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Abstract. The effect of the winter Brewer-Dobson spheric halogen load. Using the SBUV/TOMS/OMI (MOD
circulation (BDC) on the seasonal and decadal evo-V8) merged data set (1980-2010), it can be shown that from
lution of total ozone in both hemispheres is investi- the decade 1990-1999 to 2000—2010 this linear relationship
gated using satellite total ozone data from the mergedemained unchanged (before and after the turnaround in the
GOME/SCIAMACHY/GOME-2 (GSG) data set (1995- stratospheric halogen load), while a shift is evident between
2010) and outputs from two chemistry-climate models 1980-1989 (upward trend in stratospheric halogen) and the
(CCM), the FUB-EMAC and DLR-E39C-A models. Com- 1990s, which is a clear sign that an onset of recovery is de-
bining data from both hemispheres a linear relationship betectable despite the large variability in polar ozone. Because
tween the winter average extratropical 100 hPa eddy heat flunf the large variability from year to year in the BDC circula-
and the ozone ratio with respect to fall ozone levels exists andion substantial polar ozone depletion may still occur in com-
is statistically significant for tropical as well as polar ozone. ing decades in selected winters with weak BDC and very low
The high correlation at high latitudes persists well into the polar stratospheric temperatures.

summer months until the onset of the next winter season. The
anti-correlation of the cumulative eddy heat flux with tropi-
cal ozone ratios, however, breaks down in spring as the polar
vortex erodes and changes to a weak positive correlation simt

ilar to that observed at high latitudes. The inter-annual vari-

ability and decadal evolution of 0zone in each hemispherd 0f many years the main focus in studies of long-term ozone
in winter, spring, and summer are therefore driven by theChanges was the impact on chemical ozone loss from halogen

cumulative effect of the previous winter's meridional circu- ONtaining anthropogenic ozone depleting substances (ODS)
lation. This compact linear relationship is also found in both (WMO, 1999. _Cheml_cal mechanisms leading to chem!cal
CCMs used in this study indicating that current models re-0Z0N€ losses, in particular heterogeneous ozone loss in the

alistically describe the variability in stratospheric circulation POlar region (polar ozone loss), are now generally well un-
and its effect on total ozone. Both models show a positivederstood $olomon 1999 WMO, 2003 2007 2013. More

trend in the winter mean eddy heat flux (and winter BDC recently, studies of Qyngmica! aspects in ozone changes, re-
strength) in both hemispheres until year 2050, however théated to stra_tospherlc _C'rCUIQt'On a”F’ meteorology, h{;\ve be-
inter-annual variability (peak-to-peak) is two to three times COMe more important in particular w_|th respect to the impact

larger than the mean change between 1960 and 2050. It i§,f climate change on ozone and vice versa. Ozone levels

nevertheless, possible to detect a shift in this compact lineaf@ve started rising in accordance with the slowdown and re-

relationship related to past and future changes in the strato €rsal of stratospheric halogen increases, a consequence of
the global phase-out of many ODS from the successful im-

