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Abstract

Changes in atmospheric ozone have occurred since the preindustrial era as a result of
increasing anthropogenic emissions. Within ACCENT, a European Network of Excel-
lence, ozone changes between 1850 and 2000 are assessed for the troposphere and
the lower stratosphere (up to 30km) by a variety of seven chemistry-climate models
and three chemical transport models. The modeled ozone changes are taken as input
for detailed calculations of radiative forcing.

When only changes in chemistry are considered (constant climate) the modeled
global-mean tropospheric 0zone column increase since preindustrial times ranges from
7.9DU to 13.8 DU among the ten participating models, while the stratospheric column
reduction lies between 14.1 DU and 47.9DU in the models considering stratospheric
chemistry. The resulting radiative forcing is strongly dependent on the location and
altitude of the modeled ozone change and varies between 0.26 Wm™ and 0.53 Wm™2
due to ozone change in the troposphere and -0.25 Wm™2 and +0.12 Wm™2 due to the
stratospheric ozone change.

Changes in ozone and other greenhouse gases since preindustrial times have al-
tered climate. Six out of the ten participating models have performed an additional
calculation taking into account both chemical and climate change. The isolated effect
of climate change is an enhancement of the tropospheric ozone column increase in all
models, ranging from 1% to 37%, while the stratospheric reduction becomes slightly
less severe in most models. In the three climate-chemistry models with detailed tro-
pospheric and stratospheric chemistry the inclusion of climate change increases the
resulting radiative forcing due to tropospheric ozone change by up to 0.08 Wm™2, while
the radiative forcing due to stratospheric ozone change is reduced by up to 0.14Wm™2.

Considering tropospheric and stratospheric change combined, the total ozone col-
umn change is negative while the resulting net radiative forcing is positive.
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1. Introduction

Tropospheric ozone concentrations have increased since the preindustrial era due to
anthropogenic emissions of ozone precursors, such as nitrogen oxides (NO,), car-
bon monoxide (CO), methane (CH,), and non-methane hydrocarbons (NMHC) (Bo-
jkov, 1986; Volz and Kley, 1988; Marenco, 1994). Numerous model studies quantifying
this ozone increase have been published (e.g. Berntsen et al., 1997; Stevenson et al.,
1998; Mickley et al., 1999; Hauglustaine and Brasseur, 2001; Shindell et al., 2003;
Wong et al., 2004; Lamarque et al., 2005). In the stratosphere, ozone depletion has
occurred during the last few decades primarily through catalytic cycles involving chlo-
rine and bromine species, both of which have been enhanced by human activity (WMO,
2003).

Ozone plays a central role in the radiative budget of the atmosphere through its
interaction with both shortwave (SW) and longwave (LW) radiation and its chemical
influence on other radiatively active trace gases such as methane and HCFCs. Ra-
diative forcing is usually defined as the imbalance in radiative flux at the tropopause
resulting from a perturbation in the atmosphere, in order to determine the relative im-
portance of different greenhouse gases and aerosols to climate. Connected with the
absorption of solar SW radiation and the absorption and emission of LW radiation, re-
ductions in lower stratospheric ozone imply a positive SW and a negative LW radiative
forcing, while tropospheric ozone increases lead to a positive radiative forcing in both
the SW and LW spectral regions. Several publications have established the strong de-
pendence of radiative forcing on the altitude (Wang and Sze, 1980; Lacis et al., 1990;
Forster and Shine, 1997; Hansen et al., 1997) and the horizontal distribution (Berntsen
et al., 1997) of the ozone change. There are inadequate observations of the changes
in tropospheric ozone on a global scale, even for recent decades, and this necessi-
tates the use of models to estimate the changes. As ozone exhibits a highly spatially
inhomogeneous distribution, 3-D atmospheric models have been applied to estimate
its global radiative forcing. In the past, several calculations of radiative forcing due to
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tropospheric ozone increase since the preindustrial era have been published (e.g. Kiehl
et al.,, 1999; Berntsen et al., 2000; Hauglustaine and Brasseur, 2001; Mickley et al.,
2001). Chapter 6 of the IPCC Third Assessment Report (IPCC-TAR) (Ramaswamy et
al., 2001) reports a radiative forcing of 0.35+0.15Wm™ for the period 1750 to 1998,
ranking ozone as a climate forcing gas in third place after carbon dioxide and methane.

Radiative forcing owing to ozone loss in the lower stratosphere has been studied,
for example, by Forster (1999), Kiehl et al. (1999), and Myhre et al. (2001), and is a
complex balance between the negative LW and the positive SW contributions. The
IPCC-TAR estimates the net radiative forcing due to stratospheric ozone loss since
preindustrial times at —0.15+0.1 Wm™2. Unlike the tropospheric ozone forcing calcula-
tions, these estimates have been mostly derived from observed ozone changes.

Chemistry-climate feedback mechanisms have been discussed in various publica-
tions (e.g. Granier and Shine, 1999; Grewe et al., 2001a; Isaksen et al., 2003; Steven-
son et al., 2005a). Major identified feedback mechanisms include the change of chem-
ical reaction rates due to temperature change, the enhanced photochemical destruc-
tion of tropospheric ozone related to increased humidity, changes in lightning emis-
sions, and possibly further stratospheric ozone depletion due to enhanced heteroge-
neous processing in a cooling stratosphere. Climate change may also alter the gen-
eral circulation of the atmosphere and dynamical processes on smaller scales, such
as boundary layer ventilation, convection activity, and stratosphere-troposphere ex-
change. These considerations suggest that climate change should be considered in
model studies of ozone change over long periods of time.

Within Integrating Activity 3 of the European Network of Excellence, ACCENT (‘At-
mospheric Composition Change: the European NeTwork of excellence’), a large num-
ber of research groups involved in 3-D atmospheric modeling have been invited to
participate in two comprehensive assessments of atmospheric composition change.
While most of the studies performed within this effort focus on tropospheric composi-
tion change to be expected for the near future (year 2030) (e.g. Dentener et al., 2005";

1Dentener, F., Stevenson, D., Ellingsen, K., van Noije, T., Schultz, M., Amann, M., Atherton,
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Stevenson et al., 2005b2) the study presented in this paper deals with ozone change
since preindustrial times in the troposphere and the lower stratosphere. The main idea
and novelty is to include both tropospheric and stratospheric chemistry and to account
for climate change, including couplings between chemistry and climate, in a multi-
model study. Time-slice model simulations have been carried out for the years 1850
and 2000, yielding ozone change that is taken as input for detailed radiative transfer
calculations. The applied models greatly differ in transport and chemistry schemes,
parameterizations of sub-scale processes and microphysics, and meteorological data.
Some of the models take into account climate change, while others use the same me-
teorology for both time slices. Some of the models include detailed chemistry for both
the troposphere and the stratosphere, while others focus on the troposphere only.

The spatial distribution of radiative forcing is calculated for the ten sets of model
data by three different radiative transfer models developed at the Universities of Oslo,
'Aquila, and Reading, respectively, distinguishing between the LW and SW contribu-
tions. For comparison, we also present results from a similar study that has been
made at Harvard University based on ozone changes calculated by the Harvard-GISS

C., Bell, N., Bergmann, D., Bey, |., Bouwman, L., Butler, T., Cofala, J., Collins, B., Drevet,
J., Doherty, R., Eickhout, B., Eskes, H., Fiore, A., Gauss, M., Hauglustaine, D., Horowitz, L.,
Isaksen, I., Josse, B., Lawrence, M., Krol, M., Lamarque, J. F., Montanaro, V., Miller, J. F,
Peuch, V. H., Pitari, G., Pyle, J., Rast, S., Rodriguez, J., Sanderson, M., Savage, N., Shindell,
D., Strahan, S., Szopa, S., Sudo, K., Wild, O., and Zeng, G.: Global air quality for the next
generation, Geophys. Res. Lett., under review, 2005.

2Stevenson, D. S., Dentener, F. J., Schultz, M. G., Ellingsen, K., van Noije, T. P. C., Wild, O.,
Zeng, G., Amann, M., Atherton, C. S., Bell, N., Bergmann, D. J., Bey, |, Butler, T., Cofala, J.,
Collins, W. J., Derwent, R. G., Doherty, R. M., Drevet, J., Eskes, H. J., Fiore, A. M., Gauss, M.,
Hauglustaine, D. A., Horowitz, L. W., Isaksen, I. S. A., Krol, M. C., Lamarque, J.-F., Lawrence,
M. G., Montanaro, V., Mlller, J.-F., Pitari, G., Prather, M. J., Pyle, J. A., Rast, S., Rodriguez,
J. M., Sanderson, M. G., Savage, N. H., Shindell, D. T., Strahan, S. E., Sudo, K., and Szopa,
S.: Multi-model ensemble simulations of present-day and near-future tropospheric ozone, J.
Geophys. Res., under review, 2005b.
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chemical transport model.

