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Abstract. Actinic fluxes at large solar zenith angles (SZAs) vestigation of mutual effects of dynamical, chemical, and ra-
are important for atmospheric chemistry, especially underdiative coupling in the Earth’s atmosphere is currently an out-
twilight conditions in polar winter and spring. The results standing scientific issue. Improved knowledge is necessary
of a sensitivity experiment employing the fully coupled 3D to better understand the relations between changes in atmo-
chemistry-climate model ECHAMA4.L39(DLR)/CHEM have spheric composition and climate. One key question, for ex-
been analysed to quantify the impact of SZAs larger thanample, is to which extent the recent destruction of the ozone
87.5 on dynamical and chemical processes in the lowerlayer has been affected by radiative cooling of the strato-
stratosphere, in particular their influence on the ozone layersphere due to increased greenhouse gas concentrations and
Although the actinic fluxes at SZAs larger than 87ae  how this will influence future ozone recovery.
small, ozone concentrations are significantly affected be- Fully coupled three-dimensional (3D) chemistry-climate
cause daytime photolytic ozone destruction is switched ormodels (CCMs) are suitable tools to investigate the impor-
earlier, especially at the end of polar night the conversion oftance of these mutual effects. CCMs have been used to sim-
Cl, and CbOs into CIO in the lower stratosphere. Compar- ulate the recent and future development of the chemical com-
ing climatological mean ozone column values of a simula-position and the dynamics of the atmosphere (e.g. Rozanov
tion considering SZAs up to 93vith those of the sensitivity et al., 2001; Austin, 2002; Schnadt et al., 2002; Nagashima
run with SZAs confined to 87%total ozone is reduced by et al., 2002; Pitari et al., 2002; Steil et al., 2003). The un-
about 20% in the polar Southern Hemisphere, i.e., the ozoneertainties and assessments of the currently available CCMs
hole is “deeper” if twilight conditions are considered in the have been recently summarised by Austin et al. (2003).
model because there is about 4 weeks more time for ozone In this study the CCM ECHAMA4.L39(DLR)/CHEM
destruction. This causes an additional cooling of the polar(hereafter E39/C) is employed to assess the impact of so-
lower stratosphere (50 hPa) up tet K with obvious con-  lar zenith angles (SZAs) larger than 87f6r the chemistry
sequences for chemical processes. In the Northern Hemiand dynamics of the lower stratosphere, in particular at polar
sphere the impact of large SZAs cannot be determined on th&titudes during winter and spring. It is well-known that the
basis of climatological mean values due to the pronouncedmpact of photolysis on mixing ratios of chemical species
dynamic variability of the stratosphere in winter and spring. depends on the maximum SZA allowed in model calcula-
This study clearly shows the necessity of considering largetions. For example, an estimate by the 2D chemistry model
SZAs for the calculation of photolysis rates in atmosphericMPIC for a specific case study at the 475K isentropic level
models. showed that the relative total ozone loss increased from 25%
to 31% when the maximum SZA was raised fronf 8992
(Kramer et al., 2003). Moldanova et al. (2002) showed that
for some halogenated species and3iN@e photolysis be-
yond 90 SZA may be of importance. Nevertheless, most

Chemistry-climate links have received increased attention inCCMS neglect the impact of twilight for simplicity reasons,

recent years (IPCC, 2001: EC, 2003: WMO, 2003). The in_vx{hlch certamly_ has an |mpa.ct on chemical processes, espe-
cially during winter and spring near the edge of the polar
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This paper aims to quantify the effect of photolysis beyond photolysis frequencies for a purely absorbing atmosphere us-
87.5 SZA in a fully coupled 3D CCM. In the next section ing Eg. (1) with high spectral resolution and a correction fac-
the employed model system E39/C is briefly described, withtor for the scattering effects:
special focus on the parameterisation of the photolysis up to

93° SZA used here. The numerical simulations forming the Jix = J{0i @)
basis for this investigation are briefly introduced. In Sect. 3,1,
the model results are discussed, i.e., changes of photolysis
: 2 ) . F(\)
frequencies, of ozone mixing ratios, and of related dynamicals; = (3)

and chemical effects. Our conclusions are presented in the Fa()
last section. F%(;) and F*(1) (see Eq. 4) are the actinic fluxes for a
purely absorbing atmosphere for the wavelerigtanda in

the intervall;. They are calculated using the Lambert-Beer
2 Model description and design of experiments absorption law:

