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[1] This paper investigates the impact of circulation changes in a changed climate on the
exchange of ozone between the stratosphere and the troposphere. We have identified an
increase in the net transport of ozone into the troposphere in the future climate of 37%,
although a decreased ozone lifetime means that the overall tropospheric burden decreases.
There are regions in the midlatitudes to high latitudes where surface ozone is predicted to

increase in the spring. However, these increases are not significant. Significant ozone
increases are predicted in regions of the upper troposphere. The general increase in the
stratospheric contribution (Oss tracer) to tropospheric ozone in the climate changed
scenario indicates that the stratosphere will play an even more significant role in the

future.
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1. Introduction

[2] Historically stratosphere-troposphere exchange was
considered the most important source of ozone throughout
the troposphere. It is now known that anthropogenic activ-
ities over the last hundred years or so have changed the
chemical composition of the troposphere. The tropospheric
ozone burden has increased due to enhanced emissions of
precursor species such as nitrogen oxides (NOy), methane,
carbon monoxide and other volatile organic compounds.
Volz and Kley [1988] and Marenco et al. [1994] have shown
that lower tropospheric ozone concentrations have more than
doubled since preindustrial times, although there are ques-
tions about the validity of the earliest ozone measurements.
Stevenson et al. [1998a] estimate that the radiative forcing
due to increases in tropospheric ozone between 1860 and
1990 was 0.29 Wm 2. Model predictions of future tropo-
spheric ozone changes and radiative forcing have initially
focused on projections of precursors emissions [Stevenson et
al., 1998a; Intergovernmental Panel on Climate Change
(IPCC), 1996]. More recently Johnson et al. [1999], Grewe
et al. [1999], and Stevenson et al. [2000] have used three-
dimensional models to show that climate changes reduce
ozone concentrations. This reduction is primarily through an
increase in specific humidity leading to a greater flux
through the reaction of O('D) with water vapor.
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[3] Input from the stratosphere is a significant source of
ozone in the troposphere. Collins et al. [2000] give esti-
mates from a range of models of 340-930 Tg yr '
compared to a photochemical production of 2820—4190
Tg yr'. This source is obviously most significant in the
upper troposphere, and this region is where ozone is most
effective as a greenhouse gas. Predictions of future radiative
forcing from ozone depend on accurate simulations of the
upper tropospheric ozone concentrations, and hence on
accurate simulations of the cross tropopause transport of
ozone. Not only is ozone a greenhouse gas, but at the
surface it is injurious to health [World Health Organization
(WHO), 1987]. Under certain conditions ozone can be
transported from the stratosphere down to the lower tropo-
sphere [Zanis et al., 2003]. Predictions of future surface
ozone require an understanding of the effects of climate
change on this transport. Roelofs and Lelieveld [1997]
assessed the contribution of the stratosphere to tropospheric
ozone using a global chemistry transport model. They
concluded that on average 40% of the tropospheric ozone
originated in the stratosphere. At the surface the strato-
spheric contribution was between 10 and 60%. The study
presented in this paper will address the change in the
stratospheric contribution to tropospheric ozone due to
changes in circulation in a future climate scenario.

[4] The bulk transport of air downward through the
extratropical tropopause is determined by the Brewer-Dob-
son circulation in the downward control principle [Haynes
et al, 1991]. This circulation is driven by Rossby wave
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action in the extratropical middle atmosphere. Butchart and
Scaife [2001] find an increase in the mass exchange
between the stratosphere and troposphere in a changed
climate. On a local scale, cross-tropopause transport of
ozone is determined by synoptic-scale disturbances in the
tropopause regions [Stohl et al., 2003]. Transport of ozone
from the upper troposphere down to the lower troposphere
can occur at smaller scales along fronts or in convective
systems.