plementation of the Montreal Protocol and its amendments

Correspondence tavl. Weber (WMO, 2007, 2011). The question arises how the climate
BY (weber@uni-bremen.de) and, in particular, associated changes in the stratospheric
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circulation, will impact the speed of ozone recovery in com- ozone trend strongly depends on the choice and details of dy-
ing decades. namical proxy terms used in the trend regresstrifibrecht
The Brewer-Dobson circulation (BDC) generally de- etal, 1998 Hood and Soukhare?005 Reinsel et a].2005
scribes the meridional transport of trace gases from the tropphomse et a).2006 Wohltmann et al.2007). Various prox-
ics to the polesBrewer, 1949 Dobson 1956. This circu-  ies have been used in the trend models individually and in
lation is now understood as a residual circulation since thecombination to describe dynamical ozone changes, like the
general air flow remains zonal and planetary waves in thepotential vorticity or tropopause height, teleconnection pat-
extratropics disturb this flow and cause a slow meridionalterns, e.g. Arctic Oscillation (AO), equivalent latitude proxy,
drift (Haynes et a).1991, Rosenlof and Holton1993 New- and eddy heat flux. They are, however, not independent of
man et al. 200% Plumb 2002. The transport time of air each other as is discussed for the AO and eddy heat flux as
in the stratosphere from the equator to the lowermost polaan example in the following.
stratosphere is in the range of a few years (&/gugh and Figure 1 shows the evolution of middle latitude Decem-
Hall, 2002. The poleward transport of ozone is most effec- ber to February (DJF) total ozone in the Northern Hemi-
tive in the winter hemisphere (e.@hipperfield and Jones sphere starting in the 1960s. Also shown are the DJF Arctic
1999. Several climate models and chemistry climate modelsoscillation in the middle panel (which is closely related to
(CCM) indicate that the strength of the winter BDC will in- the North-Atlantic oscillation (NAO) defined by the surface
crease with increasing greenhouse gas concentrations (GH@yessure difference between Azores/Lisbon and Iceland) and
and accelerate the expected ozone recovery [Rngl et al, the stratospheric halogen load (inverse scale for clarity) as
1998 Butchart and Scaife2001 Schnadt et al.2002 Rind represented by the equivalent effective stratospheric chlorine
et al, 2002 Sigmond et al.2004 Eichelberger and Hart- (EESC) (e.gNewman et a].2007) in the bottom panel.
mann 2005 Butchart et al.2006 Jiang et al.2007% Li et al., The winter AO index represents changes in stratospheric
2007 Eyring et al, 2007 Fomichev et al.2007 Garcia and dynamics in recent decades and they correlate with ozone
Rande] 2008 Butchart et al. 2010. Observational stud- changes (see smoothed lines in figure Apgenzeller et al.
ies indicate that the stratospheric age-of-air (which should(2001)). The long-term changes in the AO index indicate
decrease if BDC is enhanced) did not change during recenpossible long-term changes in the BDEugco and Salhy
decadesEngel et al. 2009, however, the available data for 1999 Randel et al.2002. Winters with extreme positive
this study is quite sparse and large uncertainties for the tren@negative) NAM values (northern annular mode, a new term
estimates existd/faugh 2009. Very recently a new study, for the Arctic oscillation, sed@hompson et al(2003), cor-
based on tracer-tracer correlations seems to indicate that aéspond to years with small (high) winter eddy heat fluxes
least in the shallow branch of the BDC (closer to the UTLS and strong (weak) polar night jetsl&rtmann et aJ.2000.
and subtropics) faster transport times are recently observedn extreme negative AO index combined with an easterly
(Bonisch et al.2011). QBO (quasi-biennial oscillation) phase lead to very high to-
The planetary wave activity driving the BDC is usually de- tal ozone throughout the Northern Hemisphere (NH) in 2010
scribed by the convergence of the Eliassen-Palm (EP) fluXSteinbrecht et al.2011). The study byKiesewetter et al.
7, ie.—V . -F. The convergence of the EP flux in the (20103 showed that for winters in a high (low) annular mode
stratosphere is a measure for easterly momentum depositestate, negative (positive) upper stratospheric ozone anoma-
to decelerate the westerly zonal flow in wintddefvman lies in fall result in low (high) column ozone anomalies in po-
et al, 200)). Geostrophic balance then requires a smalllar spring. Low ozone in winter/spring is also expected from
meridional flow component that initiates the meridional or low winter planetary wave activity (weak BDC) and low po-
residual circulationAndrews et al.1987. The vertical com-  lar temperatures during the winter seasdfeber et al.2003
ponent of the EP flux vectoF;, which is proportional to the  Kawa et al, 2005 Sinnhuber et al20086.
eddy heat fluxpy’T’, is a measure of the vertical propaga- Figurel seems to indicate that long-term ozone changes
tion of planetary waves from the troposphere. Both EP fluxare correlated to both changes in stratospheric halogen and
convergence and the eddy heat flux are frequently used tatmospheric dynamics. This close coupling between atmo-
describe variations in the BDC driving. spheric dynamics and chemistry is also evident on inter-
Fusco and Salb{1999 andSalby and Callagha(20043 annual time scales as shown by the compact linear rela-
showed that inter-annual variation of the eddy heat fluxtionship between the cumulative hemispheric winter eddy
correlates with year-to-year changes of extratropical col-heat flux and spring-to-fall polar total ozone ratio combin-
umn ozone and at the same time anti-correlates with ozonég data from both hemispheres as reportedNigber et al.
changes in the tropics, documenting the year-to-year varia2003. They also showed a corresponding anti-correlation
tion in hemispheric ozone transport. Part of the long-termwith OCIO columns from GOME observations, an indica-
trend in extratropical total ozone in the Northern Hemi- tion of chlorine activation inside the polar vortex, that prove
sphere can be explained by changes in the winter BDCyear-to-year variability in polar ozone loss are driven by cou-
(Fusco and Salhy1999 Randel et a.2002 Dhomse et al.  pled variations in atmospheric dynamics and polar chemistry
2009. The magnitude of this contribution to the overall (Weber et al.2003 Tegtmeier et a).2008.

Atmos. Chem. Phys., 11, 1122111235 2011 www.atmos-chem-phys.net/11/11221/2011/



M. Weber et al.: BD circulation and total ozone 11223

SCIAMACHY, and GOME-2 merged data set (GSG data)
is presented in Secd. 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 Segt. Model results are pre-
sented in Secb. The implications on future changes in the

i . . . ozone — BDC interaction are also discussed in this section
-4t ' ' ' ' T followed by conclusions from this study.

