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Abstract. Highest atmospheric ozone production rates canl Introduction

be found at around 30 km in the tropical stratosphere, lead-

ing to ozone mixing ratios of about 10 ppmv. Those strato-The ozone distribution in the lower stratosphere is gener-
spheric air masses are then transported to extra-tropical latlly considered to be controlled by tropical 0zone production
itudes via the Brewer-Dobson circulation. This is consid- and, below 30 km, by large-scale transport, i.e. the Brewer-
ered the main mechanism to generate mid- and high latitud®obson circulation (BDC), especially in wintenprld Me-
ozone. By applying the climate-chemistry models E39/Cteorological Organization (WMQ)1999. Air masses are
and MAECHAM4/CHEM, this view is investigated in more uplifted in the tropics, then transported to the winter pole
detail. The origin of ozone in the troposphere and strato-and subside during winter. However, transport time-scales
sphere is analysed, by incorporating a diagnostics (“markecnd the stratospheric age of air exceeds two ye4adi and
ozone origin tracers”) into the models, which allows to iden- Pluml 1994 meaning that the seasonal cycle has to be taken
tify the origin of ozone. In most regions the simulated lo- into account. Early studies of the meridional circulation
cal ozone concentration is dominated by local ozone produc{Dunkerton 1978 in a Lagrangian view suggest that the air
tion, i.e. less than 50% of the ozone at higher latitudes ofmasses are rising in the tropics, transported to higher lati-
the stratosphere is produced in the tropics, which conflictsudes, but then are swapped northward and southward ac-
with the idea that the tropics are the global source for stratocording to the direction of the BDC during the course of year.
spheric ozone. Although episodic stratospheric intrusionsThis makes the distinction between dynamical and chemical
occur basically everywhere, the main ozone stratosphere-toimplications for ozone more complicated, since the chemical
troposphere exchange is connected to exchange processesdlifid-time of ozone highly depends on the time of year and on
the sub-tropical jet-stream. The simulated tropospheric indatitude. Furthermore, it has to be noted that wave-breaking
flux of ozone amounts to 420 Tg per year, and originatesin the lower-most stratosphere results in transport of tropical
in the Northern Hemisphere from the extra-tropical strato-air masses to higher latitudes through the sub-tropical barrier
sphere, whereas in the Southern Hemisphere a re-circulatiogven at lower stratospheric altitudes. These so-called stream-
of tropical tropospheric ozone contributes most to the influxers were frequently observed (e.g. Offermann et al., 1999)
of ozone into the troposphere. In the model E39/C, the up-and transport low ozone air masses to higher latitudes in all
per troposphere of both hemispheres is clearly dominatedeasons, depending on strength of the storm tragysng

by tropical tropospheric ozone (40%-50%) except for north-et al, 2003. It has been speculated that this process may
ern summer hemisphere, where the tropospheric contributiomave an important contribution to the mid-latitude ozone con-
(from the tropics as well as from the Northern Hemisphere)centration at the tropopause altitud&réwe et al. 2004).
does not exceed 20%. The WMO report (1999) summarises this by pointing out that
the classical view of the BDC has been significantly refined
in recent years, which has consequences on the ozone con-
trolling processes.

This paper aims at challenging the view that the tropi-
cal stratospheric region is the dominant source of ozone, at
Correspondence tov. Grewe least at higher latitudes and investigates its implications on
(volker.grewe @dlir.de) stratosphere-troposphere exchange and tropospheric ozone.
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Table 1. Areas of interest for the origin of ozone. NH, TR, and SH 2 Model description

describe Northern Hemisphere, Tropics, and Southern Hemisphere. L o

TS, LS, and MS denote troposphere, lower stratosphere, and middIEC" the determination of the origin of ozone, the cou-
stratosphere. The two values for the upper boundaries of the MPled chemistry-climate model E39/C is applied, which
region refer to the respective models. consists of the spectral atmospheric general circulation

model ECHAM4.L39(DLR) (E39) and the chemistry mod-
ule CHEM (C). E39 is based on the climate model ECHAM4
NHTS  9ON_3CN _ 1000—200 (Roeckner et al.1996 with increased vertical resolution
TRTS  30N_3°S  1000-100 from 19 to 39 levels ano_l the top layer centered at 1(_)hPa
(Land et al, 1999. In this study, the model was applied

SHTS ~ 30S-90S  1000-200 with a horizontal resolution of T30, i.e. a corresponding grid
NHLS 90°N—3C°N  200-100 size of 3.78x3.75°. Water vapour, cloud water and chem-
TRLS  30N-3C°S  100-40 ical species are advected by a so-called semi-Lagrangian
SHLS  30S-90S 200100 scheme. E39 includes para.lmeterlsatlo.n schemes for small
scale physical processes, like convection or cloud forma-

Latitude Pressure [hPa]

NHMS 90°N-3C°N  100-10/0.01 tion. Convection is parameterised with a mass-flux scheme
TRMS 30°N-3C°S  40-10/0.01 (Tiedtkeg 1989. Cumulus clouds are represented by a bulk
SHMS 30S-90S  100-10/0.01 model including the effect of entrainment and detrainment on

the updraft and downdraft of convective mass fluxes. Three
types of convection are distinguished: Tropical deep convec-
tion (low level synoptic scale convergence); shallow cumulus
convection, e.g. tradewind cumuli; mid-level convection rep-

The applied methodology is based on the separation of théesenting the convective cells, which have their roots not in
contribution of large-scale transport from the contribution of the boundary layer but originate at levels above (more details
chemistry to local ozone concentrations for distinct regions.can be found in e.g. Brinkop, 2002).