2. Model Description
2.1. Transport Scheme

[s] The model used in this study (STOCHEM) is a three
dimensional global chemistry transport model with a
Lagrangian advection scheme. It has previously been
described by Collins et al. [1997], Stevenson et al.
[1998b] and Collins et al. [2002]. The model simulations
of ozone and carbon monoxide have been compared against
others given by Kanakidou et al. [1999a, 1999b]. The cross
tropopause transport has been compared against other
models by Meloen et al. [2003]. STOCHEM fits well within
the range of the modeled cross tropopause fluxes. A detailed
comparison with model and measurement data for a strato-
spheric intrusion is given by G.-J. Roelofs et al. (Intercom-
parison of tropospheric chemistry models: Simulated ozone
transports in a tropopause folding event, submitted to
Journal of Geophysical Research, 2003). This shows that
the STOCHEM model performed well in simulating the
observed ozone evolution. Details of the STOCHEM model
used in this study are unchanged from those given by
Collins et al. [2002] except where described below. In this
model 100 000 air parcels are advected around the globe
between the surface and 10 hPa, each carrying the mixing
ratios of 70 chemical species. The chemistry transport
model is integrated into the Met Office climate general
circulation model (GCM) called the Unified Model [Cullen,
1993; Johns et al., 1997]. It uses the generated meteoro-
logical fields from the GCM (winds, temperatures, convec-
tive diagnostics, precipitation rates) to advect the
Lagrangian parcels and act on their contents. The chemistry
model is called every 3 hours by the GCM but uses a 1 hour
advection time step. The Lagrangian advection is by 4th
order Runge-Kutta integration, using linear interpolation to
derive wind fields at intermediate times. The parcels are
constrained to remain below 10 hPa. This constraint may
cause the parcels to move through the upper stratosphere too
quickly, but should have little effect on the cross tropopause
flux as this is controlled by the downward control principle.

[6] The Unified Model (UM) is a grid point model. The
version used for this study (HadAM4) is an atmosphere-
only model, with a horizontal resolution of 3.75° x 2.5°,
and 38 vertical levels. The top level is centered on 4.6 hPa.
This top might not be high enough to represent the planetary
wave breaking accurately. It is not obvious what effect this
would have on driving the stratospheric circulation. How-
ever, the fact that we get similar results to those with a
vertically extended version of the same model [Butchart
and Scaife, 2001] gives us confidence in our results. Rind et
al. [1999] found that in their model, stratosphere-tropo-
sphere exchange was more sensitive to the height of the
model top than to the vertical resolution near the tropo-
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pause. However, their greatest number of levels was only
23. Austin et al. [1997] compared a 19 level version of the
UM with a 4.6 hPa top to a 49 level version with a 0.1 hPa
top. They concluded that the main effect on transport across
the 100 hPa surface was due to the vertical resolution in that
region, rather than the position of the model top.

[7] Currently the coupling between the GCM and the
chemistry model is one-way. None of the chemical fields
from the chemistry model are passed back to the GCM.

2.2. Chemistry

[8] The chemistry scheme has been described previously
by Collins et al. [1999]. The main difference is that the
model top (beneath which the parcels are constrained) has
been raised from ~100 hPa to 10 hPa and so now extends
well into the stratosphere. The set of chemical reactions we
use in the model has been chosen to simulate the photo-
chemistry of the troposphere, but is not designed to simulate
stratospheric chemistry. We therefore set all chemical reac-
tions to zero above the tropopause and relax the ozone
values toward a stratospheric ozone climatology [Li and
Shine, 1995] with a 20 day relaxation time. Varying the
relaxation time by a factor of two was found to have little
effect on the resulting ozone profiles. The World Meteoro-
logical Organization definition of the tropopause height is
used [World Meteorological Organization (WMO), 1986]. A
process similar to that for ozone is carried out for oxides of
nitrogen (NOy). We derive a stratospheric NOy concentra-
tion by scaling the ozone climatology by 0.001 (kg (N)/
kg(05)) [Murphy and Fahey, 1994]. We assume that all the
NOy in the stratosphere is in the form of HNO;. This
assumption does not affect the tropospheric chemistry since
HNOj; is quickly photolyzed to NO, in the upper tropo-
sphere and thence partitioned amongst the other NOy
species. To trace the stratospheric ozone through the model,
an additional tracer Oss is added after the manner of Roelofs
and Lelieveld [1997]. This is formed and removed in the
stratosphere as the Oj is relaxed toward the climatology, but
has no other production routes. Oss is destroyed in the
troposphere at the same rate as O3, except that the reactions
with NO and NO, are excluded.

[¢] The relaxation toward the stratospheric climatologies
is described below.

