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Abstract

Actinic fluxes at high solar zenith angles (SZAs) are important for atmospheric chem-
istry, especially under twilight conditions in polar winter and spring. The results
of a sensitivity experiment employing the fully coupled 3D chemistry-climate model
ECHAM4.L39(DLR)/CHEM have been analysed to quantify the impact of SZAs greater5

than 87.5◦ on dynamical and chemical processes in the lower stratosphere, in particular
their influence on the ozone layer.

Although the actinic fluxes at SZAs larger than 87.5◦ are small, ozone concentrations
are significantly affected because daytime photolytic ozone destruction is switched on
earlier, especially the conversion of Cl2 and Cl2O2 into ClO at the end of polar night in10

the lower stratosphere. Comparing climatological mean ozone column values of a sim-
ulation considering SZAs up to 93◦ with those of the sensitivity run with SZAs confined
to 87.5◦ total ozone is reduced by about 20% in the polar Southern Hemisphere, i.e.,
the ozone hole is “deeper” if twilight conditions are considered in the model because
there is 2–3 weeks more time for ozone destruction. This causes an additional cooling15

of the polar lower stratosphere (50 hPa) up to −4 K with obvious consequences for
chemical processes. In the Northern Hemisphere the impact of high SZAs cannot be
determined on the basis of climatological mean values due to the pronounced dynamic
variability of the stratosphere in winter and spring.

1. Introduction20

Chemistry-climate links have received increased attention in recent years (IPCC, 2001;
EC, 2003; WMO, 2003). The investigation of mutual effects of dynamical, chemical,
and radiative coupling in the Earth’s atmosphere is currently an outstanding scientific
issue. Improved knowledge is necessary to better understand the relations between
changes in atmospheric composition and climate. One key question, for example, is to25

which extent the recent destruction of the ozone layer has been affected by radiative
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cooling of the stratosphere due to increased greenhouse gas concentrations and how
this will influence future ozone recovery.

Fully coupled three-dimensional (3D) chemistry-climate models (CCMs) are suitable
tools to investigate the importance of these mutual effects. CCMs have been used
to simulate the recent and future development of the chemical composition and the5

dynamics of the atmosphere (e.g. Rozanov et al., 2001; Austin, 2002; Schnadt et al.,
2002; Nagashima et al., 2002; Pitari et al., 2002; Steil et al., 2003). The uncertainties
and assessments of the currently available CCMs have been recently summarised by
Austin et al. (2003).

In this study the CCM ECHAM4.L39(DLR)/CHEM (hereafter E39/C) is employed to10

assess the impact of solar zenith angles (SZAs) greater than 87.5◦ for the chemistry
and dynamics of the lower stratosphere, in particular at polar latitudes during winter
and spring. It is well-known that the impact of photolysis on mixing ratios of chemical
species depends on the maximum SZA allowed in model calculations. For example, an
estimate by the 2D chemistry model MPIC for a specific case study at the 475 K isen-15

tropic level showed that the total percentage ozone loss increased from 25% to 31%
when the maximum SZA was raised from 90◦ to 92◦ (Krämer et al., 2003). Moldanova
et al. (2002) showed that for some halogenated species and NO3, the photolysis be-
yond 90◦ SZA may be of importance. Nevertheless, some CCMs neglect the impact
of twilight for simplicity reasons, which certainly has an impact on chemical processes,20

especially during winter and spring near the edge of the polar night.
This paper aims to quantify the effect of photolysis beyond 87.5◦ SZA in a fully cou-

pled 3D CCM. In the next section the employed model system E39/C is briefly de-
scribed, with special focus on the parameterisation for the photolysis to 93◦ SZA used
here. The numerical simulations forming the basis for this investigation are briefly25

introduced. In Sect. 3 the model results are discussed, i.e., changes of photolysis fre-
quencies, of ozone mixing ratios, and of related dynamical and chemical effects. Our
conclusions are presented in the last section.
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2. Model description and design of experiments