The varying importance of dynamics and chemistry during The model has been used in a variety of tracer transport
the course of the year is taken into account and plays a majoftudies (and 1999 Land et al, 2002 Rogers et a).2002

role. The basic question to be answered is: Taking the ozon&immreck et al, 1999, including e.g.,’Rn experiments
concentration at any given location, in which regions has thist0 evaluate fast vertical transport from the boundary layer
ozone been produced? This has an implication on estimatel® upper levels, which largely can be associated to convec-
of trends, because, if we know the contributions from differ- tive transport. The chemistry module CHENt¢il et al,

ent regions to a local ozone concentration, we can estimatd999 is based on the family concept. It contains the most

the impact of variations or trends in large-scale transport orf€levant chemical processes for describing the tropospheric
trends in ozone. background NG-CHs-CO-HO-O3 chemistry as well as the

stratospheric homogeneous and heterogeneous ozone chem-

To answer those questions the fully coupled climate-istry. CHEM includes 37 chemical species of which 9 are
chemistry model E39/C is applied, which includes both tro- explicitly transported and the others are grouped into 3 fam-
posphere and stratosphere dynamics and chemistry. A sunikes. 107 photochemical reactions and 4 heterogeneous re-
mary of publications dedicated to validate E39/C in termsactions on polar stratospheric clouds (PSCs) and on sulphate
of mean state and processes is given in S&cThis model  aerosols are considered in CHEM, however not yet bromine
has its upper level centered at 10 hPa, which somehow limehemistry. Mixing ratios of methane (GH nitrous oxide
its its representation of stratospheric dynamics. To bet{N20) and carbon monoxide (CO) are prescribed at the sur-
ter understand these limitation for the objective of this pa-face. Nitrogen oxide emissions at the surface (natural and an-
per the middle atmosphere version of ECHAM4/CHEM, thropogenic sources) and from aircraft are considered. Light-
i.e. MAECHAM4/CHEM, has been applied and compared ning NO, emissions are calculated interactively depending
to the results of E39/C. In both models a number of diagnos-on the mass fluxes in deep convective clouds according to
tic ozone tracers are included, which label ozone molecule$srewe et al(2007).
according to their production region. The models and the At the uppermost level of E39/C total NGnd total C}
diagnostic technique are described in Se2tand4. Sec-  are prescribed at every timestep including a seasonal cycle
tion 5 addresses the origin of stratospheric ozone, whereaand latitudinal dependencies, derived from a 2-D model (fur-
Sect.6 describes the origin of ozone transported into the tro-ther details are given in Hein et al., 2001). For all tracers
posphere. Sectior discussed the production and transport (including ozone) a zero vertical flux is assumed at the top of
of tropospheric ozone. In Se&, a comparison to observa- the model.
tional data is provided including a discussion of the implica- For a better understanding of the impact of the upper
tion on the findings of the preceding sections. boundary conditions applied in E39/C on the stratospheric
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results, the middle atmosphere model MAECHAM4/CHEM variability during the end of the northern spring (March—
(Steil et al, 2003 has been employed in addition. It consists May). However, the variability is reduced in E39/C during
of the middle atmosphere ECHAMA4 versiddgnzini et al, early winter (December—January). In any case, the variabil-
1997 Manzini and McFarlanel 998 and basically the same ity is large and produces minor warmings with a frequency
chemical module CHEM as used in E39/C, with additionally of about 2 in warm winters. Indeed, major warmings, fol-
explicit transport and chemistry of CFCs. lowing the definition of a zonal wind reduction to less than

Model climatologies and detailed descriptions are given in10 m/s at 30 hPa and 60l and a reversal of the temperature
Hein et al.(2001) andGrewe et al(2001) for E39/C and in  gradient between 6N and the Pole at 30 hPa occur 5 times
Steil et al.(2003, Manzini and Feichtef1999 andManzini within 20 years of simulation. The increased vertical resolu-
et al. (2003 for MAECHAM4/CHEM. The model E39/C tion at tropopause levels clearly increased the model’s abil-
has been applied for various chemistry-transport and climateity to reproduce the observed inter-annual and intra-seasonal
chemistry investigationsSchnadt et al.2002 Grewe et al.  variability (Hein et al, 2001).

2002 Dameris et al.2005 and contributed to model inter- Impact of tropospheric variability on stratospheric dy-
comparisons (e.g., Austin et al., 2003). Recerfilgmeris  namics: A prominent tropospheric variability pattern is
et al. (2005 2006 showed that ozone variations during the the North-Atlantic Oscillation (NAO)Schnadt and Dameris
last 40 years can be reproduced in agreement with observd2003 showed that the stratospheric response of E39/C to
tions by employing realistic external forcings (e.g. volcanic NAO is well simulated in comparison to observations, with
eruptions, El Nilo, Quasi-Biennial Oscillation, 11-year solar a strengthening (roughly 8 m/s increase in zonal wind speed)
cycle). A detailed overview on the models capabilities andand cooling (roughly 8 K) of the polar vortex during positive
disabilities is given in the next section NAO phase compared to negative NAO phase. The heat flux

For this investigation 5 year runs (excluding a spin-up changes are comparable in E39/C and ERA data with respect
time) have been performed for both models applying con-to pattern and absolute numbers. This clearly indicates that
stant boundary conditions for 1990 and including addition-the interaction between tropospheric wave forcing and strato-
ally ozone origin tracers (see below). spheric dynamics is reasonably well simulated, which is im-

portant to the variability of stratospheric ozone (see below).

No indication is found that the upper boundary principally
3 Model validation limits these results.

Subsidence: The cooling of the polar vortex results in a

In the following, previous evalution work concerning the descent within the vortex. This has been estimated from var-
10 hPa version of the ECHAM/CHEM family is summarised ious observations to be in the range of 0.05 to 0.08 cm/s at
in order to emphasise strengths and weaknesses of stratg0 hPa (e.g. see discussion in Grewe et al., 1998, and ref-
spheric dynamics and chemistry: erences therein). E39/C simulates values between 0.08 and

Polar vortex dynamicsGrewe et al(1998 showed ina  0.1cm/s, implying that air masses located at 50 hPa at the
detailed analysis of ECHAM3/CHEM that the model is able end of the winter subside from altitudes around 20 to 10 hPa
to simulate a variety of dynamical situations even with a at the beginning of the winter, which still is within the model
lower vertical and horizontal resolution than now used with domain. However, the subsidence is not uniform and the core
E39/C. Vortex erosion caused e.g. by blocking of the flow vortex region has a smaller subsidence. This leads to defi-
by the Aleutian high pressure system, vortex splitting, defor-ciencies in the evolution of long-lived species, e.g., methane
mation and displacement frequently occurs in the Northernand total chlorine, in the inner polar vortex, especially at the
Hemisphere (NH) winter period. end of winter periods.

