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Abstract. A transient model simulation of the 40-year time be explained by the modeled water vapor increase, but the
period 1960 to 1999 with the coupled climate-chemistry simulated tropical ozone decrease after volcanic eruptions is
model (CCM) ECHAMA4.L39(DLR)/CHEM shows a strato- caused dynamically rather than chemically.

spheric water vapor increase over the last two decades of
0.7 ppmv and, additionally, a short-term increase after ma-
jor volcanic eruptions. Furthermore, a long-term decrease iy
global total ozone as well as a short-term ozone decline in the

tropics after volcanic eruptions are modeled. In order to un-water vapor in the upper troposphere (UT) and lower strato-
derstand the resulting effects of the water vapor Changes nghere (LS) plays a key role in atmospheric chemistry. The
lower stratospheric ozone chemistry, different perturbationgxidation of HO and CH by excited oxygen @D) is the
simulations were performed with the CCM ECHAMA4.L39- primary source of hydrogen oxides (kd:mH+HOz) (Reac_
(DLR)/CHEM feeding the water vapor perturbations only to tionsR1-R2, see Appendix), which are involved in important
the chemistry part. Two different long-term perturbations of catalytic reaction cycles that control the production and de-
lower stratospheric water vapor, +1 ppmv and +5 ppmv, and &tryction of ozone in the LS. The importance of the catalytic
short-term perturbation of +2 ppmv with an e-folding time of HOy-cycles for the photochemistry of stratospherig s

two months were applied. An additional stratospheric wateraready been identified in 1950 Bates and Nicolet Ad-
vapor amount of 1 ppmv results in a 5-10% OH increase ingitionally, OH is important for changing the partitioning of
the tropical lower stratosphere between 100 and 30 hPa. Age nitrogen and the halogen family which are crucial for the
a direct consequence of the OH increase the ozone destrug, removal in the stratosphere.

tion by the HQ cycle becomes 6.4% more effective. Cou-  Several studies discussed an increase in stratospheric wa-
pling processes between the kHamily and the NQ/CIOx-  ter vapor (e.gEvans et al.1998 Michelsen et al.200Q
family also affect the ozone destruction by other catalytic Nedoluha et a).1998 Rosenlof et al.2001). For exam-
reaction cycles. The NOcycle becomes 1.6% less effec- ple, Rosenlof et al(2001) combined ten different data sets
tive, whereas the effectiveness of the ¢I€ycle is again  petween 1954 and 2000, and estimated a water vapor trend
slightly enhanced. A long-term water vapor increase doesf +1%j/yr. Several reasons like enhanced methane oxi-
not only affect gas-phase chemistry, but also heterogeneougation, increased aircraft emission in the LS, a warming
ozone Chemistry in polar regionS. The model results |nd|CatQ)f the tropica' tropopause' volcanic eruptions and |arge_
an enhanced heterogeneous ozone depletion during antargcale changes in stratospheric circulation and troposphere-
tic spring due to a longer PSC existence period. In contraststratosphere-exchange have been discussed, but the observed
PSC formation in the northern hemisphere polar vortex andstratospheric water vapor increase is not yet understood
therefore heterogeneous ozone depletion during arctic spring;vans et a).1998 and references therein). In contrast, trop-
are not affected by the water vapor increase, because of thga| tropopause temperatures have been found to decrease
less PSC activity. Finally, this study shows that 10% of the(Zhou et al, 200)).

global total ozone decline in the transient model run can Qjtmans et al(2000 analyzed 20 years of water vapor
measurements with the NOAA Climate Monitoring and Di-
Correspondence toA. Stenke agnostics Laboratory (CMDL) frostpoint hygrometer over
(andrea.stenke@dlIr.de) Boulder, CO, and reported a +184 (+0.05 ppmyyr) trend
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Fig. 1. Time series of individual water vapor soundings with the (b)
CMDL frostpoint hygrometer between 24 and 26 km at Boulder, E———,

CO (black) Qltmans et al.2000, and of monthly mean water
vapor mixing ratios from ECHAM4.L39(DLR)/CHEM at &40,
20 hPa (red) Dameris et al. 2005. The linear trend with the
95% confidence interval is 0.040.012 ppmyyr for Boulder and
0.029+0.007 ppmyyr for the model simulation.
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T N E R
in the LS. Figurel shows a comparison of this time se- mem

ries with a corresponding water vapor time series fromFig. 2. (a)Modeled total ozone deviations, deseasonalized with re-
a transient model simulation with ECHAM4.L39(DLR)- spect to the period 1979-1987 and expressed as percentages of the
ICHEM (Dameris et al. 2005. Over the 20 year pe- ground-based time ave_rageforthe period 1964-1_980, area-weighted
riod between 1980 and 1999 both time series show a posmeaq 90 N-9C° S (sedrioletov et gl, 2002 for details of analysis).

itive trend. However, over the 40 year period from 1960 Red line shows a 13-month running meén). Modeled total ozone

. .deviati ithin th i -1 he |
to 1999 the model results do not show a sustained posflev'atlons within the tropics (EN-10° S) averaged over the last

. . . three major volcanic eruptions, expressed as percentages of the av-
tive trend (seeDameris et al. 2005 for further informa- erage for the period 1964-1980. Month 0 indicates the minimum

tion). The water vapor trend over Boulder (24—26 km) is ozone value after the volcanic eruptions. The eruptions occurred
+0.044+:0.012 ppmyyr (Oltmans et al.2000. The simu-  petween 8 and 23 months earlier. The red stars indicate the esti-
lated water vapor trend is about 35% weaker, it amounts tomated reduction of the ozone column caused by the additional uplift
+0.029:0.007 ppmyyr (the given uncertainties are the 95% during a volcanic period applying a linearized transport-chemistry
confidence intervals using the t-statistic). A current studycolumn model.

of Randel et al(2004) reports a great disparity between the

Boulder dataset and HALOE satellite data near Boulder re-

garding the decadal water vapor changes for the period 1992budget significantly (e.gEvans et al.1998 Dvortsov and
2002. For the period 1992-1996 both datasets show a reasoolomon 2001). One objective of this study is to assess the
able agreement. After 1997 the Boulder balloon data furthetcontribution of the simulated water vapor increase to the ana-
increase in time, while HALOE stays relatively constant, solyzed ozone decrease in the above mentioned transient model
that HALOE shows small or even negative water vapor trendssimulation Dameris et al.2005.