2.1. Brief description of E39/C

In this study the interactively coupled chemistry-climate model E39/C is employed.
More detailed descriptions of the model are given in Hein et al. (2001) and Schnadt
et al. (2002). The model horizontal resolution is T30. In the vertical, E39/C has 39 lay-5

ers from the surface to the top layer centred at 10 hPa (Land et al., 2002). The chem-
istry modul CHEM (Steil et al., 1998) is based on the family concept. It describes rele-
vant stratospheric and tropospheric O3 related homogeneous chemical reactions and
heterogeneous chemistry on polar stratospheric clouds (PSCs) and sulphate aerosols,
it does not consider bromine chemistry. E39/C includes an online feedback of chem-10

istry, dynamics, and radiative processes. Chemical tracers are advected by the simu-
lated winds. The net heating rates, in turn, are calculated using the actual 3D distri-
butions of the radiatively active gases O3, CH4, N2O, H2O, and CFCs. Climatological
means of dynamical and chemical fields have been intensively validated with regards
to other model results and to observations (e.g., Austin et al., 2003; Land et al., 2002;15

Hein et al., 2001).

2.2. Parameterisation of photolysis frequencies at high SZAs

The photolysis frequencies for SZAs less equal 87.5◦ are calculated using the efficient
method of Landgraf and Crutzen (1998) (see also Landgraf, 1998). The spectral range
(178.6 nm ≤ λ ≤ 752.5 nm) relevant for the photo-chemistry of the troposphere and20

the middle atmosphere is divided into 8 wavelength intervals Ii (i = 1, ..., 8). For each
interval, the photolysis frequency Ji ,x of a gas x is calculated according to the equation:

Ji ,x =
∫
Ii

σx(λ)Φx(λ)F (λ)dλ, (1)
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where σx(λ) is the absorption cross section, Φx(λ) the quantum yield, and F (λ) the
actinic flux in the interval Ii . In the spectral range of 202.0 nm ≤ λ ≤ 752.5 nm, scat-
tering at air molecules, aerosols, and clouds is not negligible. To include this efficiently,
Ji ,x is calculated from precalculated photolysis frequencies for a purely absorbing at-
mosphere using Eq. (1) with high spectral resolution and a correction factor for the5

scattering effects:

Ji ,x = Ja
i,xδi (2)

with

δi =
F (λi )

F a(λi )
. (3)

F a(λi ) and F a(λ) (see Eq. 4) are the actinic fluxes for a purely absorbing atmosphere for10

the wavelength λi and λ in the interval Ii . They are calculated using the Lambert-Beer
absorption law:

F a(λ) = F0(λ)exp{−
∑
k

Vkσk(λ)}, (4)

where F0(λ) is the spectral solar irradiance at the model top, Vk is the slant column, and
σk is the absorbtion cross section of the kth absorber (O2 and O3). The correction factor15

δi is calculated online with a radiative transfer code (Zdundowski et al., 1980) at λi of
Landgraf and Crutzen (1998). It takes into account scattering as well as absorption due
to air molecules, aerosols, clouds, and the Earth’s surface. The photolysis frequency
is determined by the following equation:

Jx ≈ Ja
1,x +

8∑
i=2

Ja
i,xδi . (5)

20

Here, Ja
1,x is the photolysis frequency in the spectral range of the Schumann-Runge

band (178.6 nm≤ λ ≤ 202.0 nm), where O2 is a strong absorber and scattering can
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be neglected. So far, Ja
i,x is calculated for an isothermal atmosphere. To account for

the temperature dependence of σ and Φ, a correction function is applied. For further
details of the parametrisation of Ja

i,x and the temperature dependence see Landgraf
(1998). Equations (1) to (5) are valid for SZAs to 87.5◦. For greater SZAs, the parame-
terisation of photolysis frequencies is done according to the laws of spherical geometry,5

where the actinic flux for a given wavelength depends on the SZA θ (Levy II, 1974).
Röth (1992, 2002) introduced the following empirical formula for photolysis frequencies
which includes very large zenith angles:

J = J0·exp[b(1 − sec(cθ))], (6)

with J0 photolysis frequency for overhead sun and standard atmosphere at a certain10

altitude and empirical coefficients b and c which are tabulated for all species of in-
terest. In E39/C we modify and split this fit to account for the interactively calculated
atmospheric quantities like ozone columns and reflection from clouds by adopting the
J-value at SZA 87.5◦ obtained in Landgraf and Crutzen (1998) multiplied with a correc-
tion function:15

J>87.5 = J87.5·Fcorr (7)

with

Fcorr = exp[19.09bi(1 − θ
87.5

)]. (8)

The empirical coefficients bi are species dependent and listed in Table 1. For SZAs
between about 70◦ and 90◦ for the airmass factor d(θ) used in photolysis calculation20

an empirical correction for the curvature of the atmosphere based on the Chapman-
function is applied (e.g. Lacis and Hansen, 1974):

d (θ) =
35√

1224 cos2 θ + 1
. (9)
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For smaller SZAs this formula converges to 1/ cosθ.
This technique allows to calculate the photolysis rates online in a realistic atmo-

spheric state, in which the SZA is time dependent.

2.3. Model experiments

Two timeslices representing atmospheric conditions for the early 1990s have been5

used, namely, a control scenario including SZAs up to 93◦ (SZA93) and a sensitivity
simulation which does not consider SZAs greater than 87.5◦ (SZA87.5) (see Sect. 2.2).
Each timeslice has been integrated over 24 years under steady state conditions with
the first four years taken as spin-up. For both model simulations, climatological mean
sea surface temperatures (SST) are prescribed from observations for the years 197910

to 1994 (Gates, 1992). In addition, natural and anthropogenic NOx emissions are fixed
at the surface. At the model top, mixing ratios of NOy and ClX (=ClOx + ClONO2 +
HCl) are prescribed to account for higher altitude chemistry above the upper boundary.
Moreover, mixing ratios for the most relevant greenhouse gases CO2, CH4, and N2O
are fixed for each scenario. They are specified according to observations for the year15

1990. The specific boundary conditions are summarised in Table 2.

3. Discussion of results

3.1. Changes of photolysis frequencies

Neglecting high SZAs is associated with less photons at the day-night transition and in
particular with a delay of daytime chemistry at the end of the polar night with significant20

effects for the destruction of ozone in the polar lower stratosphere. The photolysis of
heterogeneously formed Cl2 at large SZAs after polar night initiates the catalytic ozone
destruction by chlorine. Ozone depletion rates are highly related to the photolyis rates
of Cl2O2 (→ O2 + 2Cl).
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Figure 1 shows the absolute values of the photolysis frequencies of Cl2O2 for a sin-
gle model year at 50 hPa of the simulation SZA93. The structure of this field obviously
reflects the importance of ozone as the dominant absorber: the photolysis frequen-
cies are enhanced southward of 60◦S between October and November (more than
1.2·10−3 s−1), when ozone column values are still small and actinic fluxes differ signifi-5

cantly from zero. Including SZAs higher than 87.5◦ leads to changes in the photolysis
frequencies of Cl2O2 as is displayed in Fig. 2 for the 50 hPa level. As expected, the
most obvious changes are detected at the edge of the polar night (up to 0.6·10−4 s−1)
in both hemispheres (approx. 10%). Absolute differences of the same order of magni-
tude are found in the Southern Hemisphere in the polar region at the end of November,10

which is about 5%. This indicates enhanced actinic fluxes at that time due to reduced
ozone (see Sect. 3.2).