420
400}

T T
SBUV/TOMS/OMI merged (MOD V8)
GOME/SCIA/GOME2 merged (GSG)
WOUDC (ground data)

340} JFM total ozone 45°N-60°N

3 point triangular

2 Data

2.1 Observations

DJF AO index

N

The GOME/SCIAMACHY/GOME-2 total ozone merged
data set, also called in short the GSG data set, has been com-
piled from observations made by GOMEdldewey-Egbers

] \/ et al, 2005 Weber et al. 2005, SCIAMACHY (Bracher
. . ; et al, 2009, and GOME2 \\Weber et al.2007) instruments
p| Stratoseheric halogen (FESS) ] and starts in 1995. In the GSG data set the SCIAMACHY

1970 1980 1990 2000 2010 (2002—present) and GOME-2 (2007—present) data have been
year adjusted to the GOME data record (1995—present) by deter-
_ ) mining a mean scaling factor (GOME-2 and SCIAMACHY)
Fig. 1. Top: JFM total ozone area-weighted betweer? M5 54 treng (SCIAMACHY only) in the monthly mean zonal
and 60N as r_neasur.ed from ground-ipletov et al._(2002), mean ratios. Using the criterion of maximum global sam-
WOUDC web site http://www.woudc.org/data/summarieshtm) . . .
and satellites (SBUV/TOMS/OMI merged data, MOD V8, in red, pling, the GSG data set is then composed of GOME until
GOME/SCIAMACHY/GOME-2 merged data, GSG, in blue. The JuUne 2003, SCIAMACHY (2003-2006), and GOME-2 after
thick black line is the three point triangular smooth of the ground 2006. More details can be found at and data are available
data. Middle panel: DJF Arctic oscillation index (blue values cor- from http://www.iup.uni-bremen.de/gome/wfdoas/merged/
respond to positive AO values) obtained froitp://www.cpc.ncep. We also use the TOMS/SBUV merged total ozone data
noaa.gov/products/precip/CWIink/daigo.index/ao.shtml Thick sets http://acdb-ext.gsfc.nasa.gov/Datarvices/mergejl/
black line is the three point triangular smooth of the AO in- which combines TOMS, SBUV(/2), and OMI total ozone
dex. Bottom panel: Equivalent effective stratospheric chlorine data by removing biases and drifts between data sets in
(EESC) drawn with a reversed y-axis. The EESC was Obta'”edoverlapping periodsStolarski and Frith2006. These data

from http://acdb-ext.gsfc.nasa.gov/Datarvices/automailer/index. encompass the time period from 1978 to present and the
htmland calculated for a mean age of air of three years and bromin(izatest version is MOD V8

efficiency ofa=60 (Newman et a|.2006 2007).

ppb

2.2 Chemistry-climate models

The goal of this paper is to elucidate further on the com-The output from two CCMs is used to compare with obser-
pact linear relationship between winter eddy heat flux and thevations and to discuss past and future changes in the rela-
ozone build-up as reported in our earlier stutjeper etal.  tionship between the BDC and ozone. Major difference be-
2003 by using in addition to observations results from two tween the CCM EMAC-FUB and DLR-E39C-A is that the
CCMs, the FUB-EMAC and DLR-E39C-A models. First, firstis a high-top model with altitude levels up to the meso-
the two CCMs are compared to current observations and sesphere (0.01 hPa) and the latter a low top model (10 hPa)
ondly the CCM data are used to look how such a dynamicswith better vertical resolution in the UTLS (upper tropo-
chemistry coupling may change in the future in connectionsphere lower stratosphere). Both models have taken part in
with climate change and ozone recovery. Secfidrriefly the SPARC CCMval activitiesByring et al, 2005 2007,
describes the total ozone data sets and the two CCMs (DLRSPARC-CCMVa] 2010. The DLR-E39C-A model is based
E39C-A and EMAC-FUB) used in this study. SectiBn  onthe general circulation model ECHAM4, coupled with the
summarises results on the similarity of changes in the win-chemistry module CHEM and contains 39 layers extending
ter eddy heat flux, stratospheric temperature, and observeth 10 hPa $tenke et a).2009. The EMAC-FUB CCM con-
spring ozone in both hemispheres since the start of the satekists of the ECHAM5-MESSy CCMJockel et al, 200§ and
lite era at the end of the 1970s. The update on the compadhcludes the interactive chemistry module MECC3afder
linear relationship between the winter BDC and spring-to-et al, 2005 as well as an improved short-wave radiation
fall ozone ratio using more years of data from the GOME, parameterisationNissen et al.2007). It was run with a
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horizontal resolution of T42 (2:82.8) and 39 levels with the
top at 0.01 hPa. 440

In this study model runs from 1960 until 2050 with pre- = 420
scribed GHG concentrations from the A1B scenaiRQC, gn 400
2000 and surface mixing ratios of ozone depleting sub- = 380 050 (GovEsoneouts — — -

stances (ODS) based on the halogen Al scenario WO 360
(2007) are used. Both models include volcanic aerosols and oo™ ' ' : ' : '
assumed background stratospheric aerosols after year 200€ 545
Sea surface temperature and sea ice coverage are prescribez »1q
in the CCMs according to climate model projections. The — 205

solar activity cycles as well as the QBO are considered in 5 ERmmen
both CCMs to include their impact on ozone-climate interac- 195| TFeb-March50 hPa70°N-go°N — MeF
tion. Details of the respectively chosen boundary conditions . 16 L
can be found irEyring et al.(2008 andMorgenstern et al. £ 15
(2010. X, ”
S 13
— ¥ ERA-Interim — —
S 12 100 hPa mean eddy heat flux (Sep-Mar) NeEP T