in the LS for 1992-2002. However, after 2001 both datasets yrthermore, the model simulation shows two pronounced

again show a good agreement with remarkably low and peryater vapor peaks, associated with the eruption of the vol-
sistent water vapor anomalies. Taking into account the aboveanos E| Chichon (17.33N, 93.20 W) in 1982 and Mount
mentioned uncertainties in stratospheric water vapor trendginatubo (15.13N, 120.35 E) in 1991 (Fig.1). Enhanced

the magnitude of the modeled water vapor increase is compagater vapor mixing ratios are also seen in the Boulder dataset
rable with observations. The modeled water vapor increase igfier the Pinatubo eruption in 1992 (Fit). The heating ef-

mainly associated with a warming of the tropical tropopause fect of additional volcanic aerosol on the tropical tropopause
which is in contrast to the observations where water vapolegyits in a short-term increase of stratospheric water vapor
changes and changes of the tropical tropopause temperatuf@onsidine et a).2003). In the model simulation the wa-
are apparently in disagreement, and to some ext80%)  ter vapor mixing ratios return to pre-volcanic levels approx-
with the methane increase. imately two years after the maximum value. Since both vol-
Furthermore, the transient model simulation shows a de<canos are located in the tropics within the upwelling branch
crease in global mean total ozone that is in agreement withof the Brewer-Dobson circulation, it is expected that the gas-
observations (Fig2a, for further information see Dameris phase chemistry of the tropical LS is primarily influenced by
et al., 2005). Over the 20 year period between 1980 andx short-term increase in the water vapor loading. Fidiire
1999 the global mean ozone decline amounts approximatelghows the simulated tropical ozone decline after the last three
1.7%/decade (5.5 DWdecade). Several studies have shownmajor volcanic eruptions. Beside the ozone trend analysis
that increasing stratospheric water vapor affects the ozonenentioned above a second major objective of this study is
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to investigate whether these short-term ozone changes arig&e scheme insteaHgin et al, 2001). Note that the tran-
from a short-term water vapor increase. sient model simulation reported Bameris et al(2005, on
In this paper we investigate the impact of stratospheric wa-the other hand, was integrated in the with-feedback mode in-
ter vapor perturbations on ozone chemistry by model simula<luding the chemical feedbacks on radiatively active gases.
tions with the coupled climate-chemistry model ECHAMA4-
.L39(DLR)/CHEM. We use a special method to prevent a2.1 Model climatology
feedback of the simulated water vapor increase to the model
dynamics in order to separate the chemical effect. A shorfThe model climatology was extensively validatedHiein
model description is given in the next section. SecB8ate- et al. (200)). Generally, the model offers a reasonable de-
scribes the applied tracer approach. The results of our studgcription of dynamic and chemical processes and of the pa-
are presented in Sects1and4.2, followed by a discussion rameter distributions in the troposphere and LS. In particular,
in Sect.4.3. A summary is given in the last section. the modeled dynamics in the northern hemisphere LS are in
good agreement with observations. The model is able to re-
produce the high interannual dynamic variability including
2 Model description the occurrence of stratospheric warmings. The subsidence
of air masses inside the arctic polar vortex is also repro-
The coupled climate-chemistry model ECHAM4.L39(DLR)- duced by the model. Howevedein et al.(2001) have also
ICHEM (Hein et al, 2001, hereafter referred to as E39/C) mentioned some model weaknesses which seem to be linked
consists of the dynamic part ECHAM4.L39(DLR) (E39) and to a cold temperature bias in the southern hemisphere polar
the chemistry module CHEM. E39 is a spectral general circu-stratosphere. This temperature bias leads to a too cold and
lation model, based on the climate model ECHANRbéck-  too stable polar vortex and, therefore, influences the antarctic
ner et al, 1996, and has a vertical resolution of 39 levels ozone chemistry. This “cold-pole” problem is often consid-
up to the top layer centered at 10 hRarfd et al, 1999. ered as being an effect of the low model top at 10 hPa, but
A horizontal resolution of T3046° isotropic resolution) is it should be mentioned that this problem is also present in
used in this study. The tracer transport, parameterizations o number of middle atmosphere models (®gwson et a).
physical processes and the chemistry are calculated on th2000Q. Sometimes, even the use of this kind of models for
corresponding Gaussian transform grid with a grid size ofcoupled chemistry-climate simulations is questiondstin
3.75°x3.75°. Water vapor, cloud water and chemical specieset al, 1997. Nevertheless, the results Biin et al.(2001)
are advected by a so-called semi-Lagrangian scheme. and further studies ddchnadt et al(2002 show that CCMs
The chemistry module CHEMSteil et al, 1998 is based  with a model top centered at 10 hPa and an adequate verti-
on the family concept. It includes stratospheric homoge-cal resolution in the UT/LS region are appropriate to inves-
neous and heterogeneous ozone chemistry and the most relgate chemistry-climate interactions in the LS. Furthermore,
evant chemical processes for describing the tropospheria recent inter-comparison of different CCMs Ayistin et al.
background NGQ-CH4-CO-HO-O3 chemistry with 107 pho- (2003 revealed that low top models reproduce the observed
tochemical reactions, 37 chemical species and 4 heterogeetal ozone distribution as well as high top models. Possi-
neous reactionsR12-R15 on polar stratospheric clouds ble effects of the above mentioned model weaknesses on the
(PSCs) and on sulfate aerosols. CHEM does not yet consideatesults of our study will be discussed in the concluding dis-
bromine chemistry. Mixing ratios of methane (@knitrous  cussion.
oxide (N;O) and carbon monoxide (CO) are prescribed at
the surface followindPCC (2001]) for the year 2000. Zon- 2.1.1 Water vapor
ally averaged monthly mean concentrations of chlorofluo-
rocarbons (CFCs) and upper boundary conditions for totalFigure 3 displays the modeled annual and zonal mean wa-
chlorine and total nitrogen are taken from the 2-D model ofter vapor and methane mixing ratios as well as the zonal
Bruhl and Crutzer{1993. Nitrogen oxide emissions at the mean of the quantity CH4 + H>O. The modeled water
surface (natural and anthropogenic sources), from lightningzapor distribution shows a strong vertical gradient in the
and aircraft are considered. The model set-up folleleen  tropopause region following the vertical temperature gradi-
et al.(2001) except for the total amounts of emissions, light- ent. Minimum water vapor mixing ratios occur right above
ning NGy, which is parameterized according@ewe et al.  the tropical tropopause where the temperatures are lowest.
(2001, and a more detailed sulfate aerosol chemistry. Therefore, the model reproduces the observed water vapor
The model E39/C can be run in two different modes: with- distribution in the UT/LS region reasonably. However, the
and without-feedback. In the without-feedback mode theobserved meridional water vapor gradient is not adequately
concentrations of the radiatively active gase©HO3, N2O, represented in the model which is probably caused by numer-
and CFCs calculated by CHEM do not feed back to the radiaical diffusion of the advection scheme. As already stated in
tive scheme of E39. Prescribed climatological mixing ratios Hein et al.(2001), modeled stratospheric water vapor mix-
of the radiatively active gases are used as input for the radiaing ratios are systematically higher than observed (see also
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a) 19 ! ! ! the model. As mentioned iHein et al.(2007) this might be
\\\/1 o taken as an indication for an effect of the low upper bound-
20 ary.
§ 30 \ In order to exclude an upper boundary effect on the mod-
o 40 . . N eled water vapor distribution Figc shows the zonal mean
z o0 | < mixing ratio of the quantity CH; + H,O. The quan-
£ 70 ) L/* tity 2x CHa 4+ H20 should be nearly uniform throughout the
100 1® 1 stratosphere away from regions of dehydration in the winter
120 { 7 /ﬂl@’///—\/ﬂ\:—gé%ﬁg polar vortex. The distribution of the quantit«ZH,4 + H,O
150 t=——= w w w w is dominated by the modeled water vapor distribution. Away
9'S 60S  30S Equaor 30N 60N 9ON from the southern polar region the distribution is nearly
b) 10 constant, whereas northern hemispheric values are slightly
/ higher than in the southern hemisphere which is caused by
20 / 25 the water vapor distribution. FiguBe does not show a sub-
E ° J /\ \\ stantial increase of the quantitiZH, + H,O towards the
= 40 model top. Therefore, an upper boundary effect on the mod-
3 50 S / \ eled water vapor is not expected.
§ 70 J \
100 \ 2.1.2 Hydroxyl radical
120 16
150 ‘ ‘ ‘ _ ) .
90°S  60°S  30°S Equator 30°N 60°N 90°N Since the hydroxyl radical (OH) plays a crucial role for the
o | present study, possible model deficiencies have to be con-
10 sidered. Figurel shows a vertical cross-section of the zon-
/\ ally and monthly averaged OH distribution in E39/C. Be-
= 20 S % cause of the extreme variability of OH in time and space due
g 30 © to the high dependency on the solar zenith anglanisco
g ‘5‘8 @ et al, 200D, in situ OH measurements are not appropri-
@ J ate for model evaluation.Spivakovsky et al(2000 cal-
g7 / Q culated a global climatological distribution of tropospheric
N 20
100 o 10/\—/15 — OH (referred to OH, hereafter) using observations of pre-
i;g %5/— \‘15\ cursors for OH like @, H2O, CO, hydrocarbons and NO