Wind and temperature anomaliegdein et al. (2007 Residual streamfunctionAustin et al.(2003 compared
showed that the zonal mean zonal wind is reasonably wela number of climate-chemistry models with respect to the
simulated with a clear separation of the subtropical andresidual streamfunction at 50 hPa. They clearly pointed out
stratospheric polar night jet, clear inter-hemispheric differ-that all models (including E39/C) produce the same qual-
ences and a reversal of the zonal winds during summer. Howitative pattern as the observations for solstice periods. In
ever, the tilts of the stratospheric jets show differences tonorthern winter, the results of E39/C agree well with observa-
the observations and the easterlies during summer do ndtons between 0 and 4. But farther north, the streamfunc-
penetrate deep enough into the lower stratosphere. Both efion gradients decrease significantly, implying less down-
fects are probably linked to the upper boundary since gravward transport. The MAECHAM4/CHEM results agree bet-
ity wave effects (dissipation) in the upper stratosphere ander with observations in high northern latitudes. This could
mesosphere are not included, i.e. parameterised, like in midbe a result of the higher boundary, though other middle atmo-
dle atmosphere models. The evolution of the wind field dur-sphere models, compared Bystin et al.(2003, are more
ing the course of the year has been compared to NCEP datsimilar to the values of the E39/C model. Indication that the
by Hein et al.(200). The extremely low variability dur- upper boundary condition is a limiting factor to the simu-
ing summer is well captured, as well as the extremely highlated stream function are thus weak. This is consistent with

www.atmos-chem-phys.net/6/1495/2006/ Atmos. Chem. Phys., 6, 18952006
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A I R [ R e.g. ozone, near the tropopause due to the high vertical res-
0.15 ; olution (Grewe et al.2001). Numerical diffusion of ozone
0.4 caused by the transport scheme is insignific@regve et al.
1.3 1 2002.
38 | Impact of dynamical variability: The dynamical variabil-

1 ity of the stratosphere during NH winter periods (e.g. warm-
= 10 5 ings, NAO) has clearly an impact on the ozone chemistry and
£ 24 leads to a variability in total ozone columns of 15%e{n
= et al, 2001). The ozone destruction during cold episodes
2 54 ranges between 10% and 50%, covering well the range de-
& 113 rived from observations (see SeB). However, these values

are masked by ozone intrusions from lower latitudes into the
221 polar vortex, i.e. the vortex boundary is too leaky. In any case
the triggering of different heterogeneously induced ozone de-
491 struction through dynamical variability is well captured by
the model.
1000 Stratospheric barriers to transport: The stratosphere is

90°S 60°S 30°'S Eq. 30°'N 60°N 90°N characterised by several barriers to transport. The sub-
tropical barrier is clearly visible, e.g. in simulated®!fields,
Fig. 1. Nine areas of ozone origin. The colour index is also and also the frequency of quasi-horizontal exchange pro-
used for Figs5, 8 and10. See also Tabld. The light shaded cesses is realistically reproduced in terms of location, sea-
areas above 10hPa (white line) marl§ the extended regions foggng| cycle and absolute frequendyy(ing et al, 2003.
MAEC_:HAM4/CHEM. The blue and red lines sketch transport path- However, the polar night jet, as a barrier to transport is too
ways in the two models (see text). leaky. Although a clear gradient is maintained throughout the
winter, subtropical airmasses are mixed into the polar vor-

tex as shown in Sech, masking partially the polar chemical
findings of Schnadt et al(2002, who found an agreement ozone loss . gp y P

between the pattern of the simulated meridional stream func- Inter-hemispheric differences: In general, the polar pro-
tion and derived from observational data between 1OOhPEf:essing of the chlorine species is well simulated in E39/C,

and 10hPa. _ . e.g. with respect to the formation of reservoir species
Tropical ascent: An important part of the BDC is the up- CIONO, and HCI. During Northern Hemisphere winter ac-
welling in_the_ tropics. The 100 hPa upward mass flux for DIF 4\ ated CIQ is first converted into CION@ (including the
and JJA is simulated to be 19.4 and 161" kg/s, respec-  formation of a chlorine nitrate collar, as observed), whereas
tively, which is higher than derived from observations (11.4 during Southern Hemisphere winter the denoxification and
and 5.6<10° kg/s; UKMO; Rosenlof and Holton, 1993) and geptrification inhibits the CION® formation, so that first
simulated with middle atmosphere models (13-16.2 and 7.9 is formed (Steil et al., 1998, and references therein).
9.8x10° kg/s, CCM2, Mote et al., 199455(enke 2006. Impact of variations in tropical ascent on ozone: The inter-
Extra-tropical subsidence: In agreement with the overestizction between dynamics and ozone chemistry in the lower
mated tropical lifting the extra-tropical downward mass ex- tropical stratosphere, as simulated by E39/C, has been de-
change is slightly overestimated. Based on UKMO and MLSscribed inStenke and Grew@005). After the eruption of the
data estimates of 8.1 and 16.80° kg/s were given for the . Pinatubo, the tropical ascent is increased, which leads
NH in DJF, whereas the model simulates@@®kg/s. In  tg a shift in the ozone profile in the region where ozone is
summer observational data give 2.6 andL6° kg/s and the  predominntly dynamically controlled. The resulting ozone
model 5.%10° kg/s (Stenke 2006. deline of 4-5% agrees well with observations (Stenke und
Age of air: From the analysis of the meridional circulation, Grewe, 2005, and references therein).
it becomes clear that the mean age of air is underestimated QBO and solar cycle: Recentlfpameris et al.(2005
in E39/C. In fact, a mean age of air of 3 years is calculatedand Steinbrecht et al.(200§ presented an evaluation
in the tropics at 10 hPa, whereas 3.5 years are derived fronaf E39/C (Steinbrecht et al., includes a comparison to
observationsl(and et al, 1999. It is important to note that MAECHAMA4/CHEM) for the transient evolution between
although the BDC extends to higher altitudes, the mass in1960 and 1999, with special emphasis on the variability of
cluded in this circulation, however, is decreasing exponen-stratospheric ozone. In principle MAECHAM is able to in-
tially. ternally simulate a realistic QBOG{orgetta et al. 2002,
Ozone profiles: In a variety of papers, ozone profileshowever, then 90 levels are required, which inhibits multi-
have been validated (e.g. Hein et al., 2001). The modebnnual simulations. Therefor®ameris et al(2005 and
E39/C is able to maintain large gradients of various speciesSteinbrecht et al(2006 applied a relaxation methodology

Atmos. Chem. Phys., 6, 1495511, 2006 www.atmos-chem-phys.net/6/1495/2006/
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Fig. 2. Contributions of the nine ozone production regions to the total ozone content [ppbv] as simulated with E39/C for January.