3.2. Change of ozone

3.2.1. Ozone columns

In order to evaluate the impact of twilight on upper tropospheric and lower stratospheric15

chemistry, we first compare the results of the climatological mean total ozone averaged
over 20 simulated years including solar zenith angles up to 93◦ (SZA93) (Fig. 3) to the
values of a simuation that only considered SZAs up to 87.5◦ (SZA87.5) (Fig. 4). Fig-
ure 5 shows the differences between the modelled climatological mean total ozone
fields (SZA93-SZA87.5). In the southern mid- and high latitudes between 40◦S and20

90◦S the largest ozone difference values are simulated. These differences are sta-
tistically significant due to the relative low inter-annual variability (Fig. 6). The ozone
reduction is strongest between September and November due to the photon surplus
in SZA93. The maximum differences are found in the core region of the polar vortex.
At the end of September approximately 30 Dobson Units (DU) less ozone are found in25

the SZA93 case. This corresponds to a maximum reduction of the ozone column over
the south polar region of about 20% in the SZA93 run in comparison to the SZA87.5
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simulation. Additionally, a closer inspection of Figs. 3 and 4 shows that in the SZA93
case a faster ozone depletion is detected in August and September. The ozone hole
(i.e., first detection of total ozone values less than 220 DU) appears approximately 2
weeks earlier than in the SZA87.5 run. The lifetime of the ozone hole is about one
week longer in the SZA93 run.5

In the Northern Hemisphere total ozone is moderately increased by about 2% to 4%
between February and the middle of March. Due to the high inter-annual dynamic vari-
ability of the Northern Hemisphere polar stratosphere (Fig. 6), however, the changes
are not statistically significant in this region. Hence the Arctic climatological mean
ozone column is only slightly affected by high SZAs. This does not principally exclude10

that individual cold Northern Hemisphere model winters experience similar high SZA
effects as is generally found in the Southern Hemisphere, i.e., enhanced ozone deple-
tion caused by an earlier sunrise (consideration of twilight photochemistry). Rex et al.
(2003) showed, that photochemical box model calculations cannot fit observed ozone
loss rates during cold Arctic Januaries. There are hints that the missing ozone loss15

mechanism is most important at high SZAs and low temperatures.
In tropical regions, as well as in midlatitudes only small changes occur due to higher

SZAs. The differences in these regions are about 1% (approximately 3 DU) of the total
ozone column, they are statistically not significant. This can be explained considering
the mean ozone value of about 275 DU per year in the tropics and the very low inter-20

annual dynamic variability in these regions (Fig. 6).

3.2.2. Zonal mean ozone difference

To investigate the modelled ozone changes due to high SZAs in more detail, differences
of zonal mean ozone mixing ratios are presented in Fig. 7 showing changes for January,
April, July, and October. Nearly no changes of ozone mixing ratios are calculated25

below 150 hPa, most of the differences occur in the stratosphere. Ozone mixing ratios
significantly decrease during southern spring at levels between 100 hPa and the model
top. In SZA93, additional ozone decreases are mainly detected inside the polar vortex
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(south of ∼65◦ S). At the centre of the polar vortex, between 70 hPa and 10 hPa an
ozone reduction of more than −500 ppbv is found in October. As already noted, sun
rays enter the model atmosphere region between 65◦S and the South pole earlier in
spring in SZA93 than in SZA87.5. The photon surplus at the edge of the polar night is
responsible for the increased ozone destruction (see Sect. 3.1).5

At midlatitudes and in the tropical regions, ozone decreases are larger at the upper
model levels than at lower levels. Ozone differences up to −50 ppbv are simulated in
January between 60◦ S and 10◦ S and between 30 hPa and 10 hPa. Because of the
ozone reduction at the upper model levels, more sunlight penetrates down to lower
atmospheric layers which has an impact on dynamics (temperature) and chemistry.10

Ozone differences are small in the equatorial regions. In April and July, ozone con-
centrations are larger in SZA93 by about 20 ppbv in comparison to SZA87.5. This is
probably due to a slightly distinct circulation pattern producing small differences in the
climatological mean ozone distributions in both model experiments (Sect. 3.3).

The Arctic stratosphere shows some modifications in ozone mixing ratios, however,15

these changes are mostly not statistically significant due to the high dynamic inter-
annual variability of the Northern Hemisphere (Fig. 6). The described ozone changes
caused by considering high SZAs are due to dynamical and chemical effects. In the
next two sections we will quantify some of these effects in the applied CCM.