90°S  60°S  30°S Equ‘ator 3°N  60°N  90°N (defined as N@+ NO + 2N20s 4+ NOz + HNO, + HNOy,
Spivakovsky et a).2000 as well as observed temperatures
Fig. 3. Annual average ofa) zonal mean water vapor mixing ra- and cloud optical depths as input for a photochemical box
tios (ppmv), (b) zonal mean methane mixing ratios (ppmv) and model. OH;, shows the highest zonal mean OH con-
(c) zonal mean 2CH,4 + H,O (ppmv). Averaged over the last centrations in the tropics at ca. 600 hPa, peaking at about
10 years (1990-1999) of the transient model simulat@anferis ~ 25x 10° moleculegcm®. Within this altitude range the trop-
etal, 2009. ical OH concentrations in E39/C are in good agreement with
OHg,. The OH distribution in E39/C has its maximum
closer to the surface. This might be associated with the
Fig. 1). A comparison between modeled temperatures andnissing effects of non-methane-hydrocarbons (NMHCs) on
ECMWEF reanalysis reveals a warm temperature bias neaQH in E39/C. OH is depleted over forested tropical conti-
the model's tropical tropopauségnd et al, 1999, which  nents by the influence of NMHC&4wrence et a).2001). In
results in enhanced entry level mixing ratios;{Ble (mod-  both OH distributions the maximum OH concentrations are
eled: 5.9 ppmv, observed: 3.6-4.1 ppn8RPARC 2000. shifted to the respective summer hemisphere during January
The southern polar stratosphere is characterized by strongnd July, following the position of the sun. During April
dehydration in antarctic winter which is overestimated in theand October both OH distributions are mostly hemispher-
model. This behavior can be directly attributed to the tooically symmetric. The mid-latitudes exhibit a strong sea-
cold and too stable antarctic polar vortéiein et al, 2007). sonal cycle that is associated with sunlight and water vapor
The modeled methane distribution is shown in Big. In variations. Both OH distributions show very low OH con-
the tropics the methane mixing ratio decreases from aboutentrations at high latitudes during winter. @Hshows a
1.65 ppmv to 1.2 ppmv near 10 hPa which is in good agree-more pronounced vertical gradient between 500 and 100 hPa.
ment with HALOE observationsRosenlof 200). The Hence E39/C slightly overestimates the OH concentrations
meridional gradient of methane is slightly underestimated inin this altitude range. Generally, the comparison of both
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Fig. 4. Zonally and monthly averaged distribution of OH ?]lﬁoleculescrr?) for January(a), April (b), July(c) and Octobe(d) as modeled
with E39/C. The figure shows a 10-year-climatology, 2000 climate.

Table 1. Overview of analyzed model experiments.

EXP feedback mode 4O perturbation simulation period

CNTL  without feedback 0 ppmv, reference simulation 11 years

VOLC without feedback 2 ppmv, July and August, short-term increase 5 annual cycles July-June (last 5 years of CNTL)
H20.1 without feedback 1 ppmv, long-term increase 11 years

H20.5 without feedback 5 ppmv, long-term increase 11 years

OH distributions shows that for the matter of this study the tinguished — the background water vapor and a water vapor

modeled OH distribution is realistically enough reproduced. perturbation. The radiative calculations are performed with
the background water vapor and the model chemistry is com-
puted with the “chemical” water vapor. The “chemical” wa-

3 Methodology ter vapor field is defined as follows:

3.1 Water vapor perturbations H2Ochemistry = H20Background+ H2Operturbation

Increasing stratospheric water vapor affects atmospheric dyThe water vapor perturbation is transported like an arbitrary
namics as well as the chemical composition of the atmo-tracer by the semi-Lagrangian advection scheme of E39/C.
sphere. Either effect contributes to a modified ozone distri-In order to treat the water vapor perturbation as realistic as
bution. In turn, the changed ozone distribution again affectgpossible it has to pass the same physical source and sink
atmospheric dynamics. For a better understanding of couprocesses as the background water vapor. These processes
pling processes between atmospheric chemistry and dynaninclude convection, condensation and vertical exchange by
ics this study investigates the impact of an additional waterturbulence. This means, if cloud formation and precipitation
vapor loading on stratospheric chemistry without changingcause a reduction of the background water vapor content by
atmospheric dynamics. Therefore, the model was run with-10% within one model grid box, then the amount of the wa-
out feedback effects of the modeled water vapor increase oter vapor perturbation within this grid box is also reduced
model dynamics. For this purpose a special tracer approachy 10%. The water vapor perturbation is fixed to a constant
was introduced in E39/C: Two water vapor tracers are dis-value within the tropical LS at each integration time step.

www.atmos-chem-phys.org/acp/5/1257/ Atmos. Chem. Phys., 5, 12322005
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2.0 : ‘ : Table 2. Mixing ratios of greenhouse gases adopted for the year

89 hPa, BOQN - 2000 as recommended BFyCC(20017).
- - -89hPa,30°S |

1.6
o I COz (ppmv)  CHy (PPmV) N0 (ppbv)  CY (ppbv)
1.0 L 375 1.76 316 2.7
0.8 - i
0.6 -
0417 " Table 3. NOy emissions adopted for the year 200@aking into
021 = I accountPCG, 2001 rates of increase).
00 T T T T T T T T T T
Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun
NOy source Global source  Reference
10 | | |
0o | —— 89hPa, 60N | (TgN)/yn)
08 | - - - 89hPa 60°S | Airr traffic 0.7 Schmitt and Brunnef1997*
L Lightning ~5 Grewe et al(2001)
| Industry, Traffic 33.0 Benkovitz et al(1996*
i Soils 5.6 Yienger and Levy(1995*
B Biomass burning 7.1 Hao et al(1990*