In the following section we briefly describe the participating atmospheric composi-
tion models, evaluate their ability to model ozone for the year 2000, and present mod-
eled ozone change since preindustrial times. In Sect. 3 we present the results of the
radiative transfer calculations, followed by concluding remarks and suggested future
directions in Sect. 4.

2. Atmospheric composition change
2.1. Description of models

We have used seven coupled chemistry-climate models (CCMs) and three chemical
transport models (CTMs) to calculate atmospheric composition change since the prein-
dustrial era (1850). The main features of these models are summarized in Table 1. The
horizontal resolution is highly variable between the models, ranging from a Gaussian
T42 grid (2.8°x2.8°) to a regular grid of 10° latitude x 22.5° longitude. Also, the ver-
tical resolutions vary among the models and with altitude, and the upper boundaries
range from 100 hPa (~16 km) to 0.004 hPa (~85km). The CTMs use meteorological
data either from their underlying GCM (STOCHEM_HadAM3) or from European Centre
for Medium-range Weather Forecasts (ECMWF) data (UIO_.CTM2 and FRSGC_UCI),
while the CCMs calculate the model meteorology on-line and account for couplings
between climate and radiatively active chemical species and/or aerosols to different
degrees of complexity. A large variety of transport and convection schemes is used,
which are described in detail elsewhere (see references in Table 1). All models inte-
grate tropospheric ozone chemistry, but with varying comprehensiveness, especially
with regard to non-methane hydrocarbon chemistry. In the stratosphere, four mod-
els apply comprehensive chemistry schemes (ULAQ, DLR_E39C, NCAR_MACCM, and
UIO_CTM2). In CHASER, stratospheric ozone trends are prescribed using the method
of Randel and Wu (1999) with effective equivalent stratospheric chlorine loadings cor-
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responding to the specifications of this experiment (see Sect. 2.2). FRSGC_UCI uses
linearised ozone chemistry following Mc Linden et al. (2000). The other models pre-
scribe or nudge ozone based on climatological data.

Detailed evaluations of the models used in this study are found in the scientific lit-
erature (see references in Table 1). For this study an evaluation has been made for
zonal-mean ozone against the Fortuin and Kelder (1998) ozone climatology (hereafter
referred to as FK98), which is based on ozonesonde and satellite measurements made
between 1980 and 1991. Although the number of ozonesonde stations used in FK98
is quite limited and its considered time period is up to 20 years before the year 2000,
FK98 appears to be the best available climatology for multi-model evaluations focusing
ozone in the upper troposphere and lower stratosphere on a global scale.

Zonal-mean ozone distributions along with the relative deviations for each model
are displayed in Fig. 1. For the year 2000 simulation the models were allowed to use
their own, well-tested, emissions. This approach allows for a better judgement of the
current uncertainty within the model community. The ozone mixing ratio modeled for
the year 2000 (Fig. 1a) amounts to a few tens of ppbv at the surface and increases
with altitude. In low latitudes, vertical transport of relatively low ozone air through
convection and advection deflects the ozone contour lines upwards. Differences among
the models are explained not only by differences in the chemistry modules, but also in
long range transport from the main emission sources into remote areas, where ozone
production is more efficient. Following the pattern of emissions, surface ozone is a
maximum in mid- to high northern latitudes, amounting to 30-50 ppbv on a zonal and
annual mean. Monthly-mean distributions (not shown) show maxima in surface ozone
exceeding 90 ppbv during the summer season in the polluted regions of the North-
Eastern United States, Europe and the Far-East connected with industrial emissions,
and over Central Africa connected with biomass burning.

By and large, the comparison with the FK98 observational data set reveals relatively
good simulations of the global scale chemical features of the current atmosphere ev-
idenced by ozone (Fig. 1b). Part of the deviations may be explained by the fact that
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some models use meteorological data for one specific year (e.g. 2000), while FK98
represents a climatology typical of the period 1980-1991. Furthermore, the time lag
between the 1980s and the year 2000 implies that FK98 does not account for the
additional ozone depletion that occurred during the 1990s (WMO, 2003). This partly
explains the lower ozone mixing ratios in the models ULAQ, DLR_E39C, and CHASER
in the stratosphere in high latitudes.

Local maxima in the deviation are also seen in the tropical tropopause region, which
is largely influenced by convective processes. Convection, in turn is treated differently
by the models, which contributes to the different behavior of the models in that region.
Also, small shifts in the tropopause height lead to large relative deviations in the zonal
mean distribution in the upper troposphere/lower stratosphere region. Shifts in the
tropopause height can solely arise from systematic biases in the dynamics (e.g. tem-
perature cold bias). Generally, an intercomparison relative to the tropopause height re-
veals a better representation of tropospheric and stratospheric simulated ozone (Grewe
et al., 2001b). In order to avoid misleading interpretations, we concentrate here on re-
gions with a more uniform dynamical characterization. The tropical tropospheric ozone
(0-12km, 20° N-20° S) is simulated within £40% by all models in comparison to FK98.
Most of the models show a smaller ozone mixing ratio with a deviation ranging from
—-20 to -30% (ULAQ, NCAR_MACCM, STOCHEM_HadGEM1, UM_CAM, LMDzINCA,
STOCHEM_HadAMS3, and FRSGC_UCI) and some a higher ozone mixing ratio typi-
cally in the range of 20% to 40% (DLR_E39C, CHASER, UIO_CTM2). All models show
a higher near-surface ozone concentration near the equator, which differently extends
to higher altitudes. The Northern Hemisphere extra-tropical troposphere (45° N-90° N,
0-8km) is simulated within £30% (ULAQ and DLR) and £10-20% (all other models),
generally being in better agreement than in the tropical region. However, there are a
number of limitations to this intercomparison. Firstly, the low-latitude surface measure-
ments are made primarily in remote areas rather than in the most prominent biomass
burning areas, which may account for the systematic higher modeled ozone values.
Secondly, the horizontal pattern of the emissions is not changing with time, except for
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the seasonal cycle for biomass burning and represents in most cases a specific year,
which cannot correctly represent the respective time period of the FK98 observational
dataset. Furthermore, the simulated general circulation is partly driven by sea surface
temperatures, which are fixed to climatology in the models. This affects the NAO index,
El Nino phenomenon, and other meteorological features, which in turn characterize
long-range transports and thus atmospheric composition. Taking these limitations into
account an agreement between modelled and observed ozone concentrations better
than generally 20-40% cannot be expected. In conclusion it can be said that based
on the measurement data used here it is not possible to rank the models in terms of
quality.

2.2. Experimental setup

Changes in tropospheric ozone since the 19th century have been driven mainly by in-
creasing anthropogenic emissions of NO,, CH,, CO, and NMHCs, while stratospheric
ozone depletion during the last three decades has been connected with increasing
chlorine and bromine levels resulting from the use of CFCs, HCFCs, and halons. Cli-
mate change since preindustrial times has in part been caused by anthropogenic emis-
sions of the greenhouse gases carbon dioxide (CO,), CH,, nitrous oxide (N,O), and
CFCs, and by changes in ozone.

For this study it was decided that all models use their own emission inventories for the
year 2000 simulations (see Table 2), as these inventories are well-tested for each model
to simulate present-day atmospheric composition and are used in other publications
of the respective model groups in the scientific literature. Year 2000 concentrations
of N,O, CH,, and CO, were chosen by the modelers. For the 1850 simulations, all
anthropogenic emissions of NO,, CH,, CO, and NMHCs were switched off. Biomass
burning emissions were reduced by 90%, a common assumption also used in earlier
experiments (Mickley et al., 1999; Shindell et al., 2003; Wong et al., 2004). CH, and
N,O were set to values of 791.6 ppbv and 273.8 ppbv, respectively, while CO, levels
were chosen by the modelers (see Table 2). In all models that include chlorine and
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bromine chemistry, tropospheric mixing ratios of CFCs, HCFCs, and halons were taken
from WMO (2003) for the 2000 simulations and set to zero in the preindustrial runs.
CH3Cl and CH5Br were set to 550 and 6 pptv, respectively, in both the 2000 and 1850
simulations. An exception is ULAQ, which used 9.3 pptv for CH4Br in the year 2000
simulation.