AO; = 03 — X;(03) (1)

AHNO; = HNO; — X;(HNOs) 2)
Xi(03) = X:(03) + AO; x At/r (3)
Xi(Os5) = X,(035) + AO3 x At/r 4)
X;(HNO3) — X;(HNOs) + AHNO; x At/r (5)

where X;(03), Xi(Oszs) and X;(HNO;) are the ozone,
ozone(stratospheric) and nitric acid concentrations of parcel
i, O3 and HNOj are the climatological stratospheric ozone
and nitric acid concentrations at the location of parcel i, Az
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Figure 1. An example of a parcel trajectory showing its O; (solid), Oss (dotted) and HNO; (dashed)

concentrations, and height. The thicker line segments indicate when the air parcel was above the

tropopause.

is the advection time step and T is the relaxation time
(20 days). Figure 1 shows an example of the changes to Os,
O3s and HNOs on an air parcel as it travels up into the lower
stratosphere and back to the upper troposphere. The parcel
picks up 30 ppb of O3 and Oss, and 180 ppt of HNO; over
80 hours and brings these elevated concentrations down into
the troposphere. As the parcel descends further, these
concentrations decrease due to photochemical destruction
leading to an irreversible transport of O3 and HNO; from
the stratosphere to the troposphere. The relatively high
parcel O3 concentration before reaching the stratosphere is
due to the parcel receiving a pulse of NOy several days
previously, either from lightning or aircraft. The non-zero
O3s concentration is from recent previous incursions into
the stratosphere.

3. Model Results

[10] The model was run twice with six months spin-up
followed by a further four years integration. The dates
covered were July 1990 to December 1994 and July 2090
to December 2094. Four years was chosen to give some
idea of the statistical significance of the results. A longer
integration would reduce the statistical uncertainty but in
that situation systematic uncertainties due to the model

formulation would dominate. The driving GCM was run
in an atmosphere-only mode. Monthly varying sea surface
temperatures were taken from a previous 110 year coupled
ocean-atmosphere run starting in 1989 with green house gas
concentrations varying according to the AIFI scenario
provided by SRES. This scenario “Fossil Fuel Intensive”
was chosen as it has the greatest CO, rise of all the SRES
scenarios, reaching 930 ppmv by 2100. The methane mix-
ing ratio reaches 3.3 ppmv and N,O reaches 0.465 ppmv.
The 2100 global mean surface temperature change in the
coupled run, relative to 1860, is S5K. This temperature rise
generally increases from south to north and is larger over
the continents than the oceans, except for the Arctic Ocean
which has the largest surface temperature rise of all. Rind et
al. [2002] show that the stratospheric circulation is more
sensitive to surface temperature increases in the tropics
compared to the extratropics.

[11] The meteorological starting conditions for the GCM
in July 1990 and July 2090 were also taken from the
coupled run. It should be emphasized that the simulations
covering 1990 to 1994 do not attempt to reproduce the
observed meteorology for those years, simply that they
correspond to an atmosphere with CO, concentrations
appropriate for that time period. The climatology for ozone
above the tropopause is representative of the 1990s and is
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Figure 2. Simulated (open diamonds) and measured (solid diamonds) surface ozone concentrations at
selected sites. Also shown are the concentrations of the modeled Oss tracer (triangles). The model data
are averages over 1991—1994. The measurement data are taken from Logan [1999], which include data
from Oltmans and Levy [1994] (Barrow, Reykjavik, Mace Head, Bermuda, Cape Point, Cape Grim,

South Pole), and cover varying time periods.

used for both simulations with no attempt to account for
future stratospheric ozone depletion or recovery. The emis-
sions and initial concentrations of ozone precursors are kept
at 1990 levels for both runs. For a list of the emissions used,
see Collins et al. [1999].

3.1. Comparison With Observations

[12] Figures 2 and 3 show comparisons between the
simulated ozone, averaged over 1991 to 1994, and measure-
ments from Logan [1999] (including data from Oltmans and
Levy [1994]). Both O3 and Oj3s are plotted for the model.
The surface results show a pretty good simulation of the
seasonal cycles. The most obvious exception is at Barrow,
where the model simulates a springtime maximum in ozone
in contrast to the observed springtime minimum. The
minimum is caused by ozone destruction by halogen chem-
istry in the boundary layer after the Arctic winter. No
halogen chemistry is simulated in the model. There is an
overestimate of the surface concentrations in the austral
winter, both at Cape Grim and the South Pole, although the
agreement at Cape Point is very good. The Cape Grim
measurements have been filtered according to wind sector
to exclude air masses originating from over the polluted
continent, and so might be expected to under represent the
monthly averaged values. Summertime ozone is substan-
tially overpredicted at Hohenpeissenberg due to too much
photochemical production. The emission grid used in our

model is 5°x5° which has the effect of spreading out the
emissions from German cities and cannot distinguish
between the industrial and rural areas.