==
T

mentioned method. The water vapor perturbation in the trop-
Jul Aug Sep Oct Nov Dec Jan Feb Mar Apr May Jun ical LS is set to 2 ppmv. For the rest of the year the emis-
sion is stopped. Five different years were chosen to cover
Fig. 5. Five annual cycles of the zonal mean water vapor perturba-a range of dynamical situations. Figseshows the annual
tion (ppmv) at 89 hPa, 3ON/S (upper panel) and 8IN/S (lower cycle of the water vapor perturbation for the five simulations
panel) of the simulation VOLC. Solid line: northern hemisphere; at 89 hPa at 30N/S and 60 N/S. Within the tropics the per-
dashed line: southern hemisphere. turbation shows a rapid decrease after the peak in August.
The e-folding time of the perturbation is 2 months. The vari-
ability within the ensemble of five 1-year-simulations is very
Below 200 hPa the perturbation field is set to zero since thissmall. At 30 the interhemispheric differences are just as

study concentrates on the stratosphere. little as the differences between the different annual cycles
of VOLC. At 60° the interhemispheric differences are much
3.2 Experimental design more pronounced. In the northern hemisphere the perturba-

tion peaks in September whereas the southern hemispheric
For the current study various model simulations with E39/C Peak occurs 3 month delayed in December. This pattern indi-
were performed_ A short overview of the performed simula- cates a more intense northward transport in the model within
tions is given in Tabld. The model was run in the without- the lowermost stratosphere during summer. This transport
feedback mode. Thus, all experiments have identical meteoPattern has also been identified Gyewe et al(2004 who
rology. The adopted mixing ratios of greenhouse gases angtudied the impact of horizontal transport caused by stream-
NOy emissions of different sources represent atmospheri€'s on the chemical composition of the tropopause region.
conditions of the year 2000 (Tabl&and 3). The simu- 2. Chemical impact of a long-term stratospheric water va-
lations CNTL, H2Q1 and H2Q5 were integrated over 11 por increase. For that purpose two long-term perturbation
years in a quasi-stationary state (time slice simulations). Thexperiments were performed, H2Dand H2Q5. In H20.5
last five years of the integration period were analyzed. Thethe water vapor perturbation in the tropical LS is set to
simulation CNTL was performed without a water vapor per- ca. 5 ppmv. This value corresponds roughly to a doubling
turbation as reference simulation. As mentioned above, thiof water vapor within the LS. This model experiment was
paper deals with two different objectives: 1. Chemical impactdesigned as a maximum impact scenario. Taking into ac-
of a short-term increase of stratospheric water vapor after @ount a stratospheric water vapor trend of +0.05 ppmthe
volcanic eruption. Therefore, an ensemble of five 1-year-doubling of water vapor would be reached in ca. 100 years.
simulations was analyzed, representing the last five years ofhe simulation H20OL was performed like H2@®, but the
CNTL (hereafter referred to as VOLC). Each annual cycle perturbation was set to 1 ppmv. Fig@eshows the clima-
starts in July, since the Mount Pinatubo eruption occurred 15ological mean distribution of the water vapor perturbation
June 1991. During July and August additional water vaporin H20.5 for January and July. The dark shaded area in-
is “emitted” in the tropical lower stratosphere by the above dicates the “source region” where the perturbation is fixed.
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Fig. 6. Zonally averaged volume mixing ratio of the water vapor (t-test).

perturbation (ppmv). This figure displays the mean over 5 analyzed

years, simulation H2®. The gray-shaded area marks the tropical ) )
“source region” Of the water Vapor perturba’[ion. 41 Short'term INnCrease Of StratOSpherIC Watel’ VapOI’

This section deals with the impact of a short-term increase of
stratospheric water vapor as associated with strong volcanic
Approximately 70% of the tropical perturbation can be found eruptions like the Mount Pinatubo eruption in 1991 (simula-
around 70 N (3.5 ppmv), whereas the perturbation is much tion VOLC). It should be pronounced that the impact of the
lower around 70S (southern hemispheric values 15%-20% additional volcanic aerosol surface area on ozone chemistry
lower than northern hemispheric values). Again, these resultés not taken into account.
indicate a more intense northward transport. The antarctic Since water vapor is an important source of odd hydrogen
winter stratosphere is characterized through strong dehydraReactionR1) the short-term water vapor increase results in
tion. The dehydration of the arctic winter stratosphere is lessan enhanced stratospheric OH concentration. Figstews
intensive. Generally, the results for simulation H2@how  the percentage changes of the OH concentration at 50 hPa
the same pattern, just the absolute values are 5 times smallgupper panel) and 80 hPa (lower panel) in the VOLC sim-
ulation depending on latitude and season. The OH concen-
tration increases in both hemispheres. The most pronounced
changes occur within the tropics associated with the highest
H»O perturbation. The tropical OH increase peaks with up
4 Results to 15% at 80 hPa in July and with up to 7% at 50 hPa in
August. The 50 hPa level is above the “source” region of
the HO perturbation4£96—70 hPa). This indicates that the
In this section the impact of a short-term increase of strato-modeled upward transport within the tropics between 80 and
spheric water vapor (Seet.1) as well as two different long- 50 hPa takes about one month. Of special interest are the two
term water vapor perturbations (Sedt2) on stratospheric peaks at ca:30—40 at 80 hPa. This pattern is linked to the
ozone chemistry are analyzed in detail. The description ofpolwards and downwards transport of the maximum OH sig-
chemical processes and reactions (see Appendix) is limited toal. In contrast, at 50 hPa the maximum is located symmetri-
those which are important for this study. A complete descrip-cally around the equator. The changes within the polar win-
tion of stratospheric ozone chemistry can be found e.g. inter regions are not relevant due to the low OH background
Seinfeld and Pandid998. concentrations.
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1 S et the tropics since the OH increase is less. Additionally, the

peaks are slightly shifted to November/December due to the
transport times between tropics and mid-latitudes.

Jl Avg Sep Oct Nov Dec Jan Feb Mar Apr May dJun The changing ozone destruction yields a global reduction
of total 0zone except in tropical and mid-latitude regions dur-

Fig. 8. Percentage increase/decrease of different ozone destroyinff'd July @s presented in Fi§. The short-term total ozone
cycles/reactions in VOLC compared to CNTL at 50 hPa. Upper increase within the tropics during July is associated with an
panel: tropics, lower panel: sum of northern and southern mid-intensified oxidation of methane caused by the additional