Sea surface temperatures (SSTs) to be used in the CCMs were taken from pre-
scribed data. ULAQ used a 1960-1970 SST average from Hadley Centre data for the
1850 simulation subtracting 0.3K everywhere. For the year 2000 climate, a 1960—
2020 SST average from Hadley Center data was used. The DLR_E39C model applied
10-year averages from the MPI-Hamburg coupled ocean-atmosphere general circu-
lation model (ECHAMS5-OM) simulations. NCAR applied data from Parallel Climate
Model simulations described by Washington et al. (2000), whereas LMDzINCA used
SSTs based on Rayner et al. (1996). STOCHEM_HadGEM1 used AMIP-II datasets for
the present day climate, while for the preindustrial simulation the model applied data
from a long term integration of the Hadley Centre HadCM3 coupled atmosphere-ocean
climate model. Also UM_CAM applied data from a Hadley Centre coupled ocean-
atmosphere general circulation model simulation for the pre-industrial run (C. E. John-
son, private communication), while the data for the year 2000 simulation was taken
from a model simulation similar to that of Cox et al. (2000), prescribing the level of atmo-
spheric CO, according to the I1S92a scenario (Pepper et al., 1992). Finally, CHASER
used HadSST data for its preindustrial and present runs.

With respect to stratospheric change since 1850, the models can be divided
into four groups related to the different model set-ups described in the previ-
ous section. Models with detailed stratospheric chemistry (ULAQ, DLR_E39C,
NCAR_MACCM, and UIO_CTM2) let the stratosphere respond freely to changing
ozone precursors and ozone depleting substances. Simplified calculations were used
in STOCHEM_HadGEM1 and CHASER (based on the method of Randel and Wu,
1999) and FRSCG (linearized ozone based on McLinden et al., 2000). UM_CAM,
STOCHEM _HadAMS3, and LMDzINCA did not calculate stratospheric change explicitly.
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The scenarios defined for this study are listed in Table 3. The year 2000 simulation is
labeled ‘scenario 2’. A variety of scenarios was defined for 1850 in order to distinguish
between contributions from changes in ozone precursors, ozone depleting agents, and
climate. Scenario 1 aims at modeling the 1850 atmosphere as closely as possible, tak-
ing into account couplings between atmospheric chemistry and climate, both of which
are intended to correspond to preindustrial conditions. By contrast, scenarios 1a, 1b,
and 1c use present climate. 1c uses preindustrial emissions, while scenarios 1a and
1b use, respectively, only preindustrial CI/Br levels or only preindustrial ozone precur-
sor levels. The difference ‘2 minus 1c¢’ thus represents the chemical change due to
increases in anthropogenic emissions, while the difference 2 minus 1’ includes both
chemical change and climate change. The differences 2 minus 1a’ and 2 minus 1b’
focus on the isolated effects of changes in ozone depleting substances and changes in
ozone precursors, respectively. Scenario 1d was defined for CCMs that do not account
for changes in stratospheric chemistry. It assumes preindustrial climate and ozone
precursor emissions, but does not consider changes in halogen loading.

Some of the models were able to perform only subsets of the defined scenarios
(see Table 4). The CTMs could not perform scenario 1 since they do not account for
couplings between chemistry and climate. Six out of the seven CCMs models did a
pre-industrial climate simulation; five among them scenario 1 and one (UM_CAM) sce-
nario 1d, as this model calculates changes in tropospheric chemistry only. Models
without stratospheric chemistry had to simulate scenario 1b instead of 1c (LMDzINCA,
UM_CAM, STOCHEM_HadAMS3). Although the CHASER and STOCHEM_HadGEM1
models do not have comprehensive stratospheric chemistry schemes they could per-
form scenario 1c, since their methods of calculating stratospheric change take into
account changes in chlorine and bromine.

During the integrations the CTMs used the same meteorology repeatedly (year 2000)
and applied a sufficient integration length to reach stable results, while CCMs have
performed a multi-year integration with sufficient spin-up and reported means from 5
to 10 years of simulation (excluding spin-up) representing a climatology for the year to
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simulate. An exception is UM_CAM, which has reported data for a single year following
a sufficient spin-up time. All models have reported ozone changes from the surface up
to 30 km, except LMDzINCA, STOCHEM_HadGEM1, and STOCHEM_HadAMS3, which
have submitted results up to 20km, 20km, and 16 km, respectively, related to their
lower model lids.

2.3. Ozone change since preindustrial times
2.3.1. The effect of changes in chemistry

Figure 2 shows the annually averaged zonal-mean ozone change since preindustrial
times, accounting for chemical change only. This effect is represented by the differ-
ence ‘scenario 2 minus scenario 1c’. It has to be noted that not all models include
stratospheric chemistry and thus could not integrate scenario 1c. For these models
the difference 2 minus 1b’ is shown, which corresponds to ‘2 minus 1¢’ without ac-
counting for changes in stratospheric chemistry. The calculations show that there are
differences between the models as to the spatial variation of ozone increase and to
its peak magnitude. However, common to all models is a pronounced near-surface
increase in ozone in mid- to high northern latitudes, reflecting the location of the main
anthropogenic emission sources. There is some disagreement regarding the altitude
and the magnitude of the maximum ozone change, ranging from 72% in the lower tro-
posphere at about 60° North (DLR_E39C) to 176% in the free troposphere near the
equator (UM_CAM). Ozone depletion, especially in the southern lower stratosphere
is captured by all models with stratospheric chemistry, although the magnitude of the
decrease varies among the models. Qualitatively the ozone change agrees well with
observed changes (IPCC, 2001; WMO, 2003), although disagreement exists concern-
ing the magnitude and the exact location. For instance, UIO_CTM2 yields rather pro-
nounced ozone depletion in the equatorial tropopause region, while DLR_E39C seems
to underestimate ozone depletion in the Antarctic lower stratosphere.

The calculated change of ozone precursors (not shown) explains in part the dif-
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ferences in modeled ozone change. For example, the maximum annually averaged
zonal-mean increase in CO ranges from 10 ppbv in DLR_E39C to over 90 ppbv in the
NCAR_MACCM, STOCHEM HadGEM1, and UM_CAM models. The location of the
maximum increase is within the first 3km from the surface in mid to high northern lat-
itudes, with additional, but smaller, local maxima in some of the models; ULAQ and
CHASER vyield an additional local maximum in the upper tropical troposphere, while
STOCHEM_HadGEM1, STOCHEM_HadAM3, and UIO_CTM2 calculate local maxima
in the lower tropical troposphere. These differences may be connected to different con-
vective transport and will affect chemical ozone production as well. Tropospheric NO,
increases are largest at the surface in mid-northern latitudes in all models, amounting
to several hundred pptv, and then decreasing with height. The locations of the surface
maxima agree very well among the models, while their magnitudes range from about
300 pptv in the NCAR_MACCM model to 900 pptv in the STOCHEM_HadGEM1 model,
zonally and annually averaged. The models with stratospheric chemistry calculate a
pronounced increase in NO, exceeding 1 ppbv in the upper region of the domain be-
tween 25 and 30 km. This is related primarily to the increase in N,O, which is the most
important source of NO, in this altitude range.

The ozone column changes to be discussed in this section are listed in Table 5. For
these calculations the same tropopause definition is used for each model. It is based
on NCEP reanalysis data and is also applied in the radiative forcing calculations to be
discussed in Sect. 3.

Figure 3 shows the increase in the global annual-mean ozone column calculated for
the troposphere and the lower stratosphere separately, based on the values given in
Table 5. When taking into account chemical change only and regarding tropospheric
ozone column increase (blue bars in Fig. 3a) the ten models agree rather well with a
mean increase of 9.7 DU and a standard deviation of 1.7 DU. The relatively large ozone
increase in the UM_CAM model revealed in Fig. 2 is reflected in the tropospheric ozone
column as well, with an increase of almost 14 DU. Horizontal maps of tropospheric col-
umn change (not shown) reveal an increase in low and mid latitudes. In high latitudes, a
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slight decrease is seen in most models, which is probably a result of reduced downward
flux from the stratosphere following the stratospheric ozone depletion. The absence of
stratospheric chemistry change, and thus the absence of the reduction of downward
ozone flux from the stratosphere in the UM_CAM model may contribute to the relatively
high tropospheric increase in this model.

All models with stratospheric chemistry calculate a significant reduction in the strato-
spheric ozone burden. Most models group around a stratospheric ozone reduction
of 20DU between the tropopause and 30km, which seems to be reasonable, tak-
ing into account that the assumed 1850 stratospheric ozone is similar to ozone levels
in the 1970s, and the ozone column decrease between 1980 and 2000 observed by
ozonesondes and satellites between 10 and 30km is near 20DU in northern mid-
latitudes (WMO, 2003). The global mean value will be slightly higher due to the rel-
atively strong ozone depletion in high latitudes. In low latitudes no significant strato-
spheric ozone column reduction has been observed (WMO, 2003). In this respect
UIO_CTM2 seems to largely overestimate the ozone destruction, which is due to its
large ozone depletion in low latitudes, while the modelled ozone depletion in high lati-
tudes seems reasonable also for this model.