2.1 Brief description of E39/C F0) = Fovexpl— Y _ Viox (W)}, 4
K

In this study the interactively coupled chemistry-climate whereFy(1) is the spectral solar irradiance at the model top,
model E39/C is employed. More detailed descriptions of y, is the slant column, and is the absorbtion cross sec-
the model are given in Hein et al. (2001) and Schnadt et altion of thekth absorber (@ and G). The correction factor
(2002). The model horizontal resolution is T30. In the ver- s; is calculated online with a radiative transfer code (Zdun-
tical, E39/C has 39 layers from the surface to the top layerdowski et al., 1980) at; of Landgraf and Crutzen (1998).
centred at 10 hPa (Land et al., 2002). The chemistry modit takes into account scattering as well as absorption due
ule CHEM (Steil et al., 1998) is based on the family con- to air molecules, aerosols, clouds, and the Earth’s surface
cept. It describes relevant stratospheric and tropospheric Oalbedo. The photolysis frequency is determined by the fol-
related homogeneous chemical reactions and heterogeneolsving equation:
chemistry on polar stratospheric clouds (PSCs) and sulphate
. . ) . ) 8
aerosols, it does not consider bromine chemistry. E39/C -, o ga 4 Zj'a 5 )
cludes an online feedback of chemistry, dynamics, and ra-" Lx = et
diative processes. Chemical tracers are advected by the sim- f_ ] )
ulated winds. The net heating rates, in turn, are calculated us- Here.J1 , is the photolysis frequency in the spectral range
ing the actual 3D distributions of the radiatively active gases®f the Schumann-Runge band (178.6k%2020nm),
Oz, CHs, N>O, H0, and CFCs. Climatological means of where Q is a strong absorber and sca_tterlng can be ne-
dynamical and chemical fields have been intensively vali-9lécted. So farJ?, is calculated for an isothermal atmo-
dated with regards to other model results and to observation§Phere. To account for the temperature dependenceaoti
(e.g., Austin et al., 2003 Land et al., 2002; Hein et al., 2001)_d>, a correction function is applied. For further details of the
parametrisation o’ and the temperature dependence see
2.2 Parameterisation of photolysis frequencies at largd-andgraf (1998). Equations (1) to (5) are valid for SZAs up
SZAs to 87.5. For larger SZAs, the parameterisation of photolysis
frequencies is done according to the laws of spherical geom-
The photolysis frequencies for SZAs less equal 8arg cal-  etry, where the actinic flux for a given wavelength depends
culated using the efficient method of Landgraf and Crutzenon the SZA9 (Levy Il, 1974). Roth (1992, 2002) introduced
(1998) (see also Landgraf, 1998). The spectral rangdhe following empirical formula for photolysis frequencies
(178.6 nm=<i< 752.5 nm) relevant for the photo-chemistry Which includes very large zenith angles:
of the troposphere and the middle atmosphere is divided into, _
8 wavelength intervalg; (i = 1, ..., 8). For each interval, the J = Jo-expb(1 — sedct))], ©)
photolysis frequency; , of a gasx is calculated according with Jo photolysis frequency for overhead sun and standard

to the equation: atmosphere at a certain altitude and empirical coefficients
b and ¢ which are tabulated for all species of interest. In
Jix = f oy () D (W) F(L)dA, (1) E39/C we use a simplified version of this fit only for SZAs
I larger 87.8. To account for the interactively calculated at-

mospheric quantities like 0zone columns and reflection from
clouds we adopt the J-value at SZA 8% .6btained with the

tum yield, andF (1) the actinic flux in the interval;. '.” Landgraf and Crutzen (1998) scheme and multiply that with
the spectral range of 202.0 ne< 752.5 nm, scattering . ; ]
Oa correction formular derived from Eqg. (6):

at air molecules, aerosols, and clouds is not negligible. T
include this efficiently,J; . is calculated from precalculated J.g75 = Jg75 Feorr @)

whereo, (1) is the absorption cross sectiab, (1) the quan-

Atmos. Chem. Phys., 3, 1981-1990, 2003 www.atmos-chem-phys.org/acp/3/1981/
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Table 1. The coefficientsh; of Eq. (7) for the different species Table 2. Mixing ratios of greenhouse gases, inorganic chlorine,