latitudes (458). OH and the resultant increase in ozone production via Re-
actions R8)—(R11). This increased ozone production is re-
stricted to the altitude range 100-80 hPa and compensates
Changing stratospheric OH levels affect the differentthe enhanced effectiveness of the H&cle. The enhanced
ozone destruction reactions. FiguB: shows the rela- 0zone production is to some extent counterbalanced by a
tive changes of the effectiveness of the HQCIO, and more intensive NQ cycle, but the extra ozone production
NOy cycle (Reaction®R3 andR4) as well as of the reaction dominates. One month later the water vapor perturbation has
H,0 + O(*D) — 20H (removal of odd oxygen) at 50 hPa also reached higher altitudes, where the ozone depletion by
and different latitudes (upper panel: tropics, lower panel:the HO, cycle becomes more important. Then, the enhanced
mid-latitudes) caused by the stratospheric OH increase. Thezone destruction by the H@ycle overcompensates the in-
background contribution of the different processes to thecreased ozone production at lower altitudes. Whether a trop-
ozone destruction in CNTL is given in the first row of Ta- ical water vapor perturbation leads to ozone loss or ozone
ble 4, the relative changes of ozone loss rates for Augustproduction depends on the relative contributions of the above
and December are given in rows 3 and 4. The dominant efmentioned mechanisms, which are dependent on pressure,
fect of higher water vapor concentrations is the increasingatitude and season.
ozone destruction through the KH@ycle. Within the trop- No results are shown for southern high latitudes during
ics the increase of the HCcycle peaks in September with antarctic winter and spring in Fi§. Right after the initial-
approximately 7% compared to CNTL. Additionally, the re- ization of the experiments the model results show an unreal-
action HO + O(*D) becomes more effective, but this reac- istic CIONO, increase at the upper boundary in the region of
tion has only little importance. Enhanced KH@®uvels also  the polar vortex edge. Dynamical reasons for this CIQNO
change the catalytic effectiveness of glénd NG cycle. increase are not possible, since the experiments CNTL and
On the one hand, chlorine activation is intensified throughVOLC simulate identical meteorology. Chemical conversion
Reaction R6). Reaction R7) additionally benefits chlorine  between the individual members of the CIX-family caused
catalyzed ozone depletion in the LS. As displayed in Big. by the OH increase is also very unlikely, since the changes
the ozone loss through the GlQycle is slightly intensi-  of other chemical species like HCI or Cl@o not show an
fied. On the other hand, additional H@ends to reduce adequate behavior. Numerical effects of the semi-Lagrangian
ozone loss by the Ngcycle via ReactionR5). However, the  advection scheme are the most probable explanation for this
changes of the NQcycle are negligible£—1%). Qualita- behavior. In some extreme cases the semi-Lagrangian ad-
tively, the mid-latitudes show the same results as the tropicsvection scheme may lead to a counter gradient vertical trans-
The changes of the effectiveness are less pronounced than port (Grewe et al.2002. This problem is only present in
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Table 4. Ozone destroying cycles/reactions at 50 hPa, different latitudes and seasons. CNTL: Contribution of each reaction to the total ozone

destruction [%]. VOLC, H2QL and H2Q5: Changes compared to CNTL [%)]. The term-Ooss includes all ozone destroying reactions
considered in E39/C.

Annual Mean, Tropics (BN-5°S) Annual Mean, Mid-Latitudes (4Bl/S)

Os-loss HQ NOyx ClOox Hy0+0(lD) Osloss HG NOx ClOox Hy0+ O(lD)
CNTL - 77.1 14.0 1.4 2.9 - 60.8 19.6 8.4 14
H20.1 +5.1 +6.4 -1.6 +7.8 +17.0 +2.4 +4.1 -2.2 +2.7 +12.7
H20.5 +25.8 +29.0 —-7.7 +114.9 +86.0 +11.0 +19.0 -7.0 +3.4 +64.0
VOLC (Aug) +5.0 +6.0 -0.2 +5.9 +17.0 +0.6 +0.9 -0.07  +0.03 +2.6
VOLC (Dec) +1.8 +2.3 -1.2 +4.0 +5.6 +0.9 +1.5 -0.8 +1.3 +4.4

Arctic Spring (April), 80—90N Antarctic Spring (October), 80-98

Os-loss HQ« NOyx ClOx Hy0+0@D) Osloss HG NOx ClOx Hy0+ O(lD)
CNTL - 26.8 47.7 7.9 0.3 - 6.7 4.0 88.7 0.07
H20.1 -0.9 +5.6 —-6.7 +12.4 +10.5 +38.9 -34 474 +46.4 +4.3
H20.5 -15 +23.3 —-175 +16.5 +55.7 +126.6 —22.8 —-94.9 +149.1 +35.9

simulation VOLC. The long-term experiments are not af- 4.2 Long-term increase of stratospheric water vapor
fected.

Interestingly, the most pronounced total ozone reduction! NiS Section presents the impact of a long-term increase of

takes place at northern high latitudes during spring/earlyStratospheric water vapor on stratospheric chemistry as simu-
summer. Since the chemical ozone destruction is only'ated in the model experiments H2Dand H2Q5. Since the

slightly enhanced in VOLC during arctic spring this result "€sults of both experiments show the same pattern the follow-
seems to be associated with the transport of air masses witid figures refer to the simulation H28! Figure10 shows
reduced ozone content from the tropics to northern high latthe relative changes of OH in H2® compared to the ref-
itudes during winter.Grewe et al(2004) studied the large- €rence simulation CNTL. The zonal mean changes, averaged
scale transport of tropical air masses to higher latitudes apVer  years, for July and January are displayed. As expected
pressure levels between 100 hPa and 30 hPa with the climatdbe additional water vapor results in an elevated stratospheric
chemistry model E39/C. Low ozone air masses are trans©H concentration (ReactioR1). The highest OH increase
ported from the tropics to higher latitudes by wave breaking®@Ccurs in the tropical LS. An additional s_tratosphenc water
events, so-called streamefSrewe et al(2004 showed that ~ vVapor content of 5 ppmv (1 ppmv) results in a 50% (10%) in-
streamers cause a 30% (50%) decrease of ozone at the extig€ase in OHA20x10°—25x 10° moleculegem®, H20.1:

tropical tropopause of the summer (winter) hemisphere. ~ ~5x10> moleculegen®). Therefore our model results in-
dicate that the OH response is almost linear related to the

The changes displayed in Figare statistically significant  siratospheric water vapor perturbation. Since the existence of
although the changes are less than 1%. For this study onlH js coupled to the sunlit atmosphere, OH background con-
the variability of the chemical signal and not the variability of ~ontrations are very low during the permanent polar night.

the dynamical signal is used for theest, taking advantageé Therefore the high percentage changes in the winter polar
of the applied methodology (Se®).which leads to identical  pemjispheres are negligible.

meteorology in all simulations. Table 4 summarizes the changes of different ozone de-

Unfortunately, no observational data are available for thestroying cycles and reactions at 50 hPa and different lati-
period right after the Mount Pinatubo eruption, suitable for atudes caused by the water vapor perturbation. The first row
comparison with model results. Following the volcanic erup- displays the contribution of the different ozone destroying
tion, SAGE Il (Stratospheric Aerosol and Gas Experiment) reactions to the net ozone destruction in the control simula-
ozone values were systematically overestimated due to thton CNTL. The following two rows display the percentage
Pinatubo aerosol. SAGE Il ozone values below 22 km al-changes in the perturbation experiments H2@nd H2Q5
titude are affected by aerosol for approximately 2 years af-compared to CNTL. The dominating effect is the enhanced
ter the Pinatubo eruptiorSPARG 1998. HALOE (Halo- effectiveness of the catalytic ozone removal by the,H®-
gen Occultation Experiment) and MLS (Microwave Limb cle (ReactionsR3-R4). Within the tropics the effective-
Sounder) satellite data are available since October 1991ness of the HQ cycle is 29.0% (6.4%) higher in H26
i.d. no pre-Pinatubo observations are available for compar{H20_1) than in CNTL. The effectiveness of the KQy-
ison. cle increases almost linear with the OH concentration. As
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. . . . . The above mentioned results deal with gas-phase chem-