Four models have integrated scenario 1a with present climate and ozone precursors,
but with pre-industrial chlorine and bromine levels. Thus, by comparing the differences
‘2 minus 1c’, which represents both tropospheric and stratospheric chemistry change,
and ‘2 minus 1a’, which represents stratospheric chemistry change only, we can es-
timate the effect of changes in tropospheric chemistry separately. When looking at
the difference ‘2 minus 1a’ the tropospheric ozone increase is reduced in all models
compared to the difference ‘2 minus 1¢’, while stratospheric ozone depletion is slightly
more severe. For example the ULAQ model calculates a —2.6 DU tropospheric column
decrease from 1a to 2, compared to a 7.9 DU increase from 1c to 2. The reduction of
—-2.6 DU itself reflects the influence of stratospheric ozone depletion on tropospheric
ozone, the chlorine and bromine levels being the only difference between scenarios 1a
and 2. The increase of the tropospheric column change from —-2.6 DU (for 2 minus
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1a’) to 7.9 DU (for ‘2 minus 1¢’) is related to the increase in ozone precursors, which is
not included in the difference 2 minus 1a’. The stratospheric column reduction in the
ULAQ model amounts to —18.3 DU for ‘2 minus 1a’ and to —17.5DU for 2 minus 1¢’,
reflecting the influence of tropospheric ozone increase on the stratosphere. Qualita-
tively the results of the other three models allow the same conclusions, although the
strength of the effects varies.

2.3.2. The effect of changes in climate

Interactions between climate and the chemical composition of the atmosphere are
manifold and act in both directions. Changes in well-mixed greenhouse gases and
ozone have direct effects on radiative transfer, and thereby on temperature and circu-
lation. Atmospheric temperatures and circulation, in turn, affect humidity, precipitation
patterns, chemical reaction rates, stratosphere troposphere exchange (STE), bound-
ary layer ventilation, deposition velocities, etc. These processes influence atmospheric
chemistry and thus ozone and other chemically active greenhouse gases.

Regarding temperature change from pre-industrial times to present, shown in Fig. 4,
all models calculate a general cooling of the stratosphere and a warming of the tro-
posphere since preindustrial times. From radiative transfer considerations, increases
in well-mixed greenhouse gases and ozone are assumed to lead to tropospheric
warming, while in the stratosphere, increases in well-mixed greenhouse gases and
the reduction of ozone both have a cooling effect, as the increase in greenhouse
gases leads to increased emissivity of the stratosphere, and the ozone loss leads
to a decrease in solar absorption. The temperature change is thus consistent with
the changes in greenhouse gases and ozone in this experiment. An exception is
STOCHEM_HadGEM?1, which calculates a slight cooling also in the tropical tropo-
sphere. The annually averaged global-mean temperature increase in the surface
layer amounts to 1.25K (ULAQ), 1.36 K (DLR_E39C), 0.36 K (NCAR_MACCM), 0.21 K
(CHASER), 1.59K (STOCHEM_HadGEM?1), and 0.70K (UM_CAM), which is in rea-
sonable agreement with the observed value of 0.6 K (IPCC, 2003), considering that the
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models do not include the likely negative forcing due to aerosols.

Figure 5 displays ozone changes due to changes in climate represented by the dif-
ference ‘1¢c minus 1’ (or ‘1d minus 1’), as modeled by the CCMs. The three models with
detailed stratospheric chemistry, ULAQ, DLR_E39C, and NCAR_MACCM, show a quite
consistent picture. In the ULAQ model the tropospheric increase becomes larger, while
stratospheric ozone depletion becomes less pronounced, especially in high southern
latitudes, and more pronounced in the lower tropical stratosphere, which may be due
to increased meridional circulation. Qualitatively these features agree very well with
those in the NCAR_MACCM model, although the magnitudes of the signal differ. Also
the DLR_E39C model yields less ozone depletion in the upper region of the consid-
ered domain, and more depletion in the lower tropical stratosphere, while tropospheric
ozone increases. The increase in ozone seen by the three models above about 25 km
is due to a slow down of ozone destruction through gas phase chemistry, following the
cooling of these altitude regions (see Fig. 4).

The increase of ozone almost everywhere in the troposphere due to climate change
is common to all models. Areas of decreases are confined to the lower tropical tropo-
sphere, except in the UM_CAM model where the region of ozone decrease covers the
entire troposphere between about 15°S and 15° N. Relatively small signals from cli-
mate change are seen in the CHASER model. As far as the stratosphere of CHASER
is concerned this is due to the fact that stratospheric ozone concentrations are relaxed
to the same prescribed data in the 1 and 1c scenarios.

The two feedbacks that were apparent in the study of Stevenson et al. (2005a) are
increased water vapour, reducing ozone, especially in the remote tropical lower tropo-
sphere, and enhanced STE, increasing ozone. Increased water vapor resulting from
tropospheric warming results in higher levels of OH and HO,, which are important
ozone depleting agents in the troposphere. Furthermore, the additional OH increases
HNO; formation and reduces NO,, an ozone precursor, without taking other climate
changes into account (Grewe et al., 2001a). These effects probably lead to the ozone
decrease, which is seen in the lower tropical troposphere in most models. The in-
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creased STE, which also was identified (see Collins et al., 2003; Zeng and Pyle, 2003;
Sudo et al., 2003), may cause the ozone increases seen in the upper troposphere in
the three CCMs with detailed stratospheric chemistry. In CHASER this increase is also
due to increased lightning production of NO,.

Comparison with Fig. 2 gives an estimate of the importance of climate change com-
pared to chemical change. However, the spatial distribution of the climate change sig-
nal of is determined by a complex combination of changes in transport, temperature,
and microphysical processes, and, given the small temperature signal in particular, it
is difficult to clearly identify the signal above interannual variations.

The isolated effect of climate change on total ozone is shown for the six models
that have done Scenario 1 (or 1d) in Fig. 3 by the red bars. As already suggested
by the discussion of zonal-mean ozone change, the effect of climate change on the
tropospheric ozone column is positive in all six CCMs that have made this calculation.
It is a result of the competing effects of increased humidity and increased STE. The
models of the present study appear to be more prone to the increase in STE, and, in
the case of some models, to increased NO, production from lightning. The inclusion of
climate change leads to a slightly smaller stratospheric ozone column reduction in the
models, which may add to the positive effect of STE.

2.4. Conclusions from the atmospheric composition calculations

Although the model integrations conducted for this paper point to some uncertainty
regarding the spatial pattern of ozone change, the simulated change of the globally
and annually averaged tropospheric ozone column seems to be rather robust and lies
within the range of 7.9DU to 13.8 DU, when only chemical change is taken into ac-
count. Among the models that calculate chemical change in the stratosphere (all mod-
els except STOCHEM_HadGEM1, UM_CAM, and STOCHEM_HadAMS3) the range of
tropospheric ozone change is even narrower, 7.9 DU to 9.7 DU. In the calculations ac-
counting for both chemical and climate change the tropospheric ozone increase lies
between and 9.4DU and 11.1 DU among the CCMs with detailed tropospheric and
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stratospheric chemistry. The stratospheric burden is reduced by 12.6 DU to 21.6 DU in
these models. An important finding is that the inclusion of climate change enhances
the increase in the troposphere in all models, pointing to a dominance of increased
influx of ozone from the stratosphere over the enhanced destruction of ozone due to
increased humidity in a warming troposphere. Climate change is thus an important
factor that should be taken into account in studies on long term ozone change.

Important sources of disagreement among the models calculating ozone change
were already identified in a similar study of Gauss et al. (2003) and include the differ-
ent meteorological data sets and different transport and chemistry formulations that are
applied. This also includes stratosphere troposphere exchange and other processes
occurring on a sub-grid scale, such as convection, which is represented in quite differ-
ent ways and greatly affects vertical profile of ozone and its precursors. Another source
of differences between the models is boundary layer transport, which is parameterized
in different ways and affects short-lived gases such as NO,, thus further modifying the
effect of changing emissions on ozone, particularly in the lower troposphere.

Stratospheric ozone plays an important role for the radiative budget and thus affects
climate parameters such as stratospheric temperature and circulation, which in turn
affect chemistry. Therefore, regarding CCMs in particular, modeled ozone changes in
the stratosphere are very dependent on how the couplings between chemistry change
and climate change are implemented in the models.