(channels), grouped by wavelength region most important for pho-and NG emissions of different natural and anthropogenic sources

tolysis. for the “1990” simulations (i.e., the SZA87.5 and the SZA93 run,
respectively).

b; species region
1 O3(—0(P)), NGy, NO3 UV-A or visible CO; (ppmv) 353
1.3 CIONO, Clb0, UV-A CHg (ppmv) 1.69
1.4 HOCI near UV-B N2O (ppbv) 310
1.5 CHO(M), NyOs, HNO4, CH3OoH  UV-B Cly (ppbv) 3.4
2  CHyO(R), H,Oo UV-B NOx lightning (Tg(N)/year) 5.3
3 03(—=0(DY) far UV-B NOx air traffic (Tg(N)/year) 0.6
4  HNOj far UV-B NOy surface (total) (Tg(N)/year) 33.1
5 O, CFC-11, CFC-12, CGl CHCI, NOy surface (industry, traffic) 22.6
CH3CCl3, HCI, Hy0, COp, NoO, NO  UV-C NOx surface (soils) 5.5
NOx surface (biomass burning) 5.0
with
0
Feorr = exp[19.09; (1 — 875)]' 8 boundary for each scenario (Hein et al., 2001). They are

o o ] . specified according to observations for the year 1990. The
The empirical coefficients; in Eq. (8) are species depen- specific boundary conditions are summarised in Table 2.
dent and listed in Table 1. They are derived from the ratio

of Eq. (6) evaluated & equal 93 and 87.8 (with F,-=1

for 6=87.58). For SZAs larger 93night is assumed. This

simplification can be justified because for polar stratospheric

conditions mostly the on/off effect at sunrise/sunset matters3 Discussion of results

For SZAs between about 7@&nd 87.5 for the airmass fac-

tor d() used in the photolysis calculation in Landgraf and 31 changes of photolysis frequencies
Crutzen (1998) an empirical correction for the curvature of

the atmosphere based on the Chapman-function is addition-

ally applied (e.g. Lacis and Hansen, 1974): Neglecting large SZAs is associated with less photons at the
day-night transition and in particular with a delay of daytime
d) = 35 . ) chemistry at the end of the polar night with significant effects
/1224 cod6 + 1 for the destruction of ozone in the polar lower stratosphere.

The photolysis of heterogeneously formed &l large SZAs
after polar night initiates the catalytic ozone destruction by
chlorine. Ozone depletion rates are highly related to the pho-
tolyis rates of G40, (— O+2Cl).

2.3 Model experiments Figure 1 shows the absolute values of the photolysis fre-
guencies of CGIO, for a single model year at 50 hPa of the
Two timeslices representing atmospheric conditions for thesimulation SZA93. The structure of this field obviously re-
early 1990s have been used, namely, a control scenario irflects the importance of ozone as the dominant absorber:
cluding SZAs up to 93(SZA93) and a sensitivity simulation the photolysis frequencies are enhanced southward €8 60
which does not consider SZAs larger than 8(SZA87.5) between October and November (more than12® s1),
(see Sect. 2.2). Each timeslice has been integrated over 24¢hen ozone column values are still small and actinic fluxes
years under steady state conditions with the first four yeargliffer significantly from zero. Including SZAs larger than
taken as spin-up. For both model simulations, climatologi-87.5 leads to changes in the photolysis frequencies gb¢ll
cal mean sea surface temperatures (SST) are prescribed froas is displayed in Fig. 2 for the 50 hPa level. As expected,
observations for the years 1979 to 1994 (Gates, 1992). In adthe most obvious changes are detected at the edge of the polar
dition, natural and anthropogenic N@®missions are fixed at night (up to 0.610~% s~1) in both hemispheres. In the South-
the surface. At the model top, mixing ratios of Nénd CIX  ern Hemisphere absolute differences of the same order of
(=CIO+CIONO,+HCI) are prescribed to account for higher magnitude are found in the polar region at the end of Novem-
altitude chemistry above the upper boundary. Moreover, théber, and correspond to about 5%. The maximum changes
global mean values of the mixing ratios for the most relevantin November are indirectly produced by reduced ozone in
greenhouse gases @CH,, and NO are fixed at the lower SZA93 (see Sect. 3.2).