(“nudging”) for equatorial winds to correctly represent QBO stratospheric dynamics on ozone is well simulated by E39/C
effects. Solar cycle effects were represented by varying thén comparison to TOMS satellite data, in terms of location
solar constant (affecting the heating rates) and extra terresand seasonal cycle of occurrence: maximum occurrence is
trial fluxes (affecting the photolysis rates). Both models re-found over Europe, Greenland and North-west America with
vealed a good agreement with observational data througha peak in January and February.
out the period. The solar flux changes are inducing ozone Clearly, the low upper boundary of the E39 climate model
changes, which are in the order of 3% (see Dameris et al.leads to differences in reproducing stratospheric dynamics
2005, Fig. 15), in agreement with observations. The propacompared to middle atmosphere models and observational
gation of a solar cycle effect to higher latitudes is simulateddata. The model shows deficiencies in the mean age of air,
in both models (Steinbrecht et al., 2006, Fig. 5). Similar re-tropical ascent and polar subsidence. However, none of the
sults can also be found with respect to QBO effects. Equatofindings indicate that this upper boundary is a principle and
rial westerlies are correlated with positive ozone anomalieghorough restriction to the model, which is preventing its use
at tropical latitudes and high latitudes and negative ozonewith respect to troposphere and lower stratosphere dynam-
anomalies at mid-latitudes. This pattern can be found in bottics. Comparisons to middle atmosphere models did not indi-
model versions as well as in observational data. These efeate that among the limitations of all these models, the upper
fects are not included in the present paper, but the compariboundary is an outstanding issue. These results indicate that
son shows that the E39/C model is able to react to externathe E39/C model is able to simulate tropospheric and strato-
and internal forcings in a reasonable way. spheric ozone with respect to a mean state but also and that
Combined tropospheric-stratospheric effects: Another im-iS important in the context of the present paper, with respect
portant phenomenon, which is a combined effect of tro-to variability.
pospheric and stratospheric dynamics, is the occurrence of
so-called ozone miniholes. Poleward moving tropospheric
tropical high pressure systems are accompanied by a high Methodology
tropopause and lead to extremely low total ozone values, es-
pecially when they are located below the polar vortex, be-As a first step, areas of interest for the ozone origin are
cause they induce a divergent stratospheric fltenke and  defined (Tablel). These nine areas (3 latitude bands and
Grewe(2009) showed that this interplay of tropospheric and 3 height regions) are illustrated in Fi§@. The areas are

www.atmos-chem-phys.net/6/1495/2006/ Atmos. Chem. Phys., 6, 18952006
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Fig. 3. Calculated errors (top: positive, bottom: negative) associated with the methodology relative to the ozone background (%) for January
(left) and July (right).

chosen, so that the main ozone production area (tropical Since the different gradients of the ozone tracer may pro-
mid-stratosphere) can be separated from extra-tropical reduce a different numerical diffusion, the sum of all tracer
gions and that the tropospheric ozone production areas can biaay not add up to the simulated ozone. The ozone origin
separated from the stratosphere. For the MAECHAM4 ver-tracers are therefore linearly scaled at every timestep to over-
sion the regions SHMS, TRMS and NHMS are extended tocome this deficiency. This potential error can be quantified
0.01 hPa, indicated by the lighter colours. An accurate sepasince

ration of the areas according to the location of the tropopause;;

has not been chosen because the ozone production rates }}‘TZ 03——(03 +et—eT)

those regions are small and the changes to the total burdeft’ 7

of one of the nine tracers are small too. At mid-latitudes, the Prod . « + 031085 4 A~ _

results show that ozone from those regions have only a minor= (O3 AT) 05 Os+e7—€7), (9
contribution (see Sech). In the tropics the tropopause show

only small variations and remains mainly in one model layer,\yhere Q is the simulated ozone\* and A~ the positive
which is then identical to the definition of the areas in H.lg and negative errors produced at every timestequnﬁ{S,
anyway. ' €T>0 ande~ >0 the accumulated errors in%m?3. The dif-

In a second step, an ozone trac@, with i index forthe  ferential equation can be splitted up into two equations:
region) is assigned to each of the nine regions. Each tracer

experiences ozone production only in that region, but ozoneieJr _ AJr_(OgLoser A_)e+ .
destruction in the whole model domain, according its con- dt¢ O3
centration: d 0105 1 A—

| | Lo oA (B2 ()
diO3 i0g dt O3

— iOBProd_ OgLOSS

1
o 05’ 1)

This analysis technique has been implemented into the
, climate-chemistry model E39/CHgin et al, 2001) and ap-
with 10374 and Q'°° the ozone production and l0ss in plied to a model simulation, which is identical Brewe
m3/m?s, derived from the modelled ozones @ m3/m®, et al. (2001 and to the MAECHAM4/CHEM model. Fig-
with the restriction thatOsP*® equals to zero for each grid yre 2 shows the results for E39/C for January. For the re-
point outside the regiori. It can easily be shown that gjon TRMS (mid of the top row) it can clearly be seen that
>~ '0s=0s for all time steps and grid points, if this equa- ozone is produced in that area and how it is destroyed along
tion holds for the initial conditions and that for all other ini- jtg way through the atmosphere. Only roughly 1 to 5 ppbv
tial conditions)”; ‘Os converges exponentially, proofing the oyt of 6-9 ppmv, i.e. less than 0.1%, is reaching the ground
convergence of the methodology. At any grid point, 0zonejn the Northern Hemisphere. It does not imply that these
originates therefore bg@xlOO% from region'. ozone molecules are actually produced in January, indeed

Atmos. Chem. Phys., 6, 1495511, 2006 www.atmos-chem-phys.net/6/1495/2006/



V. Grewe: The origin of ozone

10

30
52

Pressure [hPa]

198
301
499

755
1000

10

30
52
103
198
301

499

755
1000

10

Pressure [hPa]

30
52
103

198
301

499

Pressure [hPa]

103 3=

SHTS

499

755
1000

10
30 4
52 ]
103 3

198

103 3
198

1501

301 TRTS 301
499 499
755 755 25 755
000 1000 T T T f 1000
90°S 60°S 30°S Eq. 30°'N 60'N 90°'N  90°S 60°S 30°'S Eq. 30'N 60°'N 90'N 90°S 60°S 30°S Eq. 30°N 60°N 90’
_—— .
0 1 5 10 25 50 100 250 500 1000 2500 5000 800020000
Ozone [ppbv]

Fig. 4. Contributions of the nine ozone production regions to the total ozone content (ppbv) for July calculated with E39/C.

more likely during earlier months, i.e. that they are a rem-indicated by the colour code (Fid). Isolines indicate how
iniscence from e.g. summertime ozone production, which ismuch the region contributes to the ozone amount (in percent-
then transported slowly into the troposphere. age). For example, in January at 20 hPa arfdNi0.e. in the