[13] The Oss concentrations are much lower than the full
ozone concentrations as the majority of surface ozone
comes from photochemical production rather than transport
from the stratosphere. The summertime concentrations are
only of the order of 2—3 ppb, however there are springtime
maxima in O3s at the northern hemisphere sites of 10—15
ppb. The effects of these maxima can also be nicely seen in
the increases in full ozone, both in the model and in the
measurements, however the modeled ozone often peaks one
month earlier than the measurements. The springtime O3s
peak is due to a competition between transport from the
stratosphere which peaks in the late spring to early summer
and the ozone lifetime which is longest in the winter and
shortest in the summer. In the early spring, the model
simulates some ozone transport to the northernmost sites
from locations further south where photochemical produc-
tion has already started. This transport seems to be too
efficient, probably due to too little surface destruction of the
ozone en route, causing an overestimate of the early spring
ozone. It is obvious from Figure 2 that transport from the
stratosphere makes a significant contribution to the northern
midlatitude spring ozone maximum, but it is not the only
process making a contribution [Monks, 2000]. Net ozone
production in the boundary layer is also a maximum in the
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Figure 3. Simulated (open diamonds) and measured (solid diamonds) ozone profiles at selected sites for
the month of March. Also shown are the concentrations of the modeled Oss tracer (triangles). The model
data are averages over 1991—1994. The measurement data are taken from Logan [1999] and cover
varying time periods.
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Figure 4. Model zonal mean O3 concentrations (a) and Oss concentrations (b), averaged over 1991—
1994. Units are ppb. Zonal mean changes between 1991-1994 and 2091-2094 in O (c) and Oss (d).
Changes are expressed as a fraction of the 19911994 full ozone. The vertical coordinate is a hybrid
pressure coordinate approximately equal to pressure/surface pressure.

spring, since at this time the main production term
(NO,+hv—NO+O(CP)) is increasing more rapidly with
season than the main loss term (O;+hv—O('D)+O, fol-
lowed by O('D)+H,0—20H). This, combined with a build
up of ozone precursors (hydrocarbons and oxides of nitro-
gen (NOy)) over the winter in the midlatitudes to high
latitudes, leads to a photochemical spring ozone maximum.
The effect of this can be seen at Mace Head and Bermuda
where the modeled full ozone peaks a month later than the
stratospheric ozone, although this peak is still a month
earlier than the measurements.

[14] The agreement between simulated ozone and ozone-
sondes in March shown in Figure 3 is good (although note
the logarithmic scale). The agreement above the tropopause
might be expected to be exact, since the model is relaxed
toward the climatology. The reason for differences above
the tropopause (for example at Lauder) is that the years over
which the sonde data have been averaged, and the actual
stations used are different for the climatology [Li and Shine,
1995] and the plotted data [Logan, 1999]. Concentrations at
Alert and Resolute seem to have been over predicted by
50—-100% in the lower stratosphere/upper troposphere and
10—-20% in the lower troposphere. This could again be due
to discrepancies between the climatology and the ozone
sondes at high latitudes or a problem modeling the chem-
istry in this region. Midtropospheric to upper tropospheric
concentrations are underestimated in the tropics in March
although other months (not shown) give better agreement.
This could reflect uncertainties in the modeling of the

seasonality of the ozone precursor emissions from lightning
and biomass burning.

[15] The month of March was chosen for the comparison
as this is the time of greatest impact of the stratosphere on
tropospheric ozone at the northern sites. At the high
latitudes (Alert, Resolute) Ozs makes up around 50% of
the full ozone in the midtroposphere. At the midlatitudes
(Hohenpeissenberg, Payerne, Wallops Island) the proportion
is around 30% and decreases in the tropics to 15% at Hilo
and less than 10% at Samoa. The stratospheric influence is
less at the southern hemisphere sites (Lauder and Syowa)
since this is the austral autumn.