For smaller SZAg/(9) converges to Acosf. This technique
allows to calculate the photolysis rates online in a realistic
atmospheric state, in which the SZA is time dependent.

www.atmos-chem-phys.org/acp/3/1981/ Atmos. Chem. Phys., 3, 1981-1990, 2003
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Fig. 1. Photolysis frequencies (noon values) 0O} [103 s~ Fig. 2. Differences in photolysis frequencies (noon values)

at 50 hPa in SZA93. Shaded areas indicate polar night, i.e., photoof Cl,0, [10~4 s71] at 50 hPa between SZA93 (Fig. 1) and
lysis frequencies are zero. Letters atthaxis denote the beginning SZA87.5. Positive differences indicate higher photolysis frequen-
months. cies in SZA93.

32 Change of ozone are found in the SZA93 case. This corresponds to a max-

imum reduction of the ozone column over the south polar
region of about 20% in the SZA93 run in comparison to the
In order to evaluate the impact of twilight on upper tropo- SZA87.5 simulation. A closer inspection indicates that in

spheric and lower stratospheric chemistry, we first comparéhe SZA93 simulation ozone depletion starts earlier. Figure
the results of the climatological mean total ozone averaged® Shows the temporal development of total 0ozone a&#hd
over 20 simulated years including solar zenith angles up t3 S: For example, contemplating the°&3curve, the ozone
9% (SZA93) (Fig. 3) to the values of a simulation that only holg season appears 3 weeks earlier in SZA93 (i.e., f|'rst de-
considered SZAs up to 87.5SZA87.5) (Fig. 4). A detailed tection of total ozone va!ugs less than.220 DU) thgn in the
comparison of the results presented in Figure 4 with obserSZA87.5 run and the minimum value is reached five days
vations (Bojkov et al., 1999) was presented in Hein et a|_earller_. Both fmdmgg are an improvement W|th respect to ob-
(2001). There, it was concluded that in the tropics as well asservations. The lifetime of the ozone hole is about ten days
in the northern extra-tropics, the seasonal variations of sim!ONger in the SZA93 simulation. The latter result exhibits a
ulated total ozone are in agreement with measurements, aflight degradation of model results with regards to the obser-
though the absolute total 0zone values are overestimated byAtions mentioned above. Similar changes are found&,70
about 25 DU. In the southern extra-tropics, simulated ozond!0Wever the minimum values in SZA87.5 do not fall below
values are close to observations, but the seasonal variabif30 PY-
ity of total ozone shows some noticeable differences. For The statistically significant change of total ozone at South-
example, the midlatitude modelled Austral spring maximumern Hemisphere midlatitudes (about°®0to 50'S) cannot
occurs earlier than observed (about 1 month) and the ozonbe directly due to CIO-dimer photolysis. The main reason
hole season (i.e., total ozone locally less than 220 DU) last$s additional ozone destruction by N@atalysis in SZA93
longer (i.e., until the beginning of December instead of end(due to enhanced photolysis 085 at a longer day), which
of October). is important in the altitude range between 10 and 100 hPa
Figure 5 shows the differences between the modelled cliin mid- and high latitudes. For example, in midlatitudes of
matological mean total ozone fields (SZA93-SZA87.5). In the Southern Hemisphere at 50 hPa,N®enhanced by be-
the southern mid- and high latitudes betweefS3@nd 96S tween 10 and 50 pptv in the SZA93 simulation, which is
the largest ozone difference values are simulated. These difapproximately 10% (not shown). 8l and Crutzen (2000)
ferences are statistically significant due to the relative lowpointed out that although in summer net chemical ozone pro-
inter-annual variability. The ozone reduction is strongestduction occurs in the latitude region between the subtrop-
south of 60S between September and November due toical barrier and about 50 total ozone declines in this re-
the photon surplus in SZA93. The maximum differencesgion because of exchange with the net chemical destruction
are found in the centre of the polar vortex. At the end of regions (which are larger for the SZA93 case) in high lati-
September approximately 30 Dobson Units (DU) less ozondudes and in the troposphere. Here, we can conclude that the