The errors associated with this methodology énde™) region NHMS, the main contributor to the ozone concentra-
are shown in Fig3 for January and July. In most regions, the tion is the ozone produced in the tropics (light green, TRMS)
accumulated positive and negative errors are less than 2%vith 70%, followed by ozone produced in the NMHS re-
Only around the tropical tropopause and at high latitudes thegion (pink) by around 30%. Other contributors are almost
error exceeds 5%. unimportant with values less tham2% (e.g., dark green,
TRLS). However, in the summer hemispheres ozone chem-
istry is fast enough, i.e. the life-time is small enough, that
the local ozone production dominates over transport from
the tropics. This means that the seasonal cycle is an impor-

Figures2 and 4 show the evolution of the nine diagnostic tant factor for regenerating stratospheric ozone at mid and
ozone tracers in E39/C for January and July, respectivelyhigh latitudes. Throughout the year, regional ozone produc-
The first impression is that each ozone tracer has its peakon dominates over transport from tropical regions for ozone
value in the region of its origin, which directly follows from north of 65 N and above 40 hPa, which clearly contradicts
Eq. (1). In the tropics at 10 to 30 hPa, ozone is mainly chem-t0 the idea of the tropical ozone production being the main
ically controlled with a lifetime between 10 (at 10 hPa) and source for stratospheric ozone.

100 (at 30 hPa) days, which implies that local ozone pro- In the following, a comparison of these findings to
duction plays the major role. However, at mid and higherresults from the MAECHAM4/CHEM model is provided in
latitudes the picture is reversed. Betweenr R0and 60 N order to better understand the impact of the E39/C’s upper
in January and between 38 and 45S in July, i.e. in the  boundary condition. Figuré shows the nine ozone tracers
winter hemispheres, the tropical ozone (TRMS) dominatesfor January simulated with MAECHAM4/CHEM. Clearly,
over local ozone production. This can be made clearer bythe structures below 10hPa (indicated by a horizontal
colour coding the regions of origin and re-arranging them inline) are similar to E39/C (Fig2). The cross tropical
the order of their importance (Fig): first (second, third) transportis somehow larger in the middle atmosphere model
column shows the main (second, third) contributing region,between 50 hPa and 100 hPa, e.g. values between 100 and

5 Origin of stratospheric ozone
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Fig. 5. Decomposition of the zonal mean ozone content. Main contribution (first column), second (second column) and third (third column)
important contribution to the ozone content for January (top) and July (bottom). The colour code (4¢@Bigates the origin, the isolines
its mixing ratio (ppbv). Isolines are only meaningful within one colour area.

150 ppbv can be found at northern mid-latitudes, whereadevels between 10 and 50 hPa more realistic, whereas the
E39/C shows values around 25 pbbv. Figirshows the MAECHAMA4/CHEM certainly better represents the BDC
differences in the relative contributions from the individual at altitudes above 25 hPa. Except for these two differences,
tracers between MAECHAM4/CHEM and E39/C, i.e. which have to be taken into account in the further analysis,
(ic% 10090 7€ _ (io& 100%) MAECHAM‘VCHEM, for  theresults indicate that E39/C leads to similar findings as the
3 . s iddle atmosphere model MAECHAM4/CHEM. Thus both
the three main stratospheric tracers (SHMS, TRMS, andgodels indicate that stratospheric ozone at higher latitudes

NHMS). The differences are for_most regions in the Orderis dominated by ozone production in that region rather than
of 5%. However, at some regions the differences read}ransport from tropical regions

20% to 30%. E39/C simulates more TRMS-tracer mass
at winter-time mid-latitudes, around 20-30% in January AS concluded above, the seasonal cycle plays an impor-
and 10-20% in July (mid row). This is caused by the tant role for the origin of ozone. Figur@a illustrates the
shorter transport times of ozone from the tropics to theSeasonal cycle for the main contributor to ozone at 50 hPa,
mid-latitudes in E39/C, which is indicated in Fig.(thick ~ 60°N, i.e. at the edge of the region, where ozone predom-
blue lines) compared to MAECHAM4/CHEM (longer thick inately originates from the NHMS region throughout the
red line). Since the transport time to that region is longer iny€ar. There, ozone originates mainly from the tropical mid-
MAECHAM4/CHEM this ozone tracer is more efficiently Stratosphere between February and July, with peak values
destroyed. This means that the contribution of low latitude©f 2.2 to 2.7 ppmv in March and April, well-known as the
ozone to the ozone concentration at higher latitudes is evePring-time mid-latitude ozone maximum. These high val-
overestimated in E39/C. This also implies that in E39/C theues are then reduced by roughly 50% to 60% until October,
contribution of other ozone tracers has to be lower. That is"@aching then values of about 1 to 1.2 ppmv. Ozone produced
the local ozone production, which has a lower contributionin the extra-tropics decreases from higher values in winter
to ozone at that region (see green arrows). The second dift2-3 t0 2.5 ppmv) down to about 1.4 ppmv in June, indicating
ference occurs at the summer pole, where E39/C simulatethat local ozone production dominates over transport from
more ozone from local ozone production and less fromthe tropics between August and February. In the beginning
mid-latitudes (red arrows). This is consistent with higher Of the winter season (November) the mid-latitude ozone con-
cross equator transport in MAECHAM4/CHEM, discussed centration originates by approximately 1/3 from the tropics
above. One hardly can conclude, which of both modelsand 2/3 from local ozone production during summer and au-

represents this cross equator exchange of ozone at pressu#nn. Contributions from other regions are almost unimpor-
tant.
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Fig. 6.Contributions of the nine ozone production regions to the total ozone content [ppbv] for the middle atmosphere model
MAECHAM4/CHEM for January.