3 Coupling of chemistry and dynamics of total ozone

1980 1985 1990 1995 2000 2005 2010
A key parameter for coupling atmospheric dynamics and

chemistry is the stratospheric temperatudeyyman et al.  Fig. 2. Top: March total ozone area-weighted betweef [§Gnd
2001 Salby and Callaghar?002. At lower temperatures 90° N as measured from satellites (solid line: SBUV/TOMS/OMI
the gas-phase catalytic cycles destroying ozone in the upmerged data, dashed line: SCIAMACHY/GOME/GOME-2 merged
per stratosphere slow dowddgnsson et gl.2004. This  data). Middle panel: NH area weighted polar cap tempera-
would mean that in a future changing climate with a strato-ture (70 N-90° N) from three meteorological reanalyses (ECMWF
sphere getting colder due to enhanced infrared GHG emisgoRFﬁéi?'eE;/Mr\]’ZZt iSf'g?tigg‘r’]chfvz)fagBeoétof?;nﬁ’ag:;te?;‘g;' o
sion (e.g.ShlndeII et al. 1999, a SUPEr ozone recovery ( March and area weight averaged betweetiNtand 75 N derived
recovery to higher ozone levels than in the 1960s) could befrom the same reanalyses,
expectedMO, 2007). In the lower stratosphere, where the
largest fraction of the total ozone column resides, tempera-
ture changes are primarily driven by atmospheric dynamics.
Stratospheric cooling on one hand leads to additional po|ap/ariati0n of chlorine activation with variations in the win-
ozone loss in winter. On the other hand, an enhancemeri€r €ddy heat flux was shown from OCIO data from GOME
in planetary wave activity results in instantaneous adiabatidWeber et al.2003 that are indicative for chlorine activation
Compression in the po'ar region’ in extreme cases in majoﬁ.nd Subsequent CatalytiC ozone losses inside the pOlar vortex
stratospheric warmings, and corresponding adiabatic exparfS0lomon 1999 Wagner et al.2001, Richter et al. 2009.
sion in the tropics and cooling, driving temperatures in eachFigure3 shows the corresponding figure for the SH. The cor-
case away from radiation equilibriumgdrews et al.1987 relation between temperature, winter planetary wave activity,
Kodera 2006 Salby, 2008. This will result in less polar ~and spring ozone in each hemisphere is particularly good for
ozone depletion and enhanced ozone transport to high latithe late period after the middle 1990s and somewhat lower
tudes. The slow relaxation from the fast adiabatic respons&efore.
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 de-the 1980s is not accompanied with corresponding changes
scent in the polar region and determines the stratospheriin 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 temperaturebottom of Fig.1). The impact of the stratospheric aerosols
variations from year to year with corresponding changesfrom the Mt. Pinatubo major eruption in 1991 apparently also
in the winter mean eddy heat flux and NH polar ozone inreduces this correlation. Following the Pinatubo event an in-
spring is shown in Fig2. Atmospheric dynamics drives crease in the winter mean eddy heat flux is evident in each
the inter-annual variability of polar stratospheric tempera-hemisphere, but without corresponding increases in polar
tures and ozone transport into the polar region (representedzone. Sulfate aerosols contribute to ozone depletion via het-
by the winter eddy heat flux) during winter. Another im- erogeneous reactions that needs not to be limited to the polar
portant aspect is that temperature controls polar ozone losgortex (Hofmann et al.1994). However studies have shown
due to heterogeneous chemistry requiring polar stratospherithat polar stratospheric temperatures where reduced in subse-
clouds to be formed (usually below 195 K). The inter-annualquent NH winters as well as tropical lowermost stratospheric
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380 F T T T T T T T The spring ozone distribution is shown for selected win-
MOD V8 (SBUV/TOMS/OMI) . . .
_ 360 GSG (GOMESCIAGONES) — — - ter seasons at the top of this figure demonstrating the grad-
=2 ggg ual changes from ozone hole conditions typically in the SH
o 300 to ozone rich distributions seen only in the NH. The BDC
e ggg is known to be weaker in the SH, where polar ozone loss
540 outweighs the net transport into high latitudes, thus provid-

200+ y ' LI M ing ozone ratios below one. One exception is the perturbed
Antarctic ozone hole anomaly with the first major strato-