3. Radiative transfer calculations

The ozone changes discussed in the previous section are used as input for detailed
radiative forcing calculations. Sections 3.1 and 3.2 will present and discuss radiative
forcing calculations made by the University of Oslo radiative transfer model (‘UiO-RTM’)
based on tropospheric and stratospheric ozone change, respectively. In order to allow
for an estimate of the uncertainty related to radiative transfer calculations, additional
radiative transfer models were invited to do the calculation. Section 3.3 will deal with
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results from the University of Reading and University of I'’Aquila radiative transfer mod-
els based on the ozone changes obtained in this study. For comparison, radiative
forcing results from a similar study made by Harvard University will be presented.

For radiative forcing we follow the definition of IPCC-TAR chapter 6 (Ramaswamy
et al., 2001), which includes the stratospheric temperature adjustment. Calculations
where the stratospheric temperature adjustment is excluded are explicitly denoted as
‘instantaneous radiative forcing’. The UiO-RTM and UoR-RTM models use their re-
spective model meteorologies for all calculations, so that differences within a set of RF
results from the same radiative transfer model are entirely due to differences in the
modeled ozone changes.

3.1. Radiative forcing due to tropospheric ozone change

The University of Oslo radiative transfer model (‘UiO-RTM’) is the same as was used
in Berntsen et al. (1997), Myhre et al. (2000), and Gauss et al. (2003). The thermal
infrared scheme is an absorptivity/emissivity broad band model and the solar scheme
is a multi-stream model using the discrete ordinate method (for more details see Myhre
et al., 2000). Temperature, water vapor, surface albedo, and cloud data are taken from
the European Centre for Medium-range Weather Forecasts (ECMWF). The tropopause
level is based on NCEP reanalysis data for the year 2000 and is the same for all
radiative forcing calculations in order to allow a convenient standardization between
models.

3.1.1. The effect of changes in chemistry

Figure 6 shows maps of annual-mean radiative forcing due to changes in tropospheric
ozone between 1850 and 2000, when only changes in chemistry are taken into ac-
count. Differences can be seen in the magnitude of the forcing, whereas the geo-
graphical pattern is rather similar. The radiative forcing is almost exclusively positive
and a maximum in low latitudes, being a combined effect of ozone increase, higher
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temperatures, and low solar zenith angles. The longitudinal distribution in the tropics
is largely determined by the distribution of ozone change and clouds. Small negative
values are seen in high southern latitudes in some of the models. This is due to slight
decreases in tropospheric ozone connected with the stratospheric ozone depletion of
the last few decades and the resulting reductions in downward transport. An exception
is the UM_CAM model, which does not consider stratospheric ozone depletion.

Radiative forcing depends strongly on the vertical distribution of the modeled ozone
change. Differences with respect to the height distribution of ozone change will thus
add to the differences between the horizontal patterns seen in Fig. 6 and the horizontal
distribution of total ozone change (not shown). However, in conclusion it can be said
that there is good agreement concerning the radiative forcing due to ozone change in
the troposphere.

Global mean net radiative forcing values are listed in Table 6. Globally and annually
averaged, the radiative forcing due to tropospheric ozone change ranges from 0.26 to
0.53 Wm_z, the mean value and standard deviation being 0.36 Wm™2 and 0.07 Wm‘z,
respectively. This value agrees well with the best estimate of 0.35 Wm™2 suggested by
IPCC-TAR (2003).

3.1.2. The effect of changes in chemistry and climate combined

Global mean net radiative forcing values for the difference 2 minus 1’ (or ‘2 minus 1d’)
are listed in Table 7. Globally and annually averaged, the radiative forcing ranges from
0.37Wm™2to 0.53Wm™2. If only the three CCMs with detailed tropospheric and strato-
spheric chemistry are taken into account the range is rather narrow, between 0.37 and
0.40 Wm™2. For these models the corresponding increase in the ‘2 minus 1c¢’ case
is 0.29 to 0.34Wm™2, i.e. the further increase in tropospheric ozone due to climate
change is noticeably reflected in the radiative forcing. This is not a surprising result
since most of the additional ozone change occurs in the upper troposphere, where it
has a relatively large effect on radiative forcing. This underlines once again the impor-
tance of increased stratosphere-troposphere exchange and, possibly, the increase in
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lightning emissions.
3.2. Radiative forcing due to stratospheric ozone change
3.2.1. The effect of changes in chemistry

Following a decrease in stratospheric 0zone more solar radiation can penetrate to the
surface/troposphere system giving a positive SW radiative forcing, while the LW forcing
is negative and especially large for ozone changes near the tropopause (Hansen et
al., 1997; Forster and Shine, 1997). The balance between the LW and SW forcings is
strongly dependent on the altitude of the ozone change, primarily because of the height
dependence of the LW. For ozone depletion in the middle stratosphere, due to the in-
frared opacity of the atmosphere between the mid-stratosphere and the tropopause,
the LW forcing will be much weaker than in the lower stratosphere. Figure 7 shows the
annual-mean radiative forcing due to changes in stratospheric ozone between 1850
and 2000. In general, the net forcing from stratospheric ozone change is negative, with
magnitudes increasing with latitude. In low latitudes, however, the net radiative forcing
can be positive. This is where the ozone depletion is located at rather high altitudes
resulting in a weaker (negative) LW signal. Upward transport of the tropospheric ozone
increase contributes to this effect by moving the boundary between ozone increase
and ozone decrease upwards, thus making the net radiative forcing less negative or
even slightly positive in low latitudes. Tropospheric ozone change thus affects global-
mean stratospheric radiative forcing, which points to the importance of tropospheric
chemistry also in assessments of radiative forcing due to stratospheric ozone change.
In general, the models show many similarities, such as the pronounced negative ra-
diative forcing in high southern latitudes and the rather low, but positive values in low
latitudes. An exception is UIO_CTM2, which shows negative values in low latitudes as
well.

The global mean net radiative forcings (listed in Table 6) range from small negative
to small positive values. There is disagreement regarding the sign of the forcing even
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among the models with explicit stratospheric chemistry. For those models that tend to
simulate ozone depletion at higher altitudes the (positive) SW forcing dominates, while
for the other models the (negative) LW forcing dominates. For example, as was seen
in Fig. 2, the FRSGC_UCI model yields relatively large ozone depletion in the upper
regions of the considered domain, while the UIO_CTM2 model has most of its ozone
depletion in the lowermost stratosphere. This is reflected by relatively large positive
and negative net forcings for FRSGC_UCI and UIO_CTM2, respectively. However, the
positive net stratospheric radiative forcing seen in some models is primarily connected
with pronounced ozone increases in the lower tropical stratosphere of these models,
resulting from increased in situ production and, probably, upward transport of the in-
creased tropospheric ozone.

3.2.2. The effect of changes in chemistry and climate combined

When taking into account both chemical and climate change the annually averaged
global-mean radiative forcing due to changes in stratospheric ozone varies from
—~0.1Wm™ to +0.01 Wm™2 among the four models that have done scenario 1 in-
cluding changes in stratospheric chemistry (see Table 7). When taking into account
only the CCMs with detailed stratospheric chemistry schemes (ULAQ, DLR_E39C, and
NCAR_MACCM) the isolated effect of climate change is to reduce the radiative forcing
due to stratospheric ozone change and, in the case of ULAQ and DLR_E39C even
to make it negative. The reason for this is the vertical distribution of ozone change
brought about by climate change (see Fig. 5) and the strong altitude dependence of
the LW forcing. Ozone increase is seen primarily at high altitudes (middle stratosphere)
where the resulting (positive) LW forcing is small, while ozone decrease is modeled at
lower altitudes (lower tropical stratosphere), where the resulting (negative) LW forcing
is large. The net effect of these changes is thus to reduce the net radiative forcing.
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3.3. Results from additional radiative transfer models

Two additional radiative transfer models are applied to allow for a better estimate of the
model spread due to different assumptions made in the radiative transfer calculations,
such as cloud distributions, temperatures, tropopause heights, and surface albedo.