3.3. Change of dynamics20

Statistically significant temperature differences between the SZA93 and the SZA87.5
simulations are mainly found in the extra-tropical Southern Hemisphere lower strato-
sphere (between 10 and 100 hPa). Figure 8 shows the differences for the 50 hPa
pressure level. The largest values occur during polar spring (up to −4 K) indicating that
the SZA93 simulation produces colder conditions there. Near the edge of the Southern25

Hemisphere polar vortex the SZA93 run shows a cooling between −0.5 K and −1 K.
These temperature differences can be easily related to the detected changes of the
ozone column between the two model runs discussed in the last two sections (Fig. 5).
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In SZA93, the stratosphere is colder in regions with reduced ozone columns with re-
gards to the SZA87.5 run. In the Northern Hemisphere, higher temperatures are found
in the SZA93 case in later winter and early spring in the polar region due to the increase
of total ozone. As mentioned before, these differences are statistically not significant
due to the high dynamic inter-annual variability in this time of the year and region.5

Therefore, these temperature differences are fortuitous and cannot be interpreted. The
increase of the ozone column in the tropics in the SZA93 run (i.e., about 2 DU in May
and June, cf. Fig. 6) produces a warming of approximately 0.7 K. Although these dif-
ferences are small they are statistically significant because the inter-annual variability
in the equatorial region is very small (see also Fig. 6).10

The differences in the temperature fields result in corresponding differences in the
mean zonal wind fields (not shown). However, these are statistically not significant,
neither in the Southern nor in the Northern Hemisphere. For example, the Southern
Hemisphere polar night jet is stronger in the SZA93 simulation by about 2 m/s. In
the Northern Hemisphere, the wintertime stratospheric polar vortex is weaker (about15

−2 m/s) in SZA93. These results are consistent with the formerly discussed ozone and
temperature differences.

Altogether it can be summarised that the mean climatological temperature conditions
are clearly different in the polar Southern Hemisphere. This has a strong impact on the
temperature-dependent chemistry, in particular on the formation of polar stratospheric20

clouds (PSCs) and thus the ozone destroying heterogeneous chemical processes (see
Sect. 3.4).

3.4. Change of chemistry

To estimate the importance of considering SZAs greater than 87.5◦ on stratospheric
chemistry in a fully coupled 3D CCM, some chemical species have been analysed25

which are especially relevant for polar chemistry. In the following, we concentrate on
Southern Hemisphere winter and spring conditions where the differences of clima-
tological mean fields between the two model simulations are most obvious. For an
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appropriate presentation of the results, the zonal mean values derived from the stan-
dard coordinate system are transformed to a description employing equivalent potential
vorticity (PV) coordinates (e.g. Butchart and Remsberg, 1986; Manney et al., 1994).

As shown in the previous section, stratospheric temperatures are reduced if SZAs
up to 93◦ are considered. Main temperature differences between the SZA93 run and5

the SZA87.5 simulation are found in springtime inside the polar vortex. This favours the
formation of PSCs in the SZA93 run. In this region the conditions are most favourable
for heterogenous chemistry on PSC surfaces during the polar night. Figures 9 and
10 show the differences of PSC I and II mixing ratios between the two simulations at
50 hPa. Obviously, a statistically significant increase of NAT and ice particles can be10

found in SZA93 reflecting the differences in temperatures. Both figures illustrate that
the enhancement is firstly seen at the inner edge of the polar vortex in mid-winter.
Maximum differences are shifted towards higher latitudes with time with the size of the
polar vortex becoming smaller.

The photon surplus increases the photolysis of chlorine products (Cl2, HOCl, and15