2 195 spheric warming observed in the SH (&/geber et al.2003
— 190 7NV Sinnhuber et al.2003 Richter et al. 2005 von Savigny
185 \/ EREQ{;?\M e et al, 2009 where the spring-to-fall polar ozone ratio is well
T Aug-Sep 50 hPa 70°S-90°S ~  NcEP  — above one. Polar ozone losses in the NH are more sporadic
& -12 " 100 hPa mean eddy heat flux (Mar-Oct) and ozone transport is generally more effective.
F= A3 Normally the winter build up of ozone is strongest after
x -10 /\ late fall (November) as discussed Hipletov and Shepherd
\g -8 ] y - (2003 and Salby and CalIagha(fZQO4t), but here we use
- L ERRO September in the NH and March in the SH, respectively, as
> 6L, L ! L R A starting point for the winter build-up. They are the months
1980 1985 1990 1995 2000 2005 2010 in the seasonal cycle where total ozone reaches its minimum
(Weber et al.2003 Fioletov and Shepher@003.
Fig. 3. Top: October total ozone area-weighted betweeh3and Severe ozone losses in March were observed during the

90° S as measured from satellites (solid line: SBUV/TOMS/OMI ¢o|d Arctic winters in the 1990s (1995/1996, 1996/1997, and
merged d{?\ta, dashed line: SClAMACHY/GOME/GOMEQ merged 1999/2000) (Chapter 4 WMO, 2007). Both the cold Arctic
data). Middle panel: SH area weighted polar cap temperaturg,;niers in the 1990s and the Antarctic ozone hole anomaly

(70° S-90 S) from different meteorological analyses. Bottom . . . .
panel: extra-tropical eddy heat flux at 100 hPa averaged from Marck?f 2002 represent in terms of the linear relationship shown

to September and area weight averaged betwees 4id 75 S in Fig. 4 an intermediate case between typical Antarctic and
from different meteorological analysis. Arctic winters. The Antarctic winter 2006 was character-

ized by the largest ozone hole area (area covered by total

ozone below 220 DU) observed in the GOME/SCIAMACHY
temperature increaseBiiomse et a).2006 Fig. 15) atypi-  era and was a result of an extremely weak winter BDC fos-
cal signature of a reduced Brewer-Dobson circulation. Sev{ering very low polar stratospheric temperatures and, there-
eral other studies indicate that the stratospheric circulatiorfore, is located at the left lower end of the linear relationship
was reduced and winter AO enhanced following the Pinatubgshown in Fig4. Nevertheless, all special events, the Antarc-

eruption (see for instan@tenchikov et al(2004 and Fig.1 tic ozone hole in 2006, the ozone hole anomaly in 2002, and
in this paper). the cold Arctic winters are well covered by the linear rela-

tionship observed in Figtl.

4 Linear correlation between BDC and ozone build-up

) ) ] ) 5 Seasonal persistence of total ozone variability
The compact linear relationship between spring-to-fall polar

ozone ratio and the winter mean eddy heat flux calculateqy seyveral studies it was shown that the inter-annual varia-
for each hemisphere, respectively, is shown in BigThis  tjons seen in polar total ozone anti-correlate with tropical
figure combines data from the southern and Northern Hemi,qne changes as a result of the overturning BBGs¢o
sphere and is an update fraeber et al(2003 andWMO 414 Salby 1999 Salby and Callaghar2004b. This is also
(2007, Chapter 4) and includes more recent ozone data frongyigent from the change of the positive correlation of the
SCIAMACHY and GOME-2 and covers the period 1995 t0 \yinter accumulated eddy heat flux with polar ozone ratios
2009. The SH winter eddy heat flux is negative but plottedinto an anticorrelation in the tropics as is shown in Fg.
here in absolute (positive) values. By combining data frompere the ozone ratios of February over September (NH)
both hemispheres the broad range of variation in the winteng August over March (SH) are displayed for several zonal
BDC strength from minimum values in the SH up to maxi- pands ranging from the tropics to the polar region.This corre-
mum values typical for NH winters and associated changegponds to a five month winter build up of 0zone starting from
in the winter ozone build-up is visualised. September (NH) and March (SH), respectively. The correla-

tion coefficients are very high and close to 0.9 an@l9 in

the polar and tropical region, respectively. The turnaround

latitude where the correlation changes sign is within the

www.atmos-chem-phys.net/11/11221/2011/ Atmos. Chem. Phys., 11, 1MP235-2011
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100 150 200 250 300 350 400 450 500 550 DU

Oct. 2006 Oct. 2002 Mar. 1997 Mar. 2010

@)

\ G(?ME(Z)/SCIA!IVIACH?\TOS r.atios (NH: lear/Sep/SH: Selp/Mar) \
0 osss \ 1
14 _—
-

0.8 —

TO3 ratio 50™-90°

6 8 10 12 14 16
100hPa winter eddy heat flux (ECMWF Interim) [K m/s]

1996 1997 1995/1996 1996/1997 :

2002 2003 2001/2002 2002/2003
2004 2005 2006 2007 2003/2004 2004/2005 2005/2006 2006/2007
2008 2009 2010 2007/2008 2008/2009 2009/2010

Fig. 4. Spring-to-fall ratio of observed polar cap total ozores(°) as a function of the absolute extratropical winter mean eddy heat

flux (September to March and March to September in the 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 ratios) and from th