At polar latitudes (99N; Fig. 8b), the picture is somewhat o0zone supply from the tropics is increasing very differently
different. In the beginning of the winter, ozone originates from year to year between roughly 1 and 2 ppmv, as a conse-
mainly from local (NHMS) ozone production with around quence of the inter-annual variability in simulated dynamics
3ppmyv, which is then chemically destroyed, reaching val-and transport. It also partially masks the chemically ozone
ues in February and March of about 1.5 to 2.7 ppmv, show-oss of 0.3 to 1.5 ppmv in the model, so that the ozone deple-
ing a loss of about 0.3 to 1.5 ppmv. The large inter-annualtion is correctly simulated, but the total ozone decline ends
variability is consistent with observational data and coversup to be underestimated. Ozone produced in the TRMS re-
the observed rangéAlller et al, 1996 Rex et al, 2004). It gion declines then quite rapidly from March onwards mir-
shows the ability of the model E39/C to simulate the variabil- roring the decrease of the ozone life-time. This is in accor-
ity of the stratospheric chemical and dynamical processesdance with previous findings b$tenke and Grew§004),
Ozone originating from the tropics has an increasing impor-who showed that the life-time of a spring-time chemically in-
tance at high latitudes from Januaryl ppmv) to April (up  duced ozone perturbation (in this case caused by ozone mini-
to 3ppmv). To better illustrate the chemical regime and toholes) vanishes totally at the end of summEioletov and
better separate dynamical from chemical processes8Eig. Shepherd2003 found similar values for the photochemi-
shows the seasonal cycle at®0equivalent latitude, i.e. for cal relaxation times for Northern Hemisphere mid-latitude
the centre of the polar vortex, instead of the North Pole liketotal ozone. They showed that ozone anomalies in late spring
in Fig. 8b. In the centre of the vortex, the increase of trop- are correlated with summertime ozone. The correlation still
ical ozone is delayed compared to the North Pole, and thédnolds until beginning of autumn, with low values however.
high TRMS ozone values of up to 3 ppmv are only reachedDeviations in March of=30 DU decrease t&:20 DU in June
at the end of the winter, when the vortex breaks up and mix-and+5 DU in September, based on TOMS and SBUV data
ing of vortex and non-vortex air is increased. Wintertime from 1979 to 2000. This would suggest an e-folding time of
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Fig. 7. Differences (%) in the contribution of the ozone tracers SHMS (top), TRMS (mid), and NHMS (bottom) between the models E39/C
and MAECHAM4/CHEM for the region 200 hPa to 10 hPa for January (left) and July (right).

around 3 months, similar to the simulated values, though thesrn Hemisphere, this is the second important contributor with
approach differs. roughly 30%.

At lower stratosphere tropical altitudes (100-60 hPa,
Fig. 8d) ozone chemistry is slow and ozone is dominated by
transport rather than by chemistrigrasseur and Solomon

1986. Since the simulated meridional circulation has also aRecentIy Stohl et al.(2003 gave an overview on the pro-
seasonal cycle, which peaks in FebrudRgithmeier2003),  ;ogges important to stratosphere to troposphere exchange.
the impact of tropospheric ozone (TRTS) peaks with Some; s known for long that the large-scale stratosphere-

delay in April. The contribution from NHMS region has a y505phere exchange of air mass occurs predominantly in
quite strong seasonal cycle, peaking in June, when it cong,ninction with the subtropical jet stream and the polar jet
tributes with similar amount to local ozone like the local graam Danielsen 1968 Holton et al, 1995. Figure 9a

ozone production. This reflects the BDC, which transportsqpoivs the simulated mass exchange (net flux) calculated

ozone towards the winter poles, i.e. ozone produced at miqith the method ofWei (1987, using pressure as verti-
and high northern latitudes during March to June is trans-.5| coordinate as suggested Byewe and Dameri€1996).
ported to lower latitudes. In total, up to 0.5 ppmv (Figs.

) The WMO criteria (lapse rate) is taken for identifying the
and4) can be produced locally and transported to higher lat-y,3nase. The values are in good agreement with those de-
itudes via streamer event)(ring et al, 2003. rived with the same methodology based on meteorological
In the extra-tropical tropopause region, ozone, which isdata from the European Centre of Medium-Range Weather
produced in the TRLS region and transported to higher lat-ForecastsGrewe and Damerjsl996. However, the accu-
itudes via streamers foms an important contribution to theracy of the Wei formula has been under debate, the net flux
ozone concentration of at least 20% (F&y. In the South- is a residuum and depends additionally on the coordinate

6 Stratosphere-troposphere exchange
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system Grewe and Damerjs996 Wirth and Egger1999 3000 | | ; ; ; .
Stohl et al, 2003. Reithmeie(2001) compared the net STE 2500 - Ly —
derived from the Wei formula with a flux estimate derived ~ , .| )
from a Lagrangian approach, taking into account exchange g veo0 | |
events lasting at least 12h. The differences between thes¢
methods were in the range of 10 to 20% for most areas® '™ [ 1
for DJF. Sprenger and Wernl2003 presented a climatol- 500 |- 1
ogy of zonally integrated net cross tropopause mass fluxes 0 . p; . . . >
which are significantly lower than those those obtained here. Months
However, the approach differ§prenger and Wern{R2003 4000 . . r T L —
showed deep intrusions, with a residence time of atleast96 h 30
whereas here 12 hourly data are applied, this may well ex-= :222 I ]
plain half of the discrepancyNernli and Bourqui2002. % o000 | |
The simulated stratosphere-troposphere exchange occurg 150 - 1
clearly in conjunction with the sub-tropical jet-stream, peak- 1% 1
ing on either hemisphere in winter and spring. Since the loca- [ _ . ‘ . . N
tion of the jet stream moves to higher latitudes in summer in 0 2 4 6 8 10 12
either hemisphere, the air mass exchange peaks also at hight - 2000 . 'IV‘W"S . .
latitudes. 3800 | TRLS ——
The respective ozone fluxes are shown in Blg. A total . 3000 | 1
annual mean ozone flux into the troposphere of 4203fg0 é 2500 - ]
(range: 346-474) is simulated, which is on the lower side 2 f:gg i 1
of estimates derived from observations of 450 (range: 200—5 1000 L i
870) TgQ/a (Murphy and Fahey1994, 510 (range: 450— 500 |- J
590) TgQy/a (Gettleman et a].1997) and 500 (range: 479- 0 - ‘ . T
523) TgG/a (Olsen et al.2004. However, compared with 2 ¢ i,lomhs ’ 10 2
other modelling studies, ranging from 391 to 1440 g0 120 , ; . . . :
(IPCC, 2001, and taking into account the estimate uncer- g} _
tainties and ranges, the simulated ozone influx of 420 Tg/a~ 4| ]
seems to be reasonable, although one has to take into accouls | |
that the uncertainty associated with the methodology are still %
to be quantified (see above). The overall pattern of the ozone® [ T
flux is similar to the mass fluxes. However, the seasonal cy- 2°T il

cle of ozone in the lower stratosphere has an impact on the o : : : : ' :
absolute values, e.g. leading to higher ozone fluxes at arounc Months
30° N during spring (MAM) compared to winter (DJF).