3.2.1 Ozone columns

Atmos. Chem. Phys., 3, 1981-1990, 2003 www.atmos-chem-phys.org/acp/3/1981/
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than those of SZA87.5.
In high latitudes of the Northern Hemisphere total ozone
I 1 0, 0, -
;sr;n gggrtitsl%:ggzga;e& :r)::s'b%ﬁ eZ t/c(; E[?]:gol gbhemi?_r;:]:ﬁf;lljand low temperatures, the discrepancies between the model

dynamic variability of the Northern Hemisphere polar strato- results and obsgryaﬂons cannot b.e solely gxplalned due to
sphere, these changes are not statistically significant. Thi%he models restnctmg the photo!yS|s calculatlons_to SZAs of
does not principally exclude that individual cold Northern ess than 99 at best it can explain a small part of it
Hemisphere model winters experience similar large SZA ef- In tropical regions, as well as in midlatitudes of the North-
fects as is generally found in the Southern Hemisphere. Severn Hemisphere only small changes occur due to larger
eral papers showed that photochemical box model calculaSZAs. The differences in the tropics are about 1% (approx-
tions cannot reproduce observed ozone loss rates during coldhately 3 DU), they are partly statistically significant. This
Arctic Januaries (e.g. Becker et al., 1998; Hansen and Chipean be explained considering the mean ozone value of about
perfield, 1999; Rex et al., 2003). Although it seems that the275 DU in the tropics and the very low inter-annual dynamic
missing ozone loss mechanism is important at large SZAsvariability in these regions.

www.atmos-chem-phys.org/acp/3/1981/ Atmos. Chem. Phys., 3, 1981-1990, 2003
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3.2.2 Zonal mean ozone difference 10 hPa. Because of the ozone reduction at the upper model
levels, more sunlight penetrates down to lower atmospheric
To investigate the modelled ozone changes due to large SZAsyers which has an impact on dynamics (temperature) and
in more detail, differences of zonal mean ozone mixing ratioschemistry. Ozone differences are small in the equatorial re-
are presented in Fig. 7 showing changes for January, Aprilgions. In April and July, ozone concentrations are larger in
July, and October. Nearly no changes of ozone mixing ra-SZA93 by about 20 ppbv in comparison to SZA87.5. This
tios are calculated below 150 hPa, most of the differenceds probably due to a slightly distinct circulation pattern pro-
occur in the stratosphere. Ozone mixing ratios significantlyducing small differences in the climatological mean ozone
decrease during southern spring at levels between 100 hRdistributions in both model experiments (Sect. 3.3).
and the model top. In SZA93, additional ozone decreases are The Arctic stratosphere shows some modifications in
mainly detected inside the polar vortex (south-@&%° S). At ozone mixing ratios, however, these changes are mostly not
the centre of the polar vortex, between 70 hPa and 10 hPa astatistically significant due to the high dynamic inter-annual
ozone reduction of more than500 ppbv is found in Octo-  variability of the Northern Hemisphere. The described ozone
ber. As already noted, sun rays enter the model atmospherehanges caused by considering large SZAs are due to dynam-
region between 6% and the South pole earlier in spring in ical and chemical effects. In the next two sections we will
SZA93 than in SZA87.5. The photon surplus at the edge ofguantify some of these effects in E39/C.
the polar night is responsible for the increased ozone destruc-
tion (see Sect. 3.1). 3.3 Change of dynamics
At midlatitudes and in the tropical regions, ozone de-
creases are larger at the upper model levels than at loweBtatistically significant temperature differences between the
levels. Ozone differences up te50 ppbv are simulated in  SZA93 and the SZA87.5 simulations are mainly found in
January between 8@ and 10S and between 30 hPa and the extra-tropical Southern Hemisphere lower stratosphere

Atmos. Chem. Phys., 3, 1981-1990, 2003 www.atmos-chem-phys.org/acp/3/1981/
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SZA93 simulation. Heavy (light) shaded areas indicate the 99%
(95%) significance level (t-test).