Northern Hemisphere as solid circles (March over September ratios).

latitude band between 4@nd 50, which can be interpreted gion to the subtropics. A possible explanation is the break-
as the zonal band where upwelling at low latitudes changesip of the polar vortex and the removal of the polar transport
to downwelling in the extratropics as branches of the residuabarrier that mixes or dilutes polar air into middle latitudes
circulation. and to the subtropics and beyond (Kgudsen and Grogf3
Ozone anomalies at the end of winter persist throughouf00Q Hadjinicolaou and Pyle2004 Ajti € et al, 2004 Fio-
the summer months in the extratropics until fall, when pho-letov and Shepher@005. The anticorrelation observed at
tochemical equilibrium is reached and the residual circula-tropical latitudes goes to zero by early summer. The most
tion starts building up ozone for the next wintéfigletov likely explanation is the absence of dynamic activity in the
and Shepher®003. The summertime changes in ozone are summer hemisphere. Since variations in the tropics are lower
mainly governed by N@ chemistry in the absence of dy- than at high latitudes, the photochemical equilibrium is prob-
namic activity Briihl et al, 1998 Briihl and Crutzen2000). ably reached much faster than in the extratropics.
As a consequence summertime trends are closely tied to win-
ter trends Fioletov and Shepher@003 2005.
In Fig. 6 the correlation coefficients of the linear relation- 6 Model results
ship between ozone ratios and the average eddy heat flux for
various zonal bands are plotted as a function of time fromThe analysis of the BDC impact on total ozone variability
fall to fall next year. North of 45 latitude the correlationis on time scales from seasonal to inter-annual described so
positive and negative at lower latitudes throughout the winterfar provides a valuable diagnostics for CCMs. The question
and early spring similar to that shown in Figfor a specific  arises how well do models compare with observations and
winter month. The positive correlation remains high for po- what 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 re-both CCMs, DLR-E39C-A and EMAC-FUB, respectively.
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GOME/SCIAMACHY TO3 ratios (NH: Feb/Sep, SH: Aug/Mar)
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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
absolute extratropical cumulative eddy heat flux between September and February in the NH and between March and August in the SH
from ERA-Interim. Data from the Southern Hemisphere are shown as triangles (August over March ozone ratios) and from the Northern
Hemisphere as solid circles (February over September ratios). Colors correspond to individual SH and NH winters as indicated in the bottom
of Fig. 4.

TOZ ratio VS Cumulative eddy heat ﬂUX TOZ ratio vs. cumulative eddy heat flux (E39Ca 1985-2010)
. T T T T T T T

1.0[ 1.0 ]
05 | _ 0.5 _— __
— - C
5 L 2 r 1960-1985 , P 1
= L © r o7'2010-2049 2 1
° 2 r o 1
= i ' 8
S 00 . 8 0.0 |
c r T [=}
2 H 1 2 [ 1
= (] F °.—7n° -
§ L / 60°-70° & L gg"-égf’ 1
i 50°60° 1 051 40°-50°
05 40°-50 L 20°40° 1
r y 30°-40° L _
1.0 L \/ 0°-10° 1 -1.0 [ L I I 1 1 1 1 | | L 100_10;) ]
o e — NHHL O N D J F M A M J J A S8
NHL O N D J F M A M J J A 8 SH A M J J A S O N D J F M
SH- A M J J A S O N D J F M

] ] Fig. 7. Same as Figs, but for CCM data from DLR-E39C-A model
Fig. 6. Correlation between GOME/SCIAMACHY total 0zone ra- qyring the period 1985-2010. Dotted line shows the correlation of

tio (with respect to September in the NH and March in the SH) he 30-40® zonal band for the time period 1960-1985 (past) and
and mean extratropical eddy heat flux averaged from starting monthne dashed line for 2010-2049 (future).

(September in the NH and March in the SH) to the respective month

indicated on the x-axis for various zonal bands from the tropics to

polar latitudes. Sample scatter plots for February (NH) and Augustjons. The transition to summer conditions as characterized

(SH) data are shown in Fig. by the expansion of the positive correlation into middle lati-
tudes also agrees with observations. The overall patterns in

the winter/summer correlation appear realistic and are con-
The model data are shown for years 1985 to 2010 to beistent with observations.