Figure 10 shows where the exchanged ozone originates!:ig' 8. Sgasonal cycle of the ozone mixing ratios (ppbv) from var-
from for the Northern (a) and Southern (b) Hemisphere.'ous origin at 60 N and 50 hPa (first row), 90N and 50 hPa (sec-
In the Northern Hemisphere the annual influx is domi- ond row), 90 N equivalent latitude and 50 hPa (third row), and the

: . Equator at 76 hPa (bottom row). Four consecutive cycles are pre-
nated by ozone produced in the NHMS region. It showssgnteol ( ) y P
a quite pronounced seasonal cycle, with lowest values in

winter, because of the low ozone production rates and the

stronger impact from the tropics, since the ozone life timeSHMS is reversed compared to those from the tropics (TRTS,

is increased, leading to farer-reaching dispersion of tropicalrRLS, and TRMS) again for the same reasons.
ozone. For the same reason ozone from the TRMS region

has a minimum in summer-time. Almost the same amount of

ozone mixed into the troposphere originates from the tropicaly - origin of tropospheric ozone

mid-stratosphere (TRMS) and from the tropical troposphere

(TRTS). Latter represents a re-circulation through the lower-j, the troposphere the origin of ozone at low altitudes is

most stratosphere. mainly dominated by local ozone production (F§), ex-
Exactly this mechanism leads to the most important con-cept for the ozone in the southern extra-tropics during winter,

tribution to the ozone influx in the Southern Hemisphere where the transport of tropical ozone is over-compensating

(Fig. 10b). As in the Northern Hemisphere, the seasonal cy-the local ozone production. In the tropics, ozone chem-

cle of the ozone mixed into the troposphere originating fromistry is fast enough throughout the year so that the local
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bution from ozone produced in the stratosphere because of

Fig. 9. Zonal mean air maséa) and ozongb) exchange (kg/m/s) qu_ter chemlstry and, perhaps even more |mportgnt, less sig-
through the thermal tropopause for the 4 seasons. The dashed lifdficant influx from the stratosphere. The areas with stronger

indicates DJF mass exchange derived from ERA-15 data, take®zone influx (Fig10) clearly show an enhanced stratospheric
from Grewe and Dameri€1996). contribution. The origin of ozone produced in the strato-

sphere and found in the troposphere can be identified in

Fig. 5. In the tropics, ozone mainly originates from SHMS
ozone production is always more important than ozone transand TRMS in January and from NHMS in July. In the extra-
port from higher latitudes or from the stratosphere. Inter-tropics, the most important regions are SHMS for the South-
estingly, largest contributions to the local ozone concentra-€rn Hemisphere and NHMS for the Northern Hemisphere,
tion in the upper troposphere of both hemispheres are combut not the region TRMS. This again indicates that extra-
ing from tropical ozone (TRTS) throughout the whole year, tropical ozone production dominates over tranport of ozone
except for northern summer (Fig, left), where ozone from  from the tropics.
lower altitudes dominates. At lower altitudes, tropical ozone Since non-methane-hydrocarbon (NMHC) chemistry is
is even second important in the extra-tropics, probably it isnot included in the model, the ozone lifetime is overesti-
mixed down from the upper troposphere to the lower tropo-mated by the model, which likely leads to too high values
sphere, since low level transport would be combined with aof stratospheric ozone found in the troposphere, especially
much shorter ozone lifetime. close to the Earth’s surfacéamarque et al(2005 applied

Ozone, which is produced in the stratosphere (i.e. not inthe MOZART-2 model, which includes NMHC chemistry.

NHTS, TRTS, and SHTS), has an important contribution to They found a contribution of stratospheric ozone to the sur-
ozone in the troposphere, in the order of 30% in the winterface ozone concentration of up to 10% in the Northern Hemi-
hemisphere and 20% in the summer hemisphere (HY. sphere and up to 20% in the Southern Hemisphere, for 1990
However, the contribution is systematically higher (aroundconditions. Whereas in this study the contributions are as
5%) in the Northern Hemisphere than in the Southern Hemi-much as 20% in the Southern Hemisphere and around 25%
sphere, for the respective season. This largely is a consén the Northern Hemisphere, which partly (besides differ-
quence of the higher ozone exchange rates in the Northerances in emission datasets) can be explained by the enlarged
Hemisphere compared to the Southern Hemisphere @Frig. ozone lifetime in the E39/C model near the surface. On the
Ozone in the tropical troposphere clearly has a lower contri-other handKentarchos and Roelof2003 present simulated
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Fig. 11. Contribution (%) of stratospheric ozone to the total ozone for January (left) and July (right) calculated with E39/C.

stratospheric ozone in the troposphere for April with valuestion of chemistry and transport in the extra-tropical strato-
around 5 and 10 to 15 ppbv in the Southern and Northerrsphere seems to be reasonable, since the turn-around time of
Hemisphere, respectively, which agrees well with E39/C val-a stratospheric ozone perturbation is realistically simulated
ues (not shown). HoweveKentarchos and Roelof2003 (see Sects).

estima_\te _the stratospheric ozone flux by 641Tg/a, which 14 petter identify the model dependency of the results
could indicate that a smaller STE flux of ozone and a longer; the stratosphere, a middle atmosphere climate-chemistry
ozone lifetime in E39/C lead the same near surface 0zong,de| has been applied. In many regions the results do not
concentrations as in their model, given that the STE flux es-jffer significantly from E39/C. However, E39/C simulates a
timate can be compared. too fast poleward transport, which leads to an overestimate
of the impact of tropical ozone on higher latitudes. This im-
plies that the one finding of this paper, namely that less than
50% of the ozone found at higher stratospheric latitudes is