The University of LAquila radiative transfer model (‘ULAQ-RTM’) is the same as was
used in Pitari et al. (2002). The thermal infrared scheme is an absorptivity/emissivity
broad band model, explicitly including CO,, H,O, O; and aerosols. For the solar spec-
trum a &6-Eddington code is used applying solar flux absorption cross-sections and
including Rayleigh and Mie scattering effects. Temperature and water vapour vertical
profiles are those internally calculated in the ULAQ GCM. The tropopause level is set at
the 150 ppbv ozone level from a reference (year 2000) calculation. The ULAQ-RTM is
directly coupled to the ULAQ model that did the ozone change calculations discussed
in Sect. 2. Results based on this ozone change are shown in Table 8. The net tro-
pospheric forcing amounts to 0.34 Wm™2 and 0.39 Wm™2 for the differences ‘2 minus
1¢’ and 2 minus 1’, respectively, while the net stratospheric forcing is slightly negative
amounting to —0.01 Wm™2 in both cases. It has to be noted that the ULAQ-RTM takes
into account ozone change up to an altitude of 71 km, which is the upper boundary of
the ULAQ model. Apart from the different meteorological conditions used in the ULAQ-
RTM, the additional ozone column reduction between 30 and 71 km explains in part
the different forcings compared to the UiO-RTM calculations.

The University of Reading radiative transfer model (‘UoR-RTM’) is a narrow band
model (Shine, 1991), which resolves the thermal infrared spectrum in 10cm™" bands.
For the solar spectrum, a four stream discrete-ordinate model (Stamnes et al., 1998) is
used. The water vapour and temperature vertical profiles are taken from the ECMWF
Re-analysis dataset (ERA-40) and the cloud and surface albedo data is taken from IS-
CCP. The tropopause height is defined as the height at which the lapse rate is 2 K/km
in all the calculations using the UoR-RTM. This radiative transfer model was previously
used in Berntsen et al. (1997), and in Forster and Shine (1997). UoR-RTM has cal-
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culated instantaneous radiative forcing based on the ozone changes calculated by the
ULAQ model. The results are shown in Table 9 along with the UiO-RTM results for
instantaneous radiative forcing. There is reasonably good agreement between the two
radiative transfer models. It has to be noted that, related to extrapolation procedures,
UiO-RTM took into account ozone changes up to about 42km (which is the upper
boundary of the ECMWF model layer being used in the UiO-RTM) while the UoR-RTM
considered ozone changes only up to 30 km. The additional column change does not
have a large impact on the LW forcing. However, the SW forcing due to stratospheric
ozone change calculated by the UiO-RTM is somewhat larger than that calculated by
the UoR-RTM.

Additional calculations of both the ozone change since preindustrial times and the
resulting radiative forcing were provided by the Harvard University. The Harvard-GISS
model is a version of the general circulation model (GCM) developed at the Goddard
Institute for Space Studies (GISS), the GISS-GCM II' (Rind and Lerner, 1996; Rind
et al.,, 1999). The model includes a detailed, on-line chemistry scheme with about
80 chemical species and 400 chemical reactions. Two different model versions were
used. In the ‘standard’ model, natural and anthropogenic emissions are largely based
on Wang et al. (1998). Monthly mean fluxes of ozone and NO, across the model
tropopause are specified as in Wang et al. (1998). Like most other chemistry models,
the ‘standard’ model overestimates preindustrial ozone concentrations compared to
surface observations from the late 1800s. Results from a ‘tuned’ version of the model,
in which lightning NO, emissions have been reduced and biogenic hydrocarbon emis-
sions have been increased, better matches the surface ozone observations available
from the end of the 19th century. For more details see Mickley et al. (1999) and Mick-
ley et al. (2001). The Harvard-GISS radiative transfer model employs the correlated
k-distribution method to determine radiative absorption and emission in the longwave
and shortwave spectral region (Hansen et al., 1983). Radiative forcing is calculated
on-line in the GCM, but does not feed back into the model climate; the present-day and
preindustrial simulations use exactly the same meteorological fields. In this coarse-
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grid model, the tropopause is defined as the boundary between layers 7 and 8 (about
150 mb). Results for the two calculations are shown in Table 10. The adjusted forcin%
for tropospheric ozone added to the atmosphere since preindustrial times is 0.38 Wm™
in the case of the ‘standard’ simulation. This value agrees well with the calculations
presented in Sect. 3.1. A considerably larger total ozone change in the ‘tuned’ model
version leads to a larger radiative forcing amounting to 0.68 Wm™2,

3.4. Conclusions from the radiative transfer calculations

The radiative forcing results calculated by the UiO-RTM and discussed in Sects. 3.1
and 3.2 are summarized as global-mean values in Fig. 8. Both the LW and SW tropo-
spheric forcings are positive consistent with the tropospheric ozone column increase
calculated by all models. The LW and SW forcings connected with the stratospheric
ozone column reduction have different signs. For some models the negative LW con-
tribution dominates, while in other models the positive SW contribution is larger. While
the net tropospheric forcing (light blue bars) is always positive, there is disagreement
regarding the sign of the net stratospheric forcing. The inclusion of climate change
leads to a general increase in the net tropospheric forcing in the CCMs (see Fig. 7b),
while the net stratospheric forcing is reduced.

The comparison with the ULAQ-RTM and the UoR-RTM results points to some dis-
agreement, which is due to different assumptions on the meteorological conditions
and, in the case of ULAQ-RTM the different height range considered in the strato-
sphere. The radiative forcing calculations made by the Harvard-GISS ‘standard’ model
agree rather well with those based on the modeled ozone change obtained in this study.
However, the radiative forcing in the Harvard-GISS ‘tuned’ model is considerably larger,
pointing to the uncertainty in modeled ozone change since preindustrial times.
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4. Concluding remarks and outlook

In this analysis ozone changes in the troposphere and lower stratosphere calculated
by seven CCMs and three CTMs for the period 1850-2000 have been used to calcu-
late radiative forcing. The CCMs have calculated both chemical and climate change,
while the CTMs have kept the climate fixed at year 2000 conditions. The study shows
that, even though state-of-the-art models have been used, the uncertainty in modeling
ozone change since the pre-industrial time is still large. However, key findings con-
cerning the global-mean tropospheric ozone change and its resulting radiative forcing
are rather robust.

When taking into account only chemical change, total ozone in the troposphere since
preindustrial times is modeled to have increased by 9.7 DU, the standard deviation
among the models being 1.7 DU. Averaged over the models, this has led to a radiative
forcing amounting to 0.36 Wm™. The contribution of stratospheric ozone change to
radiative forcing is less certain, but is slightly positive in most of the models including
stratospheric chemistry. This is largely related to an increase of ozone in the lower
stratosphere, resulting from upward transport of enhanced tropospheric ozone and
0zOone precursors.

Taking into account climate change appears to enhance the tropospheric ozone in-
crease, especially in the models with both tropospheric and stratospheric chemistry,
indicating a dominance of the positive effect from increased stratosphere troposphere
exchange and possibly increased lightning emissions over the negative effect of in-
creased humidity in the troposphere. We also note that concerning the effect of climate
change on modeled ozone change, the results from the CCMs including detailed tropo-
spheric and stratospheric chemistry schemes are rather consistent. These results are
in contrast to those from an earlier study (Johnson et al., 1999), which predicted a 10%
decrease in the tropospheric ozone burden due to climate change in a doubled-CO,
atmosphere. In that study, temperatures close to the surface increased by 3.28K (or
about 2-5 times the temperature increase calculated here), and the effect of increased
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water vapor swamped the effect of increased stratosphere-troposphere exchange.

A striking result is that the net (troposphere plus stratosphere) ozone change is of op-
posite sign to the net (tropopshere plus stratosphere) forcing for all models and cases
considered here. The net ozone change is negative because of the overwhelming im-
pact of the stratospheric ozone depletion, but the smaller change in the troposphere
ozone has a greater impact on the forcing. This appears to reflect the fact that much
of the stratospheric loss is away from the vital lower stratospheric region, where the
ozone change has its greatest impact on the forcing.

The main uncertainties in the radiative forcing calculations arise from the differences
in global-mean ozone column change as simulated by the various CCMs and CTMs.
The contribution of the radiative forcing uncertainties caused by different meteorologi-
cal conditions is of secondary importance.

From this study it seems clear that both tropospheric and stratospheric chemistry
need to be taken into account, as the tropospheric ozone increase since preindustrial
times has moderated lower stratospheric ozone depletion in low latitudes, while strato-
spheric ozone depletion during the last three decades has influenced tropospheric
ozone increase in high latitudes. In this context it will be important to further investigate
transport of ozone through the tropopause. In the long run it should become possible
to consider radiative forcing from tropospheric and stratospheric changes combined.
Clearly, further model studies will be needed to investigate the contribution from cli-
mate change to changes in ozone, both in the troposphere and in the stratosphere,
with focus on changes in temperatures, water vapor concentrations, and stratospheric
circulation.