(between 10 and 100 hPa). Figure 8 shows the differences for

the 50 hPa pressure level. The largest values occur during po- . . )

lar spring (up to—4 K) indicating that the SZA93 simulation lar Southern Hemisphere. This has a strong impact on the

produces colder conditions there. Near the edge of the SoutH€mperature-dependent chemistry, in particular on the forma-

ern Hemisphere polar vortex the SZA93 run shows a coolingt'on of polar stratosphen_c clouds (PSCs) and thus on hetero-

between—0.5 K and—1 K. These temperature differences 9&Neous ozone destruction (see Sect. 3.4).

can be easily related to the detected changes of the o0zo

column between the two model runs discussed in the last twi

sgcnong (Fig. 5). In SZA93, .the stratosphere is colder in "®-Io estimate the importance of considering SZAs larger than
gions with reduced ozone with regards to the SZA87.5 run. 7.5 on stratospheric chemistry in a fully coupled 3D CCM,

!n the Northern Hemisphere_, higher temperatgres_ are foun ome chemical species have been analysed which are espe-
in the .SZA93 case in I_ater winter and early spring In the IOO'cially relevant for polar chemistry. In the following, we con-
lar region dug o the increase .of.ozone. A§ me_ntloned beE:entrate on Southern Hemisphere winter and spring condi-
fore, these differences are statistically not significant due t%ons where the differences of climatological mean fields be-
the high dyngmic inter-annual variability in this t_ime of the tween the two model simulations are most obvious. For an
year.and region. Thereforg, these temperat.ure differences aLaeppropriate presentation of the results, a coordinate transfor-
_fortwtous _ano! cannot be mterpr_eted. The Increase of 020NGs ation is carried out from the standard coordinate systemto a
in the tropics in the SZA93 run (i.e., &_lbOUt 2 DU in May and description employing equivalent potential vorticity (PV) co-
June) produces a warming of approximately 0.7 K. Althoughordinates (e.g. Butchart and Remsberg, 1986; Manney et al.
these differences are small they are statistically significam1994). Here. the centre of the coordinat’e systém is chosen t0'
pecause the inter-annual variability in the equatorial regionbe the centré of the polar vortex. Isentropic contours are then
is very small. used to define equivalent latitudes, for which 'zonal means’
The differences in the temperature fields result in cor-yjith respect to the centre of the polar vortex are computed.
responding differences in the mean zonal wind fields (not  As shown in the previous section, stratospheric tempera-
ShOWn). HOWeVer, these are StatiStically not Signiﬁcant, nei'tures are reduced if SZAs up to Qare Considered_ Main
ther in the Southern nor in the Northern Hemisphere. For eX‘temperature differences between the SZA93 run and the
ample, the Southern Hemisphere polar night jet is stronger irszag7.5 simulation are found in springtime inside the po-
the SZA93 simulation by about 2 m/s. In the Northern Hemi- |ar vortex. This favours the formation of PSCs in the SZA93
sphere, the wintertime stratospheric polar vortex is weakekyn, |n this region the conditions are most favourable for het-
(about—2m/s) in SZA93. These results are consistent with erogenous chemistry on PSC surfaces during the polar night.
the formerly discussed ozone and temperature differences. Figures 9 and 10 show the differences of PSC I and Il mix-
Altogether it can be summarised that the mean climato-ing ratios between the two simulations at 50 hPa. Obviously,
logical temperature conditions are clearly different in the po-a statistically significant increase of NAT and ice particles

.4 Change of chemistry
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Fig. 10. As Fig. 9, but for PSC II-ICE (pptv). Fig. 11. As Fig. 9, but for CIQ(ppbv).