comparable to observations shown in Fé&g. The correla-
tion maps with positive values in polar latitudes and nega-
tive in the tropics are qualitatively very similar to observa-
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TOZ ratio vs. cumulative eddy heat flux (EMAC 1985-2010) 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
e / models as opposed to observations. In both hemispheres the
R ozone ratios are in most cases higher than observations. A
\/ ° possible explanation for this could be that either modeled po-
o lar ozone losses are too low or that the polar vortex is more
w 0°-20 permeable due to numerical diffusion, meaning more mixing
! R with middle latitude air occurs in the modeAystin et al,
E M 2010.
One interesting aspect from the model studies is the evolu-
Fig. 8. Same as Figz, but for CCM data from EMAC-FUB model. tion 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
Differences between models and observations are found ignd future in both models. The long-term changes in the lin-
the transition zone from positive to negative correlations dur-ear fits in Figs9 and 10 coincide with changes in the halo-
ing winter. Observations indicate 2atitude (Fig.6), while gen loading (see Figl andNewman et al.2007. During
it lies equatorward of 40in both models. Figureg and8  the period 1985-2010 the halogen loading reached a maxi-
also show the changes with time in the transition zone. Th&num and ozone losses in Spring were maximum |eading to
dotted and dashed lines show the correlation of ttfe-80  |ower spring-to-fall ozone ratios under identical meteorolog-
zonal bands for the periods 1960-1985 (past) and 2010-205¢@al/dynamical conditions of the polar winter stratosphere.
(future), respectively. In the DLR model it appears that the pye to the phase-out of ozone depleting substanaegda@,
transition zone is nearly unaltered, only in the past it was2007 2011), the stratospheric halogen starts a slow decrease
slightly shifted to lower latitudes as evident from the higher s that an increase in future ozone ratio and thus an upward
and positive correlation. The FUB model shows a differentshift in the linear fit curves back to the pre-ozone hole period
behavior. In both past and future decades the transition i3960-1985 as shown in Figgand10is expected.
closer to about 35latitude and slightly shifted to higher lat-  The upward shift of the regression line is smaller for the
itudes in the period 1985-2010. The rough position of theepMAC-EUB model than for DLR-E39C-A. This indicates
modeled transition near 33atitude is close to the latitude that the ozone recovery is slower in the FUB model. How-
separating tropical upwelling at lower latitudes from down- ever, both models are among the CCMs with faster ozone
welling at higher latitudes shown in other model da&tagtin recovery Austin et al, 2010 SPARC-CCMVaj 2010).
and Li, 2006. The variability in the modelled winter eddy heat fluxes
During the summer months the correlation of polar 0zone(Figs. 9 and 10) is quite large in each hemisphere (spread
(and the anti-correlation of tropical ozone) with the aver- across ther-direction of the plots) and is mostly in the range
age eddy heat flux from last winter starts to weaken about gyhat is seen in the observations. The variability in the NH
month earlier in the DLR model Compared to the FUB model is somewhat smaller for the FUB model, when Compared to
and observations. the DLR model and observations. Both the FUB and DLR
Figures9 and 10 show the relationship of the spring-to- model have individual NH winters with extremely low win-
fall polar total ozone ratio (September over March in the SHter eddy heat fluxes and spring-to-fall ozone ratios that are
and March over September ratio in the NH) for the DLR and similar to Antarctic values. Such cases have not been seen in
FUB models, respectively. Also shown are the GSG data sepbservations during the satellite era. On the other hand, none
from Fig.4. All model data from 1960-2050 are shown. Dif- of the models was able to produce SH conditions similar to
ferent colors are representing different time periods, grey forthe Antarctic ozone hole anomaly observed in 2002.
the past (1960-1985), black the present (1985-2010), and No significant changes with time in the ranges of the win-
blue the future period (2010-2049). The corresponding re+er eddy heat flux are evident in the models so that the largest
gression line (dashed) for the three different periods is alsq@hanges with time in the compact linear relationship appear
shown. Since the ozone values in the DLR model show &e due to changes in halogens and associated ozone chem-
consistent bias of about 50 DU with respect to observationsistry. In Fig.11 the time evolution of the CCM winter eddy
an offset of—50 DU was applied to all DLR model data. heat flux in each hemisphere (averaged from September to
March in the NH and March to September in the SH) is

10777

~
el //
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Fig. 9. Spring-to-fall ratio of polar cap total ozone-$0°) as a function of the absolute extratropical winter mean eddy heat flux from

the DLR-E39C-A CCM. Data from the Southern Hemisphere are shown as triangles (September over March ozone ratios) and from the
Northern Hemisphere as circles (March over September ratios). Different colors for the model data correspond to different time periods:

past (1960-1985, grey), present (1985-2010, black), and future (2010-2050, blue). The colored points are the observational data as show
in Fig. 4
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Fig. 10. Same as Fig9, but for CCM data from EMAC-FUB model.

displayed. Also shown are the decadal means of the samt 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 itis most likely
to the decadal means. A slow increase in the strength othat the current observed trend may not be maintained over a
the winter BDC and winter eddy heat flux from 1960 un- longer time period into the future.

til 2050 is evident, which is~+0.5Km s over the ninety

year time span. The year-to-year variations are on the order
of 1-2Km st which strongly masks the long-term trend. 7
For a few decades the trends may even become reversed, e.g.
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 _'ment'he halogen loading were observed in the upper stratosphere
sified for one to two decad_es despite the slow decline in the{Newchurch et al.2003 Steinbrecht et a12009. However
stratospheric halogen loading. in the lower stratosphere, where the dominant contribution
In Fig. 11 the decadal means from NCEP reanalysis andto the total ozone column comes from, the fingerprint of re-
ECMWEF during the satellite period (1980—2010) are alsocovery is less clear due to the large influence from atmo-
shown. Over the three decades of the satellite era the inspheric dynamics (see Fid). A large contribution to the
crease in the observed winter eddy heat flux is a factor of twastrong increase in NH total ozone in the extratropics since

