear
be due to changes in halogens and associated ozone chemistry. In Fig. 11 the time evolution of the CCM winter eddy
heat flux in each hemisphere (averaged from September to
March in the NH and March to September in the SH) is
www.atmos-chem-phys.net/11/11221/2011/
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Fig. 9. Spring-to-fall ratio of polar cap total ozone (>50◦ ) as a function of the absolute extratropical winter mean eddy heat flux from
◦
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Fig. 10. Same as Fig. 9, but for CCM data from EMAC-FUB model.

Fig. 10. Same as Figure 9, but for CCM data from EMAC-FUB model.

displayed. Also shown are the decadal means of the same
to three larger than the long-term change seen in the CCMs.
quantities (blue for SH and red for NH) and the linear fit
From the variability evident in the model data it is most likely
to the decadal means. A slow increase in the strength of
that the current observed trend may not be maintained over a
the winter BDC and winter eddy heat flux from 1960 unlonger time period into the future.
til 2050 is evident, which is ∼+0.5 K m s−1 over the ninety
year time span. The year-to-year variations are on the order
of 1–2 K m s−1 which strongly masks the long-term trend.
7 Ozone recovery
For a few decades the trends may even become reversed, e.g. 38
1990–2010 in the NH (DLR model) and 2000–2020 in the
First signs of ozone recovery related to the turnaround in
SH (FUB model), such that polar ozone losses can be intenthe halogen loading were observed in the upper stratosphere
sified for one to two decades despite the slow decline in the
(Newchurch et al., 2003; Steinbrecht et al., 2009). However
stratospheric halogen loading.
in the lower stratosphere, where the dominant contribution
to the total ozone column comes from, the fingerprint of reIn Fig. 11 the decadal means from NCEP reanalysis and
ECMWF during the satellite period (1980–2010) are also
covery is less clear due to the large influence from atmoshown. Over the three decades of the satellite era the inspheric dynamics (see Fig. 1). A large contribution to the
crease in the observed winter eddy heat flux is a factor of two
strong increase in NH total ozone in the extratropics since
www.atmos-chem-phys.net/11/11221/2011/
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Fig. 11. Time series of annual winter averaged extratropical eddy heat flux (September to March and March to September in the respective
11.from
Time
series of annual
winter
eddy between
heat flux
hemisphere)Fig.
derived
the DLR-E39C-A
(left panel)
and averaged
EMAC-FUBextratropical
models (right panel)
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NH and SH,
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and the corresponding
MarchThe
and
September
theshow
respective
hemisphere)
from
the DLR-E39C-A
regression line.
shown
green are the decadal
means
from
the NCEP
and ECMWF
reanalyses
ERA-40, 1990s
(left Also
panel)
andin EMAC-FUB
models
(right
panel)
between
year 1960
and (1980s:
2050 separate
for and later:
ERA-Interim)
during
the
satellite
era
(1980–2010).
each hemisphere. The red and blue points as well as lines show the decadal means in the