Regarding radiative forcing calculations of this type it will be important in the future
to clearly distinguish between radiative forcing due to ozone changes resulting from
changing emissions and from changing climate, which under certain circumstances
should be considered as a climate feedback rather than a contribution to radiative forc-

ing.
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Table 1. Description of models.

ACPD
5, 5751-5807, 2005

Radiative forcing due
to ozone changes
between 1850 and

2000

M. Gauss et al.

Number /Name / Type Institute Investigator(s) Domain/ Resolution  Underlying GCM/ Me-
teorology

1 University of LAquila Daniela lachetti 22.5° lon x 10° lat ULAQ-GCM  (Pitari,

ULAQ Giovanni Pitari 26 levels 1993; Pitari et al,,

cc™Mm Eva Mancini sfc — 0.04 hPa 2002)

2 DLR Oberpfaffen-  Volker Grewe T30 (3.8° x 3.8°) GCM (ECHAM)

DLR_E39C hofen, Germany 39 levels

CCM sfc—10hPa

3 NCAR Boulder Jean-Frangois 5° lon x 4° lat GCM (NCAR)

NCAR_MACCM Lamarque 52 levels

CCM sfc —85km

4 FRSGC / JAMSTEC Kengo Sudo T42 (2.8°x2.8°) GCM (CCSR/NIES)

CHASER 32 levels

CCM sfc —3hPa

5 UK Met Office Michael Sander- 3.8°lon x 2.5° lat GCM (HadGEM)

STOCHEM_HadGEM1 son 20 levels

CCM Bill Collins sfc —40km

6 Cambridge University ~ Guang Zeng 3.8°lon x 2.5°1at19 GCM (UKMO Unified

UM_CAM John Pyle levels Model version 4.5)

CCM sfc —4.6hPa

7 IPSL/LSCE Didier Hauglus- 3.8°lon x 2.5° lat GCM, or nudged to

LMDzINCA taine 19 levels ECMWEF: ERA15,

CCM Sophie Szopa sfc — 3hPa ERA40, Operational
Data (OD)

8 University of Edin- David Stevenson  5°x5° GCM (HadAMB3)

STOCHEM_HadAM3 burgh 9 levels

CT™M sfc — 100 hPa

9 University of Oslo Michael Gauss T42 (2.8°x2.8°) ECMWF: Integrated

UIO_CTM2 Ivar Isaksen 40 levels Forcast System (IFS)

CT™M sfc — 10hPa pieced-forecast data
for 2000

10 FRSGC / JAMSTEC Oliver Wild T42 (2.8°x2.8°) ECMWEF: IFS pieced-

FRSGC_UCI 37 levels forecast data for 2000

CTM sfc — 10hPa
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Table 1. Continued.

Number / Name / Type

Advection Scheme

Convection
Scheme

Tropospheric
Chemistry

Stratospheric Chem-
istry

ACPD
5, 5751-5807, 2005

Eulerian explicit

Pitari et al.

NMHC, PAN, S

Ozone calculated by

Radiative forcing due
to ozone changes
between 1850 and

2000

M. Gauss et al.

ULAQ (Pitari et al., 1997) (2002) follow- chemistry, tropo- detailed stratospheric
CCM ing Muller and spheric aerosols chemistry scheme, in-

Brasseur (1995)  and ozone cluding aerosols
2 Semi-Lagrangian Mass flux  Methane oxidation Heterogeneous ClI re-
DLR_E39C (Williamson and scheme of Dry/wet deposition actions, PSC I, |l,
CCM Rasch, 1994) Tiedke (1989) 37 species, 12 ad- aerosols

vected

3 Lin and Rood Deep: Zhang Detailed Detailed stratospheric
NCAR_MACCM scheme (Lin and and McFarlane 0zone/CO/NO,/HO,/ chemistry, including
CCM Rood, 1996) (1995), shallow: NMHC aerosols

Hack (1994)
4 Lin and Rood prognostic Detailed ozone- Ozone mixing ratio re-
CHASER scheme (Lin and Arakawa- NO,-NMHC chem- laxed above 50hPa to
CCM Rood, 1996) Schubert scheme istry, 53 species, prescribed data

(Emori et al, 140 reactions, incl

2001) on-line sulfate
5 Lagrangian Described in  Detailed Relaxed towards
STOCHEM_HadGEM1 (Collins etal. 1997) Collins et al. o0zone/NO,/ hy- SPARC climatology

CCM

(2002)

drocarbon scheme
including 70 species

above tropopause

6 Eulerian (Leonard et  Penetrative mass NO,-CO-CH,- O; and NO, are pre-
UM_CAM al., 1995) flux Gregory and NMHCs (60 scribed above 30hPa
CCM Rowntree (1990) species, 36 ad- (NO,/HO, chem-
vected) istry applies in the
stratosphere below
30hPa)
7 Finite Volume sec- Mass flux Detailed Stratospheric  o0zone
LMDzINCA ond order (Van Leer, scheme of Tiedke 0zone/CO/NO,/ nudged towards clima-
CCM 1977) (1989) hydrocarbon; 303 tology above 380K

reactions and 85
species, implicit-
Newton-Raphson
solver
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Table 1. Continued.

ACPD
5, 5751-5807, 2005

Radiative forcing due
to ozone changes
between 1850 and

2000

M. Gauss et al.

Number / Name / Type  Advection Scheme Convection Tropospheric Stratospheric Chem-
Scheme Chemistry istry
8 Lagrangian Described in  Detailed Prescribed ozone con-
STOCHEM_HadAM3 (Collins etal., 1997) Collins et al. ozone/NO,/ hy- centration gradient at
CT™M (2002) drocarbon scheme 100hPa
including 70 species
9 Second Order Mo- Mass flux Detailed Detailed stratospheric
UIO_CTM2 ments (Prather, scheme of Tiedke o0zone/NO,/ hydro- chemistry  including
CT™ 1986) (1989) carbon scheme in- CI/Br, heterogeneous
cluding 58 species, chemistry on PSC I/Il,
QSSA solver aerosols
10 Second order mo- Mass fluxes Detailed LINOZ linearised
FRSGC_UCI ment (Prather, taken from the O,/HO,/NO,/ ozone chemistry (Mc
CT™M 1986) ECMWEF-IFS CH4/VOC  chem- Linden et al., 2000)
fields istry, 35 species,

using ASAD pack-
age (Carver et al.,
1997)
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Table 1. Continued.

ACPD
5, 5751-5807, 2005

Radiative forcing due
to ozone changes
between 1850 and

2000

M. Gauss et al.

Number/Name / Type Coupling Chemistry- Gravity wave parameteri- References
Dynamics sation
1 Dynamical fields Rayleigh friction + Pitari et al. (2002)
ULAQ (GCM — CTM) and vertical diffusion
CCM radiatively active
species (CTM —
GCM): CO,, H,0,
CH,, Oz, N,O, CFCs,
HCFCs, aerosols
2 05, H,0, CH,, N,O, orographic gravity wave Hein et al. (2001),
DLR_E39C CFCs drag (GWD) Dameris et al. (2005)
CCM
3 O3, H,O, CH,, N,O, orographic and non- Boville etal. (1995)
NCAR_MACCM CFCs orographic GWD (Sassi et
CCM al., 2002)
4 O3, H,O, N,O, CH,, orographic GWD Sudo et al. (2002a, b),
CHASER (CFCs) Sudo et al. (2003)
CCM

5
STOCHEM_HadGEMH1
CCM

one way coupling dy-
namics — chemistry
through  NO, emis-
sions from lightning

none

Collins et al. (1997),
Collins et al. (2003)

6 O3, N,O, CH,, H,O orographic and non- Zeng and Pyle (2003,
UM_CAM orographic GWD 2005)

CCM

7 H,O orographic and non- Dufresne et al. (2002),
LMDzINCA orographic GWD Hauglustaine et al. (2004)
CCM

8 Turned off n.a. Collins et al. (1997)
STOCHEM_HadAM3 Stevenson et al. (2004)
CT™M

9 n.a. n.a. Sundet (1997)
UI0_CTM2

CT™M

10 n.a. n.a. Wild and Prather (2000),
FRSGC_UCI Wild et al. (2003)

CT™M
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Table 2. Emissions and mixing ratios used for the year 2000 simulations. For CO, mixing ratios

used for 1850 are given in parentheses. Model numbering as in Table 1.