3.2. Effect of Climate Change

[16] The aim of this work is to study the effect of the
changed circulation due to climate change on stratosphere-
troposphere exchange of ozone. Ideally we would like to
keep all inputs to the model the same in the future run
except for the wind fields. Unfortunately, not only does
climate change due to increasing CO, affect the wind fields,
it also changes other meteorological factors such as temper-
ature, humidity, clouds and precipitation. All these will
affect the modeled ozone distributions. The dominant effect
is the increase in humidity in the 2090s meteorology which
causes a more rapid ozone loss through the O('D)+H,0-
—20H reaction. A further problem when trying to isolate
the effects of circulation changes is the specification of the
stratospheric ozone climatology. This climatology was
deliberately kept fixed for this experiment, but obviously
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Figure 5. Model surface O3 concentrations (a) and Oss concentrations (b), averaged over 1991—-1994.
Units are ppb. Surface mean changes between 1991-1994 and 2091-2094 in O; (c) and O3s (d). Units

are ppb.

the stratospheric ozone chemistry is expected to vary in the
future according to changes in the concentrations of impor-
tant chemical constituents (such as halogens, oxides of
nitrogen or methane) and changes in the stratospheric
temperature and humidity. The stratospheric circulation
obviously also has a large effect on the distribution of
ozone. By using a fixed climatology (specified in terms of
latitude, longitude and pressure) we are introducing an
inconsistency between the stratospheric ozone and the
dynamics. This is most evident at the tropopause. The
extratropical tropopause pressure decreased by 20—40 hPa
in the 2090s simulation compared to the 1990s. Since the
climatological ozone is specified according to absolute
pressure rather than relative to the tropopause, the tropo-
pause ozone concentrations are increased in the future run.
This variation in tropopause height also means that the
stratospheric ozone climatology is imposed over a smaller
volume of the model atmosphere in the future.

[17] Figures 4a—4d show the zonal mean concentrations
for 1991-1994, and the fractional differences between the
2090s and the 1990s simulations, for O3 and Oss for the
month of March averaged over four years. In Figure 4a, a
region of upward transport of ozone poor air can be seen in
the tropics, with regions of downward transport of ozone
rich air in the subtropics and extratropics. The downward
transport is particularly noticeable in the northern middle to
high latitudes where values of 50 ppb extend down to the
lower troposphere. Comparison with Figure 4b shows that
25-50% of this ozone is of stratospheric origin. Figure 4c

shows the fractional change in ozone in the future. There are
regions of decreases in concentration around the level of the
tropopause in the tropics, high northern latitudes and south-
ern midlatitudes. These are due to a stronger upward flux of
ozone poor air (similar decreases are seen in a 'Be tracer).
Decreases in concentration in the lower troposphere, espe-
cially the tropics, are caused by the more rapid ozone
photochemical loss rate in the more humid climate. There
are noticeable regions of ozone increases of between 5 and
15% in the upper troposphere subtropics and southern
middle to high latitudes. These are caused by increased
downward transport of stratospheric ozone. The increases
can be seen more clearly in Figure 4d, which shows the
change in Oss as a fraction of the 1990s full ozone
concentration; that is, the denominator is the same as for
Figure 4c. The stratospheric ozone component has increased
almost everywhere. Although Oss is subject to the same
increase in photochemical loss as the full ozone, the effect is
less as O3s has a shorter residence time in the troposphere.

[18] Figures 5a—5d show the surface concentrations for
1991-1994, and the differences between the 2090s and the
1990s simulations, for O5 and Oss for the month of March
averaged over four years. There is a fairly widespread ozone
background of 35—45 ppb over the northern extratropics
(Figure 5a). Ozone and its precursors have longer lifetimes
in spring compared to the summer, so the marked differ-
ences between the continents and the oceans expected in the
summertime ozone distributions are not seen here. Partic-
ularly noticeable is the lack of a photochemical ozone
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Figure 6. Surface O; and O3s simulated ozone at Mace Head averaged over 19911994 (triangles) and
2091-2094 (circles). Measured values are shown as crosses and are taken from Olftmans and Levy

[1994].

production plume over Europe in March. Ozone from the
stratosphere contributes about 10—15 ppb to the background
(Figure 5b). Although surface ozone generally decreases in
the 2090s simulation, there are localized regions of
increased surface ozone in the future in the middle to high
northern latitudes (Figure 5c). These correlate well with
increases in Oss (Figure 5d) suggesting that they are due
either to increased transport from the stratosphere or by
some other process that increases the lifetimes of both O;
and Ogss. In fact over parts of East Africa, the Arabian
Peninsula and northern India the driving meteorology
predicts local decreases in humidity in the future and it is
likely that this explains the increases in O; and Oszs over
those locations. The future ozone increases over northern
Scandinavia, northern Siberia and the extreme west of
Europe are not associated with a drying climate so the
correlation with stratospheric ozone increases implies an
increase in transport from the stratosphere. The exact
location of these regional ozone increases varies when
intercomparing individual years in the present and future.
However the general pattern of increases in the extreme
north and extreme west of Europe is a robust feature.
Surface O3s generally increases in the 2090s simulation in
spite of the higher humidity. The arecas of large decreases
over western America and the Caribbean are associated with
particularly high relative increases in the water vapor
concentration.