ClONO2) in SZA93. ClO and Cl radicals are released and enhance the destruction
of ozone through catalytic reactions. Figure 11 shows the differences in ClOx at
the 50 hPa pressure level. An enhanced activation of chlorine is found inside the
polar vortex between July and November. Maximum difference values are about
0.5 ppbv, these differences are statistically significant. An exception is found in the20

core region of the polar vortex in the second half of October where a decrease of ClOx
(up to −0.3 ppbv) is detetected in the SZA93 run. This behaviour can be explained
considering the related differences of ClONO2 and HCl which are displayed in Figs. 12
and 13. Reduced ClONO2 mixing ratios are found in the SZA93 run inside the polar
vortex between mid October and mid November while HCl is increased there. (The25

collar of ClONO2 is enhanced in the SZA93 simulation, as expected.) The chemical
reaction Cl + O3 → ClO + O2 determines the rate of formation of ClONO2: if only little
ozone (0.5 ppbv or less) is available, less chlorine monoxide (ClO) is produced which
can be transformed to ClONO2 (ClO + NO2 + M → ClONO2 + M). In this case, an
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increased formation of HCl is found (Cl + CH4 → HCl + CH3). Thus, the chlorine atoms
formed by the photolysis of Cl2 and Cl2O2 after mid October do not primarily react with
ozone, but with methane increasing HCl. This model behaviour is in agreement with
box model calculations and HALOE observations (Grooß et al., 1997).

5

4. Conclusions

The current sensitivity study with a fully coupled CCM has shown that photolysis reac-
tions during twilight have a non-negligible impact on the lower stratosphere, although
the actinic fluxes for SZAs greater 87.5◦ are small. Considering climatological mean
values, statistically significant effects on the chemistry and dynamics of the lower10

stratosphere are mainly found in higher latitude regions of the Southern Hemisphere
during winter and spring. Due to the high dynamic variability of the Northern Hemi-
sphere stratosphere, similar effects cannot be detected there. Certainly, in individual
cold Northern Hemisphere winter periods with a stable polar vortex analogous results
would be obtained. The detected changes of dynamic and chemical values in the trop-15

ics and mid-latitude regions can be neglected.
In E39/C, the small surplus of photons for SZAs greater 87.5◦ produces a differ-

ent climatological mean ozone distribution. In the SZA93 run, ozone destruction is
stronger, particularly at the edge of the polar night. The maximum effect is found near
the South Pole in spring. Due to reduced ozone concentrations, less UV radiation is20

absorbed in SZA93. This cools down the lower stratosphere, causing an increased for-
mation of PSCs. Consequently, heterogeneous chemical reactions on PSC particles,
subsequent chlorine activation, and ozone destruction are intensified. In the Southern
Hemisphere, this results in a total additional reduction of the climatological mean total
ozone column of approximately 20% and an extension of the “ozone hole season” of25

about three weeks.
This study is the first assessment using a 3D CCM to quantify the effects of high
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SZAs on the dynamics and chemistry of the lower stratosphere. It shows that the
photolysis for SZAs greater 87.5◦ is relevant especially in polar regions and cannot be
neglected for simplicity reasons as partially done in other CCMs.
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Table 1. The coefficients bi of Eq. (7) for the different species (channels), grouped by wave-
length region most important for photolysis.

bi species region

1 O3(→O(3P)), NO2, NO3 UV-A or visible
1.3 ClONO2, Cl2O2 UV-A
1.4 HOCl near UV-B
1.5 CH2O(M), N2O5, HNO4, CH3O2H UV-B

2 CH2O(R), H2O2 UV-B
3 O3(→O(1D)) far UV-B
4 HNO3 far UV-B
5 O2, CFC-11, CFC-12, CCl4, CH3Cl,

CH3CCl3, HCl, H2O, CO2, N2O, NO UV-C
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Table 2. Mixing ratios of greenhouse gases, inorganic chlorine, and NOx emissions of different
natural and anthropogenic sources for the “1990” simulations (i.e., the SZA87.5 and the SZA93
run, respectively).