ACPD
5, 5751-5807, 2005

Radiative forcing due
to ozone changes
between 1850 and

2000

M. Gauss et al.

Model | 1 2 3 4 5 6 7 8 9 10
Species
NOXx fossil fuel 318 330 226 27.8 278 317 294 278 317 27.8
Tg(N)/yr biomass 71 71 108 102 102 74 73 102 7.4 102
burning
aircraft 07 07 07 06 08 07 06 08 07 07
lightning 50 68 50 50 57 40 50 70 50 50
soil, natural 55 56 65 55 56 54 87 56 56 55
total 50.1 53.2 456 49.1 50.1 489 51.0 514 501 49.2
co vegetation 150 156 0 130 150 0 75 150 75
150 oceans 50 Y10 0 40 50 20 25 50 25
Tg(CO)/yr biomass 700 " 702 508 507 700 555 507 700 508
burning
fossil fuel 653 300 471 470 650 548 470 650 471
total 1553 1973 1168 979 1147 1550 1123 1077 1550 1079
NMHC isoprene 220 - 406 400 450 250 403 507 220 502
Ta(C)lyr terpene - - 126 100 - 0 131 - 127 -
acetone - - 31 23 - 30 473 143 30 -
fossil fuel 167 - 77 91 116 25 77 94 161 96
biomass 34 - 28 24 312 10 92 24 33 26
burning
methanol - - 114 - - - 120 - - -
total - 782 638 597 315 870 639 571 624
CH, 1760 1760 1750 1740 1750 1760 1760 1760 1745 1760
N,O 316 316 316 300 291 - 315 - 315 316
CO, 369 376 368 350 345 370 367 - - -
(278) (280) (280) - (280) (280) (280) - - -

" Only total emission numbers are available.
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Table 3. List of scenarios.

ACPD

5, 5751-56807, 2005

Number

Climate

Cl/Br

Ozone precursors

Radiative forcing due

to ozone changes
between 1850 and

2000

M. Gauss et al.

1
1a
1b
1c
1d
2

3"

preindustrial
present
present
present
preindustrial
present

future

preindustrial
preindustrial
present
preindustrial
present
present

future

preindustrial
present
preindustrial
preindustrial
preindustrial
present

future

" Scenario 3 was defined for a year 2100 time slice simulation. This experiment, including
several sub-scenarios, has been accomplished during this ACCENT study, but will be analysed

and presented elsewhere.
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Table 4. List of performed integrations. V. Beles el

1 1a 1b 1c 1d 2 3
ULAQ X X X X X X Title Page |
DLR_E39C X X X X X X
NCAR_MACCM X X X X Abstract | Introduction |
CHASER X X X X X X :
STOCHEM_HadGEM1 X X X X X Conclusmnsl References |
UM.CAM X X X Tables | Figures |
LMDzINCA X X
STOCHEM_HadAM3 X X
UIO_CTM2 X X < | s
FRSGC_UCI X X X X
< |- |
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Full Screen / Esc

Print Version |
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Table 5. Annually averaged total ozone change for the differences ‘2 minus 1’ (effect of both
chemical and climate change), 2 minus 1¢’ (effect of chemical change only), and 2 minus

1a’ (effect of chemical change in the stratosphere only).

For LMDzINCA, UM_CAM, and

STOCHEM_HadAM3 2 minus 1b’ is shown instead of ‘2 minus 1¢’, since these models do
not include stratospheric chemistry schemes. Related to model setup, not all the models could

perform all experiments.

‘2 minus 1’ ‘2 minus 1c/1b’ ‘2 minus 1a’

DUT DUS DUT DUS DUT DUS
ULAQ 10.8 -12.6 79 -175 -26 -18.3
DLR_E39C 111 -21.6 94 -229 -02 -246
NCAR_MACCM 94 -127 8.6 -20.1
CHASER 9.8 -14A1 9.7 -141 -12 -148
STOCHEM_HadGEM1 111 10.9
UM_CAM 14.2 13.8
LMDzINCA 9.6
STOCHEM_HadAM3 9.2
UIO_CTM2 8.1 -47.9
FRSGC_UCI 94 -244 22 -254
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Table 6. Oslo radiative transfer model results. Annually and globally averaged adjusted ra-
diative forcing (Wm‘2) since preindustrial times taking into account changes in emissions (2
minus 1c¢’). ‘DU’: ozone column change, ‘SW’: shortwave radiative forcing, ‘LW’: longwave ra-
diative forcing, ‘T’: tropospheric change, ‘S’: stratospheric change. For LMDzINCA, UM_CAM,

and STOCHEM_HadAMS3 ‘2 minus 1b’ is shown.

ACPD
5, 5751-5807, 2005

Radiative forcing due
to ozone changes
between 1850 and

2000

M. Gauss et al.

SWT SWS LWT LWS NetT Net S
ULAQ 0.044 0.16 025 -0.15 0.29 0.013
DLR_E39C 0.057 024 026 -0.16 0.32 0.078
NCAR_MACCM 0.054 0.18 029 -0.15 0.34 0.033
CHASER 0.063 0.10 031 -0.19 037 -0.095
STOCHEM_HadGEM1 0.073 0.30 0.38
UM_CAM 0.078 0.45 0.53
LMDzINCA 0.067 0.27 0.33
STOCHEM_HadAM3 0.092 0.34 0.43
UIO_CTM2 0.057 045 021 -0.70 0.26 -0.250
FRSGC_UCI 0.065 025 028 -0.13 0.34 0.122
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Table 7. As Table 6, but taking into account both chemical and climate change, i.e. ‘2 minus 1'.

For the UM_CAM model ‘2 minus 1d’ is shown.
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Table 8. Annually and globally averaged adjusted radiative forcing calculated by the ULAQ
radiative transfer model (Wm‘z) taking into account chemical change only (‘2 minus 1¢’) and
both chemical and climate change (2 minus 1’). The results are based on ozone changes
calculated by the ULAQ model in its native grid extending up to 71 km altitude. When comparing
with Tables 5 and 6 it has to be noted that the results presented in Table 7 include the height
range between 30km and 71 km and that the tropopause used by ULAQ differs slightly from
that used by the UiO-RTM.

DUT DUS SWT SWS LWT LWS NetT NetS

ULAQ 2 minus 1¢’ 82 -208 0.08 013 026 -0.14 034 -0.01
ULAQ ‘2 minus 1’ 97 -142 010 014 029 -0.15 0.39 -0.01
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Table 9. Annually and globally averaged instantaneous radiative forcing calculated by the UiO-
RTM and the UoR-RTM (Wm_z) taking into account chemical change only (2 minus 1c¢’).

SWT SWS LWT LWS NetT NetS

ULAQ/UiO-RTM 0.044 0.16 0.31 -0.05 035 0.11
ULAQ/UoR-RTM 0.063 0.10 0.29 -0.05 0.36 0.05
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Table 10. Annually and globally averaged adjusted radiative forcing calculated by the Harvard
GISS-RTM (Wm_g) based on ozone changes calculated in two different experiments with the
Harvard-GISS chemical transport model. Details about the ‘standard’ and ‘tuned’ experiments
are given in the text.

DUT SWT LWT NetT

Harvard-GISS standard 11.8 0.11 0.27 0.38
Harvard-GISS tuned 19.4 0.18 0.50 0.68
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Fig. 1. Annually averaged (a) modeled zonal-mean ozone distribution (ppbv) in the year

2000 simulation (scenario 2), (b) percent deviation from Fortuin and Kelder (1998) climatol- Interactive Discussion |
ogy (i.e. (model-climatology)/climatology*100). The stratosphere (taken as ozone >150 ppbv in
year 2000) is masked for the models that do not calculate stratospheric chemistry explicitly. EGU
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Fig. 1. Continued.
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spheric change is shown only for the models that calculate stratospheric chemistry explicitly.
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Fig. 4. Annually averaged zonal-mean temperature change (K) between 1850 and 2000 as
represented by the difference ‘2 minus 1. For UM_CAM ‘2 minus 1d’ is shown.
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Fig. 6. Adjusted radiative forcing (Wm'2) between 1850 and 2000 due to tropospheric ozone
change, taking into account chemical change only (i.e. 2 minus 1c’, except LMDzINCA,
UM_CAM, and STOCHEM_HadAM3, for which 2 minus 1b’ is shown). The radiative forcing
calculation is made by the UiO-RTM and the tropopause level is based on the NCEP year 2000
reanalysis. 5805
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Fig. 7. Adjusted radiative forcing (Wm'2) between 1850 and 2000 due to stratospheric ozone
change (between the tropopause and 30 km altitude), taking into account chemical change
only (‘2 minus 1¢’). Results are shown only for models that calculate stratospheric chemistry
explicitly. The radiative forcing calculations are made by the UiO-RTM, and the tropopause
level is based on the NCEP year 2000 reanalysis.
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the tropopause level is based on the NCEP year 2000 reanalysis.
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