NH and SH, respectively, and the corresponding regression line. Also shown in green are the
decadal means from the NCEP and ECMWF reanalyses (1980s: ERA-40, 1990s and later:
the middleERA-Interim)
1990s is due to
changes
the stratospheric
cirPinatubo years. As discussed in the last paragraph of Section
during
theinsatellite
era (1980-2010).
culation (Hadjinicolaou et al., 2005; Dhomse et al., 2006;
3, it is also possible that a high bias in the observed eddy heat
Wohltmann et al., 2007; Harris et al., 2008; Kiesewetter et al.,
flux during the Pinatubo years may explain part of this shift.
2010b). Nevertheless, the upward shift in the linear regression in Figs. 9 and 10 confirms that ozone will steadily increase with sinking stratospheric halogen loading despite the
8 Summary and conclusion
large variability seen from year-to-year.
In Fig. 12 the total ozone – eddy heat flux relationship
In this paper we investigated the impact of the BDC on tois shown for the MOD V8 merged data set going back to 39 tal ozone from seasonal to decadal time scales using satelearly 1980s. Ozone ratios for February, March, and April
lite observations and two CCMs, the FUB-EMAC and DLR(August, September, and October in the SH) are shown with
E39C-A models. From the long-term data record it is clear
different colors corresponding to different decades: red for
that long-term changes in total ozone in the extratropics,
1980s, blue for 1990s, and green for the 1990s. The Pinatubo
representative for lower stratospheric ozone, have contribuyears (1992, 1993) are shown in black. This figure reveals a
tions from changes in the upper atmospheric circulation (atlarger change from the 1980s to the 1990s (strong positive
mospheric dynamics) and in ozone chemistry (polar ozone
trend in halogens) and virtually no changes from the 1990s
losses and gas-phase losses) due to the halogen load. The
to 2000s (during which the halogen load reached maximum
chemical trends are tied to changes in meteorology and atand started slowly to decline, see EESC curves in the inlet).
mospheric dynamics as shown in Fig. 1. This is also evident
The changes from the 1980 to the later decades is particularly
on shorter time scales when looking at inter-annual variations
evident in the SH and is consistent with the ozone recovery
in stratospheric temperatures (as a proxy for chemistry), exin the SH observed by Salby et al. (2011). The correlation
tratropcial ozone, and BDC strength, here expressed by the
between eddy heat flux and total ozone appears somewhat
winter eddy heat flux in each hemisphere (Figs. 2 and 3).
less clear in the 1980s, particularly in the SH, as compared
Combining data from both hemispheres a compact linto the later periods (see also Fig. 4). The most likely reaear relationship exists between the winter eddy heat flux
son is that the quality of the meteorological reanalyses were
and the spring-to-fall ozone ratio as shown in Fig. 4. This
less accurate when satellite data started to be integrated into
figure is an update of Fig. 3 in Weber et al. (2003) with
the assimilation scheme in the 1980s (A. Simmons, personal
more years of data added and now showing a higher corcommunication, 2005).
relation coefficient (r = 0.992). This compact linear relaFigure 12 also reveals that the halogen related ozone retionship marks as one extreme the Antarctic winters with a
covery is mostly detectable in the late winter and early
weak BDC, colder polar lower stratospheric temperatures,
spring, but not in the February ratios (August ratios in the
the ozone hole, and the other extreme the Arctic winters
SH). The Pinatubo years clearly stand out and show lower
with higher stratospheric temperatures, larger ozone transozone ratios than in other years with similar winter eddy heat
port, and reduced polar ozone losses. The anomalous SH
flux values. An additional polar ozone loss of about 15% can
ozone hole in 2002 (Sinnhuber et al., 2003; Richter et al.,
be estimated from the shift in the linear curves during the
2005; von Savigny et al., 2005) with unusually enhanced
Atmos. Chem. Phys., 11, 11221–11235, 2011
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Fig. 12. Same as Figure 4 but using the SBUV/TOMS/OMI merged ozone data (MOD V8) and NCEP reanalysis data. Different colors
represent different decades, red for the 1980s, blue for the 1990s, and green for the 2000s. Black data correspond to the Pinatubo years
(1992-1993). From top to bottom: Total ozone ratios for February, March, and April over September, respectively, in the NH and August,
September, and October over March, respectively, in the SH. As an insert in the bottom panel different EESC curves are shown for different
mean ages and bromine efficiencies (α). Stratospheric age of air of 5.5 years is representative for polar latitudes, while 3 years are more
appropriate for middle latitudes (Newman et al., 2006, 2007).
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negative correlation (tropics) and positive correlation (extratropics) during winter is at about 45◦ latitude. This is consistent with the fact that the sign of stratospheric temperature
departure from radiative equilibrium reverses at the same latitude, meaning it is negative equatorward (tropical cooling
and upwelling) and positive poleward of this latitude as noted
by Ueyama and Wallace (2010).
The seasonal correlation pattern as shown for observational data is also very well reproduced by two chemistryclimate models, the DLR-E39C-A and the EMAC-FUB
(Figs. 7 and 8), that were run from year 1960 to 2050. One
notable difference with respect to observations is that the
transition zone between positive correlations in the extratropics and negative correlations in the tropics is somewhat
shifted towards lower latitudes near 35◦ . A compact linear relationship between polar spring-to-fall ozone ratio and
the modelled winter eddy heat flux is seen in both models,
clearly indicating that the overall BDC pattern on total ozone
is well reproduced by the models (Figs. 9 and 10). However, the spring-to-fall ozone ratios are generally higher than
the observed ones. The linear regression of this relationship shifts due to the reversal of the stratospheric halogen
trends meaning that under near identical meteorological conditions and dynamic state of the atmosphere the recovery of
total ozone in the future is evident. As shown in this study
(Fig. 12) and by others (Mäder et al., 2010; Salby et al.,
2011), a beginning ozone recovery from the turnaround in
stratospheric halogen loading is detectable despite the large
inter-annual variability in observed total ozone.
Both models show a positive trend in the winter eddy heat
flux indicating that in a changing climate the BDC may intensify in coming decades, a feature which is observed by
many other CCMs (see Sect. 1). Nevertheless the year-toyear variability in the winter BDC strength is a factor of three
to four higher than the decadal mean change from 1960 to
2050. For one or two decades as e.g. 1990–2010 in the NH
(DLR model) and 2000–2020 in the SH (FUB model) a negative trend in the winter eddy heat flux may occur that could
lead to more severe polar ozone loss despite the slow decline
in the stratospheric halogen load.
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Boyd, I. S., Kämpfer, N., Hocke, K., Stolarski, R. S., Frith, S. M.,
Thomason, L. W., Remsberg, E. E., Savigny, C. V., Rozanov,
A., and Burrows, J. P.: Ozone and temperature trends in the upper stratosphere at five stations of the Network for the Detection
of Atmospheric Composition Change, Int. J. Remote Sens., 30,
3875–3886, 2009.
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