can be found in SZA93 reflecting the differences in temper-istic behaviour with regards to the re-formation of the chlo-
atures. Both figures illustrate that the enhancement is firstlyine reservoirs HCl and CIONgi.e., CIQ, is first converted
seen at the inner edge of the polar vortex in mid-winter. Max-towards HCI, the SZA93 simulation produces improved re-
imum differences are shifted towards higher latitudes withsults concerning the time of re-formation (2 weeks earlier),
time with the size of the polar vortex becoming smaller. ~ which means that they are closer to the analyses of observa-
The photon surplus increases the photolysis of chlorinetions given by GrooR et al. (1997) and Steil et al. (2003). For
compounds (GIO,, Cl, HOCI, and CIONQ) in SZA93.  completeness it is worthwhile mentioning that the collar of
ClO and Cl radicals are released and enhance the destru€lONQ; is enhanced in the SZA93 simulation, as expected.
tion of ozone through catalytic reactions, especially the so-
called “dimer cycle” involving GO which is quadratic in
ClO. Figure 11 shows the differences in Gl& the 50 hPa 4 Conclusions
pressure level. An enhanced activation of chlorine is found
inside the polar vortex between July and November. Maxi-The current sensitivity study with the fully coupled CCM
mum difference values are about 0.5 ppbv, these differenceE39/C has shown that photolysis reactions during twilight
are statistically significant. An exception is found in the have a non-negligible impact on the lower stratosphere, al-
core region of the polar vortex in the second half of Octo-though the actinic fluxes for SZAs larger 87.&re small.
ber where a decrease of GIQup to—0.3 ppbv) is detetected Considering climatological mean values, statistically signif-
in the SZA93 run. This can be explained considering the re-cant effects on the chemistry and dynamics of the lower
lated differences of CION@and HCl which are displayed in  stratosphere are mainly found in higher latitude regions of
Figs. 12 and 13. Reduced CIOM@ixing ratios are found the Southern Hemisphere during winter and spring. Obvi-
in the SZA93 run inside the polar vortex between mid Oc- ous changes are also detected in midlatitudes of the South-
tober and mid November while HCl is increased there. Thisern Hemisphere which can be partially attributed to enhanced
behaviour can be explained as follows: the chemical reacozone destruction in the lower stratosphere by enhancgd NO
tion Cl+ O3—CIO + O, determines the rate of formation catalysis in the SZA93 simulation. Due to the high dynamic
of CIONG,. Since in the model during this time only little variability of the Northern Hemisphere lower and middle
ozone (0.5 ppmv or less) is available, less chlorine monox-stratosphere, similar effects cannot be detected there. Cer-
ide (CIO) is produced which can be transformed to CIQNO tainly, in individual cold Northern Hemisphere winter peri-
(CIO 4+ NO, + M—CIONG;, + M). In case of low ozone o0ds with a stable polar vortex analogous results would be ob-
the ratio CI/CIO is large leading to fast re-formation of the tained. The detected changes of dynamic and chemical val-
HCI reservoir (CH- CH4— HCI + CHz). Thus, the chlorine  ues in the tropics and in midlatitudes of the Northern Hemi-
atoms formed by the photolysis of Cand ChO, after mid ~ sphere can be neglected.
October do not primarily react with ozone, but with methane In E39/C, the small surplus of photons for SZAs larger
which produce an increase of HCI. This model behaviour87.5 produces a different climatological mean ozone distri-
is in agreement with box model calculations and HALOE bution. In the SZA93 run, ozone destruction is stronger, in
observations (Grool3 et al., 1997; Steil et al., 2003). Al- particular in the southern extra-tropics. The maximum effect
though the results of both E39/C simulations show a real-is found near the South Pole in spring. Due to reduced ozone
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Fig. 12. As Fig. 9, but for CIONQ (ppbv). Fig. 13. As Fig. 9, but for HCI (ppbv). The maximum value (end of

October) is about 0.9 ppbv.

concentrations, less UV radiation is absorbed in SZA93. This

cools down the lower stratosphere, causing an increased foeies. Since E39/C is an interactively coupled, non-linear
mation of PSCs. Consequently, heterogeneous chemical renodel, it is difficult to identify individual weaknesses and
actions on PSC patrticles, subsequent chlorine activation, antheir importance for the entire model system. Therefore, the
ozone destruction are intensified. In the Southern Hemi-only way to improve such models is further, continuous de-
sphere, this results in a total additional reduction of the cli-velopment and completion of relevant processes, to obtain a
matological mean total ozone column of approximately 20%model as realistic as possible.

and an extension of the “ozone hole season” of about four
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