[19] An indication of the effects of future changes in
climate is given by Figure 6, showing the current and future

seasonal cycles of ozone at Mace Head. The most notice-
able signal is a large decrease in summertime ozone in the
future due to more efficient ozone loss in the wetter climate.
There is an increase in Oss in the spring due to transport
from the stratosphere. This does lead to a slight increase in
the full ozone in March although the increase is not statisti-
cally significant. The overall effect is for Mace Head surface
ozone to peak slightly earlier in the year in future with
approximately the same peak concentration but a much
lower minimum.

[20] The effect of climate change is summarized in Table 1,
which lists the ozone fluxes across 200 hPa, the total loss
rate and the ozone burden. The 200 hPa fluxes are listed
rather than the tropopause fluxes since the height of the
tropopause varies in the two simulations, making a compar-
ison difficult. The net downward flux is larger than the

Table 1. Ozone Transport and Loss Fluxes Averaged Over 4
Years®

19911994 2091-2094 Difference
Flux across 200 hPa
Downward 8057+48 9899+90 18424102
Upward 6989445 8433+82 1444494
Net downward 1067+8 1465+13 398+15
Loss rate 4914+16 5304+14 390421
Burden (below 200 hPa) 284+2 271+£1 —14+2

Fluxes are given in Tg yr'. Average ozone burden below 200 hPa (Tg).
Quoted errors are due to interannual variability only.
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range of cross tropopause fluxes given by Collins et al.
[2000] since it includes some transport within the strato-
sphere in the high latitudes. The net flux is the difference of
two much larger terms, both of which increase in the future
climate suggesting that not only is there an increase in the
overall transport from the stratosphere by around 37%, but
there is also an increase in the two-way exchange of air
across the tropopause. The values in Table 1 are annually and
globally averaged. There is some seasonal and hemispheric
variation as the magnitudes of the transport fluxes are largest
in the wintertime of each hemisphere. However, there is still
an increase in the net downward ozone flux in each hemi-
sphere and in all seasons.

[21] Since ozone precursor emissions are kept fixed, there
is little change in the ozone production rate and all the
increase in downward transport is balanced by an increase
in loss. The loss rate can increase despite a decrease in the
ozone burden due to the shorter ozone lifetime in a more
humid atmosphere. If the ozone lifetime could be con-
strained to remain constant in the future, a rough estimate of
the future ozone burden can be obtained by scaling the
burden with the necessary increase in loss. This would give
a theoretical future ozone burden, due to circulation
changes and assuming no change in humidity, of 307 Tg,
an increase of 23 Tg or 8%. This will be an overestimate
since the largest changes in loss rate occur in the lower
troposphere while the bulk of the ozone burden is in the
upper troposphere.

4. Conclusions

[22] We have presented an investigation into the effects of
circulation changes due to climate change on the strato-
sphere-troposphere exchange of ozone, and the stratospheric
contribution to tropospheric ozone levels. We have tried to
do this by holding as many other variables constant as
possible. For some variables this is not entirely realistic. For
instance the distribution of stratospheric ozone will be
strongly affected by changes in the stratospheric circulation.
To address this issue rigorously, a full stratosphere-tropo-
sphere chemistry model would be needed. Such models are
currently under development.

[23] We have identified an increase in the net transport of
ozone into the troposphere in the future climate, although a
decreased ozone lifetime means that the overall tropospheric
burden decreases. There are regions in the midlatitudes to
high latitudes where surface ozone is predicted to increase
in the spring. However these increases are not significant.
Significant ozone increases are predicted in regions of the
upper troposphere, suggesting that trends in stratosphere-
troposphere exchange should be taken into account when
studying the impacts of climate change on radiative forcing.
The general increase in the stratospheric contribution (O3s
tracer) to tropospheric ozone in the climate changed sce-
nario indicates that the stratosphere will play an even more
significant role in the future.

[24] We have not attempted to identify the physical
causes of the predicted increased flux of ozone into the
troposphere. In particular the relative importance of the
Brewer Dobson circulation, synoptic-scale or convective-
scale features. It is doubtful that the GCM in this config-
uration can accurately represent the Rossby wave action in
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the midstratosphere as most of the 38 levels are below the
tropopause. There are questions too as to how accurately
tropopause folds and frontal transport can be represented
with a grid size of 3.75° x 2.5°.