D . . ;
25 - istry and do not consider heterogeneous reactions on polar
T IQS 1I stratospheric clouds (PSCs). PSCs occur between 15 and
< 10017 e — \) S 25 km at temperatures below195 K (pressure dependent)
§ F_/iT_O//B 1L\\2j,0/ﬁ’i*— and promote the release of active chlorine from the reser-
‘o 200 1 ° /\ j g@ - voir species HCl and CION® At sunrise, activated chlo-
§ 300 1> ¢ \\EO 3 rine compounds are easily photolyzed and catalytic ozone de-
s ‘5‘88: x ] struction starts. CHEM uses the classical theorjHahson
600 1 @Tf : and Mauersbergg(198§ for the formation of PSCs, based
700 1 o f on modeled temperatures and mixing ratios of H\shd
1§§§ j /T : : Jan, H20.5 | H,0O, and differentiates between PSCs Type | (NAT, nitric
90'S  60°S  30'S Equator 30°N 60N 90'N acid trinydrate) and PSCs Type Il (ice). Four heterogeneous
reactions on PSCs and sulfate aerosols (ReacRd2sR15
@ 25/25\25_/25 are considered in CHEM.
= 100 ] ;«05‘ /3 < e ] Incriases in the concentration off strﬁto?pheric wate;r vapor
& T 257 25 raise the saturation temperature for the formation of PSCs
= 200 | B ’\—\%7 \’g§ ! (Kirk-Davidoff et al, 1999. In present conditions, 50 hPa
> 300 1 ?@) % § . T and water vapor mixing ratios of 5 ppmv, the saturation tem-
8 400 :1( ’\ 4 perature for PSCs Type Il is about 188.4 K (calculated ac-
o 288: Y s \j § ] cording toSalby, 1996. A.stratos'pheric Wate'r vaporﬁncrease
700", ! ] of 3 ppmv, as modeled in H2B in polar regions, raises the
1§§§ 3 (;H\() T } [dul.Hz0 5 || saturation temperature to 191.2 K (50 hPa). Whether the

higher saturation temperature results in an intensified PSC
activity depends on the simulated temperatures. It should be
Fig. 10. Zonally and monthly averaged changes of OH (%) com- pronounced that the model simulations H2Gnd H2Q5

pared to the simulation CNTL for January and July, simulation 40 Not include any water vapor effects on stratospheric dy-

H20.5. Heavy (light) shaded areas indicate the 99% (95%) sig-namics, in particular stratospheric temperatures. Figdre
nificance level of the displayed changesdst). shows 10 different annual cycles of zonal mean tempera-

tures at 80N, 50 hPa (left) and 80S, 50 hPa (right) from

already mentioned in the previous section enhancegled®  the reference simulation CNTL. The black lines indicate the
els further facilitates the ClQrelated ozone destruction saturation temperature at normal and increased water vapor
(via Reaction®R6-R7), whereas the ozone loss through the mixing ratios of 5 ppmv (188.4 K) and 8 ppmv (191.2 K),
NOy cycle is reduced via ReactioR$). The changes of the respectively. In the northern hemisphere polar stratosphere,
NO cycle and the removal of excited oxygen by the reactionthe modeled temperatures hardly ever reach the saturation
with water vapor also show a linear behavior with increasingthreshold for normal conditions (188.4 K). Even in the case
OH. The last mentioned process plays only a minor role inof increased water vapor mixing ratios the modeled temper-
the ozone destruction. In contrast, the CI€ycle shows a  atures fall rarely below the saturation temperature (191.2 K).
strong non-linear behavior. The Gl@ycle is 7.8% more ef- Therefore, the additional water vapor content might affect
fective in H2Q1, but above 100% more effective in HZ®D the PSCs activity in the arctic polar vortex during single, very
However, the contribution of the ClCycle in the tropics is  cold events, but the model results do not indicate a significant
very small. Within the mid-latitudes the different ozone de- impact on the PSCs formation in general.
struction cycles show qualitatively the same pattern except In the southern hemisphere, Fil shows a different pat-
the CIQ cycle which increases only slightly with increasing tern. Associated with the cold temperature bias in the po-
OH. lar stratosphere modeled temperatures fall below the satu-

As already stated the OH increase does not only affectration temperature during the whole antarctic winter period
ozone destruction, it also results in an enhanced ozone prdbetween June and September/October. The additional wa-
duction in the methane oxidation chain (Reacti®@sR11). ter vapor content yields an extention of the “PSC-period” by
Furthermore, as stratospheric ozone declines, ultraviolet raapproximately two weeks (indicated by the light shaded ar-
diation penetrates deeper into the stratosphere which leads ®as in Fig.11) as well as to an increase in the PSC surface
an enhanced ozone production by the Chapman mechanisrarea. Although the cold temperature bias leads to a too long
This process affects mainly the tropical LS, but the 0zonePSC existence time, the effect of an extension of the PSC-
production by the Chapman mechanism is only slightly en-period caused by the water vapor increase is not affected
hanced (less than 5% in H28). However, the increased by this bias, since the observed temperatures are already be-
ozone production can not compensate the enhanced ozorew the saturation temperature. The “observed” extension of
destruction. the PSC period may even be more sensitive to water vapor

T T T T
90°S 60°S 30°S  Equator 30°N 60°N 90°N
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Fig. 11. Modeled temperature at 88, 50 hPa (left) and 805, 50 hPa (right) from the reference simulation CNTL. The colors indicate

10 different model years. The dashed lines indicate mean analyzed temperatures based on long-term observations (1979-2004) from th
National Center for Environmental Prediction (NCEP, data can be accessattpiighyperion.gsfc.nasa.gpvThe black lines mark the
saturation temperature at water vapor mixing ratios of 5 ppmv (188.4 K) and 8 ppmv (191.2 K). The gray shaded areas indicate the extension
of the PSC existence period associated with the raised saturation temperature (light: E39/C, dark: NCEP reanalysis).