CO2 (ppmv) 353
CH4 (ppmv) 1.69
N2O (ppbv) 310
Cly (ppbv) 3.4
NOx lightning (Tg(N)/year) 5.3
NOx air traffic (Tg(N)/year) 0.6
NOx surface (total) (Tg(N)/year) 33.1
NOx surface (industry, traffic) 22.6
NOx surface (soils) 5.5
NOx surface (biomass burning) 5.0
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Fig. 1. Photolysisfrequenciesof Cl ¬ O¬ [10 · © s· ¯ ] at 50 ¸�¹»º in
SZA93. Shadedareasindicatepolar night. Lettersat the x-axis
denotethebeginningmonths.

www.atmos-chem-phys.org/0000/0001/ Atmos.Chem.Phys.,0000,0001–21,2003

Fig. 1. Photolysis frequencies of Cl2O2 [10−3 s−1] at 50 hPa in SZA93. Shaded areas indicate
polar night. Letters at the x-axis denote the beginning months.
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Fig. 2. Differences in photolysis frequencies of Cl2O2 [10−4 s−1] at 50 hPa between SZA93 and
SZA87.5. Positive differences indicate higher photolysis frequencies in SZA93.
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Fig. 3. Modelled climatological zonal mean total ozone (in Dobson Units, DU) taking in account
SZAs up to 93◦ (SZA93). The model results are averaged over 20 simulated years.
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Fig. 4. Same as in Fig. 5, but considering SZAs up to 87.5◦ only (SZA87.5).
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Fig. 5. Changes of total ozone (in DU) between SZA93 and SZA87.5. Negative (positive)
values indicate lower (higher) values in SZA93. Dark (light) shaded areas indicate the 99%
(95%) significance level (t-test).
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Fig. 6. 1-sigma standard deviation of total ozone (in DU), which is equal in both simulations.
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(ÕqÕ-Ö × ) dependingon altitudeandlatitudefor January, April, July,
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significancelevel (t-test).Isolinesareplottedonalogarithmicscale:
-500,-200,-100,-50,-20,-10,0, 10,20,50,100.
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Fig. 7. Changes of climatological zonal mean ozone mixing ratios (ppbv) depending on altitude
and latitude for January, April, July, and October. Negative (positive) values indicate lower
(higher) values in SZA93. Heavy (light) shaded areas indicate the 99% (95%) significance level
(t-test). Isolines are plotted on a logarithmic scale: −500, −200, −100, −50, −20, −10, 0, 10,
20, 50, 100.
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Fig. 8. Changesof climatologicalmeantemperatures(K) at50 ¸�¹»º
betweenSZA93andSZA87.5. Negative (positive) valuesindicate
lower(higher)valuesin SZA93.Heavy (light) shadedareasindicate
the99Ù (95Ù ) significancelevel (t-test).
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Fig. 8. Changes of climatological mean temperatures (K) at 50 hPa between SZA93 and
SZA87.5. Negative (positive) values indicate lower (higher) values in SZA93. Heavy (light)
shaded areas indicate the 99% (95%) significance level (t-test).
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Fig. 9. Changesof the climatological zonal meanPSC I-NAT
(ÚqÚ�Û Ü ) at50 ¸�¹»º in theSouthernHemispherebetweenSZA93and
SZA87.5. Model dataare transformedto the PV-coordinatesys-
tem.Positive (negative) valuesindicatehigher(lower) valuesin the
SZA93 simulation. Heavy (light) shadedareasindicatethe 99Ù
(95Ù ) significancelevel (t-test).
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Fig. 9. Changes of the climatological zonal mean PSC I-NAT (ppbv) at 50 hPa in the Southern
Hemisphere between SZA93 and SZA87.5. Model data are transformed to the PV-coordinate
system. Positive (negative) values indicate higher (lower) values in the SZA93 simulation.
Heavy (light) shaded areas indicate the 99% (95%) significance level (t-test).
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Fig. 10. As Fig. 9, but for PSCII-ICE (ÚqÚ-Ý6Ü ).
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Fig. 10. As Fig. 9, but for PSC II-ICE (pptv).
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Fig. 11. As Fig. 9, but for ClO± (ÚqÚ�Û Ü ).
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Fig. 11. As Fig. 9, but for ClOx(ppbv).
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Fig. 12. As Fig. 9, but for ClONO¬ (ÞqÞ�ß à ).
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Fig. 12. As Fig. 9, but for ClONO2 (ppbv).
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Fig. 13. As Fig. 9, but for HCl (ÞqÞ�ß à ).
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Fig. 13. As Fig. 9, but for HCl (ppbv).
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