In order to determine the origin of ozone, climate-chemistry@ctually produced in the tropics, is even an upper boundary,
models were applied and extended by to a simple diagnos@nd the MAECHAMA4/CHEM results point at 30%, because
tics. That implies that the quality of the results are largely longer transport time-scales decrease that contribution.
determined by the quality of the model and the diagnostics.  The evaluation of the ozone flux from the stratosphere to
First, the diagnostics, which marks ozone molecules acthe troposphere is a challenge. In Sécit. has been shown
cording to their region of production (see Sefithas a very  that the exchange of ozone into the troposphere seems to be
low potential error, since ozone transport is linear and chemyeasonably simulated, at least within the ranges of uncer-
istry is not affected. The only potential error source is numer-tainty. However, there is still the need to assess the uncer-
ical diffusion, caused by the transport scheme in situationstainties of the methodologies and to derive a consistent way
where gradients are large. However, the relatively high verti-of comparing values derived from observations with model
cal resolution at tropopause regions of about 700 m, is suffidata. How much the ozone, produced in the stratosphere,
cient to correctly maintain gradients especially at tropopause&ontributes to the tropospheric ozone budget is a combina-
altitudes, where the ozone gradient maximisése(ve etal.  tion of tropospheric mixing and chemical ozone lifetime.
2002. These errors are quantified (EGsand4) to be inthe At the surface, observational data suggests that the strato-
order of 2% (Fig3). spheric contribution amounts to 14% at Areskutan, Sweden,
Second, the model’s ability to simulate atmospheric trans-with peak values up to 50%B@azhanov and Rodhd 997).
port and chemistry, and its interactions has to be good enougiModel studies suggest a maximum contribution to near sur-
to come to reliable conclusions. From a detailed evaluatiorface ozone ranging from 5%¢llows and Austin 1992
of the E39/C model (SecB), the main drawbacks were iden- to 10% (Southern Hemisphere) and 20% (Northern Hemi-
tified as (1) too fast tropical ascent, (2) too fast transport fromsphere) Lamarque et al.2005. This is less than found in
the equator to the winter pole, related to the low upper boundthis study (15%—-30%). It may partially be explained by miss-
ary, since the upper branch of the BDC is bundled in the uping NMHC chemistry, which would increase tropospheric
per most levels and (3) too leaky polar vortex boundaries.HO, concentration and therefore reduce the ozone lifetime
The latter has been analysed by using the ozone origin analRoelofs and Lelieveld2000. Another model study sug-
ysis, demonstrating the ability of the applied methodology gests that the stratospheric 0zone may contribute to the tropo-
to identify model deficits. On the other hand, the interac-spheric ozone column by 30% to 70%e(Laat et al.2005,

8 Discussion
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which seems to be more in agreement with our findings andand, especially in summer-time, photochemical ozone pro-
indicates that the ozone lifetime may be overestimated espeduction is the dominant ozone source. This leads to a contri-
cially at lower altitudesMarcy et al.(2009 gave estimates bution of tropical ozone to the extra-tropical ozone content of
of the stratospheric contribution to upper tropospheric ozondess than 50%, which is an upper boundary, since this value
based on very precise HClI measurements, which correlates even less in the middle atmosphere model (30%).
to stratospheric ozone. They concluded that 20% to 80% of During winter and spring ozone within the polar vortex,
the upper tropospheric ozone (10 to around 15km &\81  predominantly originates from NHMS ozone production dur-
33 N) originate from the stratosphere. Taking into accounting the preceding summer and autumn. Ozone mixing ratios
the large variability in the region of the subtropical jet, where of about 3ppmv are depleted in E39/C during winter and
the measurements were performed, those values are well cogpring to values as low as 1.5 ppmv, i.e. a maximum ozone
ered by the model. However, a more climatological basisdestruction of up to 50% is found. Ozone supply from the
would be needed to sufficiently evaluate the model. tropics (TRMS) is increased during that time, partially mask-
Comparing Fig2 and Fig.6 gives an indication on the dif- ing the chemical ozone depletion, which may be a result of
ferentimportance of stratospheric ozone in the troposphere ithe location of the uppermost model layer at 30 km. Here it
the model MAECHAM4/CHEM and E39/C. In mid and high is noteworthy to point out that this model deficiency could
latitudes of both hemispheres the middle atmosphere modebnly be identified through the applied methodology.
simulates a contribution of roughly 70% at 5km, which is  The Northern Hemisphere is characterised by large dy-
far more than in E39/C (SK:20%; NH~30%). Clearly = namical variability during winter and spring. This produces
the stratosphere to troposphere exchange of ozone is signi& large variability in PSC formation and polar ozone de-
icantly larger in the middle atmosphere model compared tostruction and results in large inter-annual variations of ozone,
E39/C. An enhanced stratosphere to troposphere air mass ewhich is also reflected in the exchange of stratospheric ozone
change has already been reported earlier for MAECHAMAinto the troposphere. The total influx of ozone into the tro-
(Meloen et al. 2003 Cristofanelli et al. 2003. This also  posphere of around 420 Tg(per year has been found to
shows the advantage of a higher resolution at tropopausegree fairly well with estimates derived from observations
levels, leading to a better representation of the stratospherand other model studies. However, it has to be noted that
to troposphere exchange, which agrees with earlier findingshe methodologies to estimate this quantity differ and that
(Timmreck et al. 1999 Grewe et al.2002. the used methodology is less accurate than e.g. Lagrangian
approaches. In the Northern Hemisphere the region NHMS
dominates this influx with contributions from TRMS (tropi-
9 Conclusions cal mid-stratosphere) and TRTS (tropical troposphere). The
latter means a recycling of tropospheric ozone through the
In this study, the origin of ozone has been analysed,ower-most stratosphere. This recycling process is found to
by applying the climate-chemistry models E39/C and pe the dominant source for ozone mixed into the troposphere
MAECHAM4/CHEM and including regionally marked in the Southern Hemisphere.
ozone tracers. This methodology allows to attribute the gyrface ozone is found to be produced locally by around
ozone concentration at a given point of the atmosphere to750, and 85% in winter and summer, respectively, which
some regions, where these ozone molecules were generatggay be underestimated due to the lack of NMHC chemistry
i.e. where its origin is located. in E39/C. However, other model studidsafarque et a.
E39/C has the advantage to resolve both, troposphere angog suggest that the differences are not large and may be
stratosphere dynamics and chemistry. It is designed withn the order of 10%.
an emphasis to reasonable transport in the transition zone, Al these findings indicate that the view of the tropical re-
e.g. by an increased vertical resolution at tropopause levyion as the global source for stratosperic ozone, is highly
els compared to the standard ECHAM version. However, itsyyestionable. The results indicate that the tropics indeed con-
upper level is centered at 10hPa, which bundles the uppefripute to extra-tropical stratospheric ozone, but by far more
stratosphere circulation in the uppermost levels. To betteimportant is the extra-tropical ozone production by itself.
understand the impact of this drawback, the middle atmo- |, the future, this approach can help to analyze long-term
sphere chemistry-climate model MAECHAMA/CHEM has sjmy|ations Dameris et al.2005 and to attribute changes in
been applied. Basically, it confirmed the results obtained bypzone e.g. to climate variability patterns. It would also be a
E39/C, e.g. concerning the evolution and pattern of 0zon&easonable tool to identify model to model differences, since

origin tracers in the stratosphere. . it provides a possibility to separate transport and chemical
Although highest local ozone production rates can beprocesses.

found in the tropics at around 30 km, this region does not
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