changes, since the temperature changes are smaller in Jurteast, the additional stratospheric water vapor has no impact
July-August compared to March and October (indicated byon PSC activity and heterogeneous ozone destruction during
the dark shaded areas in Fid). northern polar spring. The ozone destruction rate in general
In contrast to the formation of PSCs Type Il, which de- remains nearly unchanged, but the contribution of the differ-
pends on temperature and water vapor mixing ratios, the foreént ozone destroying reactions is shifted with more effective
mation of PSCs Type | additionally depends on the mixing HOx and CIQ cycles and a less effective N@ycle.
ratio of HNOs. The model results indicate a small increase of ~ As a result of the above mentioned processes stratospheric
PSCs Type | in the early winter of the northern (November) ozone concentrations decrease almost everywhere. Figure
as well as the southern hemisphere (May) associated with thdisplays the ozone changes determined by the differences of
additional water vapor (not shown). This enhanced PSC acthe zonal mean climatological ozone volume mixing ratio
tivity intensifies the denitrification of the polar stratosphere between the simulations H2®and CNTL for January and
in early winter which results in a slightly less NAT forma- July. The strongest ozone reductions occur in polar regions
tion during the remaining winter. Nevertheless, the dominat-of the LS. In the respective winter hemisphere the maximum
ing effect in the southern polar stratosphere is the enhancedzone reduction is located between 150 and 120 hPa. In the
formation of PSCs Type Il. In the northern hemisphere norespective summer hemisphere the most pronounced changes
significant increase in PSC surface area is detected. occur between 120 and 80 hPa. In the southern polar strato-
Table 4 displays the percentage changes of the differentsphere the ozone reduction in simulation H2QH20.1)
ozone destruction rates at 50 hPa in polar regions duringpeaks at 10% (3%). In the arctic stratosphere the maximum
spring. The model results show a remarkable interhemi-0zone decline amounts to 7% (1%). Tropospheric changes
spheric difference: The additional water vapor yields an in-do not exceed 1%.
crease in ozone loss during antarctic springd39% in sim- The change of total ozone between the simulations 1320
ulation H2Q1 and~127% in simulation H2(b, whereas and CNTL is presented in Fid3. In the tropics and the
the spring-time ozone loss in the arctic stratosphere staysorthern hemisphere the pattern is very uniform without any
nearly constant. The most important changes during antarcseasonal variability. As expected, the most pronounced to-
tic spring concern the ClQcycle which is the most impor-  tal ozone reductions occur during southern polar spring with
tant ozone destruction cycle during antarctic spring. Thel5% (H2Q5) and 3% (H2Q1), respectively. Figure3
enhanced PSC activity during antarctic winter intensifiesclearly shows the above mentioned interhemispheric differ-
chlorine activation and results in a pronounced ozone los&nce in spring-time ozone loss: The model results indicate
through the CIQ cycle in spring (+47% in H2A4, +150% in  a strong total ozone decline during antarctic spring associ-
H20.5). Additionally, it leads to an enhanced denitrification ated with the additional stratospheric water vapor. In con-
of the antarctic stratosphere which further supports chloringrast, the model results do not show a similar pattern dur-
catalyzed ozone destruction (no re-formation of CIGINO ing arctic spring. The southern polar ozone decline is not
Associated with the denitrification the N@ycle becomes statistically significant during September/October and De-
~50% less effective in H2A and is almost vanished in cember/January. This feature is associated with the sea-
H20.5. Finally, the ozone loss through the kl©ycle is  sonal variability of the modeled temperatures in polar regions
slightly reduced, but this effect is less important. In con- (see Fig.11). The duration as well as the beginning of the
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CNTL/CNTL. Heavy (light) shaded areas indicate the 99% (95%)
significance level of the displayed changesgst).

file and a reduction of the ozone column of 5% (red stars
in Fig. 2b), agreeing well with the findings dfinne et al.
(1992. This indicates that the ozone decline simulated after
volcanic eruptions (Figgb) is dominated by dynamic effects.

A comparison between the simulated short-term (VOLC)
and long-term water vapor perturbations (H2@nd H2Q5)
reveals various differences. VOLC shows a small increase in
total ozone within the tropics during July and August. During
this period of the simulation VOLC the water vapor perturba-
tion is not yet evenly distributed and the OH increase is con-
centrated on the lowermost stratosphere, resulting in a total
ozone increase caused by an enhanced ozone production in
the methane oxidation chain (ReactidR8-R11). Later on
the water vapor perturbation and the associated OH increase

year, resulting in a non-uniform ozone depletion pattern. Areach higher altitudes where the ki©ycle becomes more

comparison between simulation H2Dand H2Q5 reveals a

important. At that time the enhanced ozone loss through the

nearly linear ozone response to the stratospheric water vapdiOx cycle dominates over the enhanced ozone production in

perturbation (not shown).
4.3 Discussion

The analysis of the model simulation VOLC (see Sdct)

indicates an almost negligible impact of short-term water va-

por perturbations on total ozone in the tropics (R)g.There-

the lowermost stratosphere, resulting in a total ozone reduc-
tion. The model simulations H2@ and H2Q5 do not show

a similar total ozone increase since the water vapor pertur-
bation has reached a steady distribution and the raised ozone
loss through the HQcycle is the dominating effect. Further-
more, simulation VOLC as well as simulation HZDshow

a 7% increase in OH at 50 hPa within the tropics during

fore, the short-term ozone decline after volcanic eruptions ofAugust. Despite similar water vapor and OH perturbations

~4% as modeled in the transient model simulation (Biy.
can not only be explained through the short-term water vapo

VOLC and H2Q1 show different ozone changes within this
region. The ozone reduction in H2Damounts to 1%, but

increase. The additional volcanic aerosol heats the stratoenly 0.07% in VOLC. At this altitude the ozone concentra-
sphere and amplifies tropical ascent by roughly 20%, leadingion is dynamically controlledSeinfeld and Pandisl99§

to an additional uplift during a volcanic period of roughly

1.2 km, which compares reasonably with the uplift of the
Pinatubo aerosol cloud by 1.8 kid¢Foor et al.1992 Kinne

et al, 1992. Applying a linearized transport-chemistry col-

umn model and using E39/C values for uplift, ozone pro-

p. 170). Thus, the effect of a short-term change in local
chemistry is less important than the impact of a long-term
change resulting in different ozone transport.

In a previous studybvortsov and Solomorf2001) ana-
lyzed the response of stratospheric temperatures and ozone to

duction and destruction rates of ozone, the simulated verpast and future increases in stratospheric humidity /{6

tical ozone profile can be reproduced within 5 to 25% ac-

curacy. Introducing an additional uplift of 1.2 km over 8

with a 2-D radiative-chemical-dynamical model, also sepa-
rating the radiation effects of water vapor trends on ozone

months produces a vertical displacement of the ozone profrom the photochemical effects. The study@fortsov and