[25] While this study cannot yet provide a definitive
answer on the future changes in the exchange of ozone
across the tropopause, it is in qualitative agreement with
other studies [Land and Feichter, 2003; Butchart and
Scaife, 2001; Rind et al., 2001]. It suggests that the changes
will be significant and that more detailed research into this
topic is required. This research will need middle atmosphere
models with full treatment of the ozone chemistry of both
the troposphere and stratosphere.
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EU project STACCATO (EVK2-1999-00316) and the U.K. Government
Meteorological Research Program.

References

Austin, J., N. Butchart, and R. S. Swinbank, Sensitivity of ozone and
temperature to vertical resolution in a GCM with coupled stratospheric
chemistry, Q. J. R. Meteorol. Soc., 123, 1405—-1431, 1997.

Butchart, N., and A. A. Scaife, Removal of chlorofluorocarbons by in-
creased mass exchange between the stratosphere and troposphere in a
changing climate, Nature, 410, 799—-802, 2001.

Collins, W. J., D. S. Stevenson, C. E. Johnson, and R. G. Derwent, Tropo-
spheric ozone in a global-scale three-dimensional Lagrangian model and
its response to NOy emission controls, J. Atmos. Chem., 26, 223—-274,
1997.

Collins, W. J., D. S. Stevenson, C. E. Johnson, and R. G. Derwent, Role of
convection in determining the budget of odd hydrogen in the upper
troposphere, J. Geophys. Res., 104, 26,927-26,941, 1999.

Collins, W. J., R. G. Derwent, C. E. Johnson, and D. S. Stevenson, The
impact of human activities on the photochemical production and destruc-
tion of tropospheric ozone, Q. J. R. Meteorol. Soc., 126,1925-1951,2000.

Collins, W. J., R. G. Derwent, C. E. Johnson, and D. S. Stevenson, A
comparison of two schemes for the convective transport of chemical
species in a Lagrangian global chemistry model, Q. J. R. Meteorol.
Soc., 128, 991-1009, 2002.

Cullen, M. J. P., The unified forecast/climate model, Meteorol. Mag., 122,
81-94, 1993.

Grewe, V., M. Dameris, R. Hein, 1. K6hler, and R. Sausen, Impact of future
subsonic aircraft NOy emissions on the atmospheric composition, Geo-
phys. Res. Lett., 26, 47—50, 1999.

Haynes, P. H., M. E. MclIntyre, T.G. Shepherd, and K.P. Shine, On the
“downward control” of extratropical diabatic circulations by eddy-in-
duced mean zonal forces, J. Atmos. Sci., 48, 651-678, 1991.

Intergovernmental Panel on Climate Change (IPCC), Climate Change
1995: The Science of Climate Change, edited by J. T. Houghton et al.,
Cambridge Univ. Press, New York, 1996.

Johns, T. C., R. E. Carnell, J. F. Crossley, J. M. Gregory, J. F. B. Mitchell,
C. A. Senior, S. F. B. Tett, and R. A. Wood, The second Hadley Centre
coupled ocean-atmosphere GCM: Model description, spinup and valida-
tion, Clim. Dyn., 13, 103—104, 1997.

Johnson, C. E., W. J. Collins, D. S. Stevenson, and R. G. Derwent, Relative
roles of climate and emissions changes on future tropospheric oxidant
concentrations, J. Geophys. Res., 104, 18,631—18,645, 1999.

Kanakidou, M., et al., 3-D global simulations of tropospheric CO distribu-
tions: Results of the GIM/IGAC intercomparison 1997 exercise, Chemo-
sphere: Global Change Sci., 1, 263282, 1999a.

Kanakidou, M., et al., 3-D global simulations of tropospheric chemistry
with focus on ozone distributions, Eur. Comm. Rep. EURI18842, Eur.
Comm., Brussels, 1999b.

Land, C., and J. Feichter, Stratosphere-troposphere exchange in a changing
climate simulated with the general circulation model MAECHAM4,
J. Geophys. Res., 108(D12), 8523, doi:10.1029/2002JD002543, 2003.

Li, D., and K. P. Shine, A 4-dimensional ozone climatology for UGAMP
models, UGAMP internal report 35, Univ. of Reading, Reading, UK,
1995.