Ozone recovery
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DLR-E39Ca BD circulation strength FUB-EMAC BD circulation strength

100hPa winter eddy heat flux [K m/s]
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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
hemisphere) derived from the DLR-E39C-A (left panel) and EMAC-FUB models (right panel) between year 1960 and 2050 separate for
each hemisphere. The red and blue points as well as lines show the decadal means in the NH and SH, respectively, and the correspondin
regression line. Also shown in green are the decadal means from the NCEP and ECMWF reanalyses (1980s: ERA-40, 1990s and later:
ERA-Interim) during the satellite era (1980—-2010).

the middle 1990s is due to changes in the stratospheric cirPinatubo years. As discussed in the last paragraph of Section
culation Hadjinicolaou et al.2005 Dhomse et a).2008 3, itis also possible that a high bias in the observed eddy heat
Wohltmann et a].2007, Harris et al, 2008 Kiesewetteretal.  flux during the Pinatubo years may explain part of this shift.
20108. Nevertheless, the upward shift in the linear regres-

sion in Figs.9 and 10 confirms that ozone will steadily in-

crease with sinking stratospheric halogen loading despite thg  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 to-
is shown for the MOD V8 merged data set going back total ozone from seasonal to decadal time scales using satel-
early 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 wittE39C-A models. From the long-term data record it is clear
different colors corresponding to different decades: red forthat long-term changes in total ozone in the extratropics,
1980s, blue for 1990s, and green for the 1990s. The Pinatubgepresentative for lower stratospheric ozone, have contribu-
years (1992, 1993) are shown in black. This figure reveals aions from changes in the upper atmospheric circulation (at-
larger change from the 1980s to the 1990s (strong positivenospheric dynamics) and in ozone chemistry (polar ozone
trend in halogens) and virtually no changes from the 199090sses and gas-phase losses) due to the halogen load. The
to 2000s (during which the halogen load reached maximuntchemical trends are tied to changes in meteorology and at-
and started slowly to decline, see EESC curves in the inlet)mospheric dynamics as shown in Fig.This is also evident
The changes from the 1980 to the later decades is particularlgn shorter time scales when looking at inter-annual variations
evident in the SH and is consistent with the 0zone recovenyin stratospheric temperatures (as a proxy for chemistry), ex-
in the SH observed bgalby et al(201]). The correlation tratropcial ozone, and BDC strength, here expressed by the
between eddy heat flux and total ozone appears somewhajinter eddy heat flux in each hemisphere (F@and3).
less clear in the 19805, pal’ticularly in the SH, as Compal’ed Combining data from both hemispheres a Compact lin-
to the later periods (see also Fi). The most likely rea-  ear relationship exists between the winter eddy heat flux
son is that the quality of the meteorological reanalyses wergynd the spring-to-fall ozone ratio as shown in Fg. This
less accurate when satellite data started to be integrated imﬁbure is an update of Fig. 3 ikVeber et al.(2003 with
the assimilation scheme in the 1980s (A Simmons, personalnore years of data added and now Showing a h|gher cor-
communication, 2005). relation coefficient  =0.992). This compact linear rela-

Figure 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 earlyweak BDC, colder polar lower stratospheric temperatures,
spring, but not in the February ratios (August ratios in thethe ozone hole, and the other extreme the Arctic winters
SH). The Pinatubo years clearly stand out and show lowemith higher stratospheric temperatures, larger ozone trans-
ozone ratios than in other years with similar winter eddy heatport, and reduced polar ozone losses. The anomalous SH
flux values. An additional polar ozone loss of about 15% canozone hole in 2002Sinnhuber et al.2003 Richter et al.
be estimated from the shift in the linear curves during the2005 von Savigny et a).2005 with unusually enhanced
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Fig. 12. Same as Figurd 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 year
(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 efficiencied.(Stratospheric age of air of 5.5 years is representative for polar latitudes, while 3 years are more
appropriate for middle latitude®éwman et a].2006 2007).

ozone transport into polar latitudes and the cold Arctic win- tios remain high throughout spring until the end of the sum-
ters in the 1990s with reduced ozone transport and larger pomer (Fig.6). The positive correlation as seen in the extratrop-
lar ozone losses fit into this remarkable relationship. Theics during late spring and summer also extends into the tropi-
tropical ozone ratios in contrast are anti-correlated to thecal region after the polar vortex breaks up. This is consistent
winter-eddy heat flux as shown in Fig. with results fromFioletov and Shepher(2003 2005 who

The correlation between the eddy heat flux averaged froninvestigated the seasonal autocorrelation of total ozone and
fall to the respective month and the corresponding ozone raits impact on long-term trends. The transition zone between
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