Atmos. Chem. Phys., 5, 1257272 2005
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Solomon(200]) concentrated on ozone changes at northernPSCs by 0.8 Kppmv (at 50 hPax6 ppmv HO) (Kirk-
mid-latitudes, water vapor effects on PSC formation and hetDavidoff et al, 1999. Therefore, a stratospheric water va-
erogeneous chemistry in polar regions have not been conpor increase is supposed to enhance PSCs activity and het-
sidered. Their results show an additional depletion of mid-erogeneous ozone loss. In this regard the model results have
latitude total ozone of 0.2%lecade caused by the strato- indicated a strong asymmetry between arctic and antarctic re-
spheric water vapor increase. In this regard our results are igions: Within the antarctic polar vortex the increase in strato-
good agreement with the findings Diortsov and Solomon  spheric water vapor causes an enhanced PSC formation. As-
(2002. sociated with the higher PSC activity the release of active
The effect of increasing stratospheric water vapor onchlorine from reservoir species is intensified which leads to a
ozone chemistry has also been discussed within the scope ofiore effective heterogeneous ozone destruction through the
supersonic aircraft emission studies. WIitHR€C (1999 the  CIOy cycle. In contrast, the simulated stratospheric water
effects of a future (year 2015) supersonic aircraft fleet (500vapor increase does not affect PSC formation in the arctic
aircraft) on stratospheric4)H,O and other species was con- stratosphere during winter. This interhemispheric difference
ducted with various 2-D and 3-D CTMs (chemistry transportis linked to the modeled stratospheric temperatures in the
model). The maximum bD perturbations caused by super- two polar regions. In the arctic polar vortex modeled tem-
sonic aircraft emissions occurred in the northern hemisphergeratures fall rarely below the saturation temperature, even
LS (=20 km) with values between 0.4 ppmv and 0.7 ppmv. in case of the raised saturation temperature. In the southern
The calculated total ozone reduction averaged over the northhemisphere polar vortex the modeled temperatures are gen-
ern hemisphere was in the range between 0.3 and 0.6%. Thigrally lower than in the northern hemisphere polar vortex and
scenario included only $O emissions, NQemissions were fall below the saturation temperature during the whole win-
excluded (EI(NQ)=0). Performing further scenarios with ter. Therefore, the additional stratospheric water vapor yields
different EI(NQ,) all models predicted that the most signif- an extention the PSC-period by two weeks and an increase
icant supersonic impact on ozone is caused by the water van PSCs surface area. The simulated short-term water vapor
por emissions and that the addition of N&missions leads perturbation does not affect PSCs activity and heterogeneous
to less ozone depletiodRCC, 1999. The modeled water 0zone chemistry.
vapor perturbation in H2Q in the northern hemisphere LS A comparison with NCEP (National Center for Environ-
(~50 hPa) range from 0.5 ppmyv to 0.8 ppmv, depending onmental Prediction) reanalysis shows that the modeled tem-
season (Fig6). The resulting total ozone reduction averaged peratures in the northern polar stratosphere are generally in
over the northern hemisphereAg€).5%. In this respect the good agreement with the NCEP data, only the mean winter
results of H2Q1 are within the range dPCC(1999. minimum temperature is slightly lower@ K) in the model
(Hein et al, 2001, see also Figll). Regarding to the NCEP
data the temperatures in the northern polar stratosphere do
5 Conclusions not fall below the PSC Type Il formation temperature dur-
ing winter. Therefore, neglecting any radiation effect of the
The impact of different idealized stratospheric water vaporwater vapor increase, an increase in stratospheric water va-
perturbations on the stratospheric ozone chemistry withoupor is not to be expected to cause a general increase in PSC
any feedback on atmospheric dynamics was studied withactivity and heterogeneous ozone loss in the northern polar
the coupled climate-chemistry model ECHAM4.L39(DLR)- stratosphere. To cause a significant increase in PSC activity a
/ICHEM. To prevent any feedback of the modeled water va-strong cooling of the arctic stratosphere would be necessary.
por perturbations a special tracer approach was applied, difHowever, the magnitude of stratospheric cooling caused by
ferentiating between a background water vapor field and théncreasing greenhouse gases as well as the contribution of
water vapor perturbation. Two different long-term perturba- increasing stratospheric water vapor is still unclé&io,
tions (+1 ppmv and +5 ppmv) as well as a short-term increas€003 chapter 3).
(“volcanic eruption”, +2 ppmv, 2 month e-folding time) of In the southern hemisphere polar stratosphere the mod-
stratospheric water vapor were simulated. The impact of waeled mean winter temperature is significantly lowed( K)
ter vapor perturbations on the effectiveness of different ozonehan in the NCEP dataHgin et al, 2001, see also Figll).
destroying reactions as well as coupling effects between difHowever, the observed temperatures also fall below the for-
ferent chemical processes were analyzed in detail. mation temperature for PSC Type Il between June and Au-
A stratospheric water vapor increase leads to an enhancegust. Therefore, it is to be expected that an increase in strato-
OH concentration which results primarily in an enhancedspheric water vapor results in an enhanced PSC Type Il for-
ozone depletion by the HOcycle. The coupling of the mation in the southern polar stratosphere. The raised PSC
HOx cycle with the NQ and CIG cycle leads to a less ef- formation temperature may even lead to a larger extension of
fective NQ; cycle and a slightly enhanced effectiveness of the PSC existence period than modeled (indicated by the gray
the CIQ cycle. Furthermore, increasing stratospheric wa-shaded areas in Fig.1), because the temporal temperature
ter vapor concentrations raise the saturation temperature afhanges at the end and beginning of PSC existence time are
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larger in the model simulation than in the observations. TheAppendix: Chemical reactions

expected radiation effect of a water vapor incredsargter

and Shine1999 2002 would further extend the PSC period. Oxidation of O and CH:

However, the magnitude of the resyltlng ozone loss 'df'ependa(lD) 4 H,0 — 20H (R1)
not only on water vapor concentrations and PSC activity, but 1
e.g. also on the stratospheric chlorine and bromine loading@('D) + CHs — OH + CHs (R2)
For example, a model study &thnadt et al(2002 on the

future chgmical co_mposition and glimate has shown a S”ghtCataIytic ozone destruction cycle:

increase in antarctic ozone depletion due to larger PSC activ-
ity, despite a reduced stratospheric chlorine loading. X+ 03— XO+ 0y

XO+0— X+0,

O3+0 — Oy + Oy, (R3)

A comparison between the two different long-term wa- )
ter vapor perturbations (H2®@ and H2Q5) has shown that Where X can be one of the free radicals H, OH, NO, Cl or
the ozone reduction increases almost linearly with increasindar-
stratospheric water vapor. This linear ozone response agrees
well with the results oDvortsov and Solomof2003) who ~ Additional HO-cycle:
also found a linear relgtionship between ozone response ancbH + 03 — HO, + Oy
water vapor perturbation. The results of a transient model
simulation Dameris et al.2005 with a modeled water vapor HOz + O3 > OH + 02 + O
increase of 0.029 ppmiyr between 1980 and 1999 (Fif)
correspond to a stratospheric water vapor perturbation of ap- O3 + O3 —> O2+ O2 + O2 (R4)
proximately 0.6 ppmv. According to the linear behavior of
the ozone response, at least on hemispheric scales, a pert%
bation of 0.6 ppmv leads to a global total ozone reduction
of 0.5%. The simulated global ozone decline between 198®H + NO, + M — HNO3 + M (R5)
and 1999 amounts 3.4%, considering the increasing chlorine
loading and climate change. Therefore, the results of this
study indicate that 10% of the ozone decline in the transienCoupling of HQ and CIQ cycle:
model run is linked to the simulated water vapor increase. OH + HCl — H,0 + Cl (R6)

HO, + CIO — HOCI+ O, (R7)

oupling of HG and NQ, cycle:

Several studies discussed an increase in stratospheric w&zone production in methane oxidation chain:
ter vapor concentrations over the last decades keedoluha

et al, 1998 Oltmans et al.200Q Rosenlof 2009. Anin- ~ CHsO2 +NO — CH30 + NO (R8)
crease in stratospheric water vapor would affect stratospheric or
ozone in several ways: The stratosphere is expected to cool HO, + NO — OH + NO» (R9)
as water vapor increasebqrster and Shinel999 2002 hv

NO; - NO+ O (R10)

which results in an more pronounced PSC formatigink¢

Davidoff et al, 1999. Furthermore, increasing OH concen- 02+0— O3 (R11)

trations cause an enhanced homogeneous ozone loss (e.g.

(Iijortsov and Solomar2001). However, arecent apaIySIS Of. Heterogeneous reactions on PSCs and sulfate aerosols in
ifferent water vapor observations shows great dlscrepanme&HEM_

in lower stratospheric water vapor trends between the differ- '

ent data setsRandel et al.2004, so that the discussion on  HcC| + CIONO, — Cly + HNO3 (R12)

stratospheric water vapor trends is re-opened. Furthermorq_lI O+ CIONO, — HOCI + HNO (R13)

the observations show remarkably low water vapor concen- 2 3

trations in the LS since 2001. Nevertheless, this and previ- HOCI+HCI — Clz + H20 (R14)

ous model studies indicate a not negligible impact of water N2Os + H>O — 2HNO3 (R15)

vapor on stratospheric ozone that must be kept in mind dis-

cussing the future development of stratospheric ozone con-

centrations.
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