Logan, J. A., An analysis of ozonesonde data for the troposphere: Recom-
mendations for testing 3-D models, and development of a gridded clima-
tology for tropospheric ozone, J. Geophys. Res., 104, 16,115-16,149,
1999.

Marenco, A., H. Gouget, P. Nédélec, J. P. Pagés, and F. Karcher, Evidence
of a long-term increase in tropospheric ozone from Pic du Midi data



STA 13-10

series-Consequences: Positive radiative forcing, J. Geophys. Res., 99,
16,617—16,632, 1994.

Meloen, J., et al., Stratosphere-troposphere exchange: A model and meth-
od intercomparison, J. Geophys. Res., 108(D12), 8526, doi:10.1029/
2002JD002274, 2003.

Monks, P. S., A review of the observations and origins of the spring ozone
maximum, Atmos. Environ., 34, 3545-3561, 2000.

Murphy, D. M., and D. W. Fahey, An estimate of the flux of stratospheric
reactive nitrogen and ozone into the troposphere, J. Geophys. Res., 99,
5325-5332, 1994.

Oltmans, S. J., and H. Levy III, Surface ozone measurements from a global
network, Atmos. Environ., 28, 9—24, 1994.

Rind, D., J. Lerner, K. Shah, and R. Suozzo, Use of on-line tracers as a
diagnostic tool in general circulation model development: 2. Transport
between the troposphere and stratosphere, J. Geophys. Res., 104, 9151 —
9167, 1999.

Rind, D., J. Lemer, and C. McLinden, Changes of tracer distributions in
the doubled CO, climate, J. Geophys. Res., 106, 28,061 -28,079,
2001.

Rind, D., J. Lerner, C. McLinden, M. Prather, and J. Perlwitz, Sensitivity of
tracer transports and stratospheric ozone to sea surface temperature pat-
terns in the doubled CO2 climate, J. Geophys. Res., 107(D24), 4800,
doi:10.1029/2002JD002483, 2002.

Roelofs, G.-J., and J. Lelieveld, Model study of the influence of cross-
tropopause Os transports on tropospheric O levels, Tellus, Ser. B, 49,
38-55, 1997.

Stevenson, D. S., C. E. Johnson, W. J. Collins, R. G. Derwent, K. P. Shine,
and J. M. Edwards, Evolution of tropospheric ozone radiative forcing,
Geophys. Res. Lett., 25, 3819-3822, 1998a.

COLLINS ET AL.: FUTURE STRATOSPHERE-TROPOSPHERE EXCHANGE

Stevenson, D. S., W. J. Collins, C. E. Johnson, and R. G. Derwent, Inter-
comparison and evaluation of atmospheric transport in a Lagrangian
model (STOCHEM), and a Eulerian model (UM), using **’Rn as a
short-lived tracer, Q. J. R. Meteorol. Soc., 125, 2477—2493, 1998b.

Stevenson, D. S., C. E. Johnson, W. J. Collins, R. G. Derwent, and J. M.
Edwards, Future estimates of tropospheric ozone radiative forcing and
methane turnover: The impact of climate change, Geophys. Res. Lett., 27,
2073-2076, 2000.

Stohl, A., et al., Stratosphere-troposphere exchange: A review, and what we
have learned from STACCATO, J. Geophys. Res., 108, doi:10.1029/
2002JD002490, in press, 2003.

Volz, A., and D. Kley, Evaluation of the Montsouris series of ozone mea-
surements made in the nineteenth century, Nature, 332, 240—242, 1988.

World Health Organization (WHO), Air Quality Guidelines for Europe,
WHO Reg. Publ., Eur. Ser. 23, Copenhagen, Denmark, 1987.

World Meteorological Organization (WMO), Atmospheric ozone 1985,
Rep. 20, WMO Global Ozone Res. and Monit. Proj., Geneva, 1986.

Zanis, P., et al., An estimate of the impact of stratosphere-to-troposphere
transport (STT) on the lower free tropospheric ozone over the Alps using

%Be and "Be measurements, J. Geophys. Res., 108(D12), 8520,
doi:10.1029/2002JD002604, 2003.

W. J. Collins, R. G. Derwent, B. Garnier, C. E. Johnson, and M. G.
Sanderson, Met Office, London Rd., Bracknell, Berkshire, RG5 3AD, UK.
(bill.collins@metoffice.com)

D. S. Stevenson, Department of Meteorology, University of Edinburgh,
James Clerk Maxwell Building, King’s Buildings, Mayfield Road,
Edinburgh, EH9 3JZ, UK.



