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[1] The potential radiative impact of ozone changes on stratosphere-troposphere exchange
(STE) is investigated by a series of climate model simulations. The impact of an arbitrary
15% O3 change on temperature, stratospheric water vapor, and cross-tropopause mass flux
are compared to the corresponding effects from a doubling of atmospheric CO2. Our
analysis shows that a 15% global O3 decrease can cause a maximum cooling of 2.4 K in
the stratosphere and �7.2% increase in the tropical upwelling. This cooling also results in
a higher tropical tropopause and lower tropopause temperatures, and hence less
stratospheric water vapor and smaller amplitude of the so-called tape recorder signal. A
global 15% O3 increase gives rise to �2.1 K stratospheric warming and �4% decrease in
the tropical upwelling. This O3 increase results in more water vapor entering the
stratosphere owing to a lower tropopause and higher tropopause temperatures. The effect
of a ±15% change in O3 below 100 hPa is relatively small. However, the effect of a 15%
O3 increase between 200 and 70 hPa is similar to that of a 15% O3 increase through the
whole domain, suggesting that ozone increases in the UTLS dominate the impacts on
temperature and tropical upwelling. Sea surface temperature (SST) changes associated
with increasing atmospheric greenhouse gases (GHG) have a profound impact on the
STE. Without corresponding SST changes, the radiative effects of the CO2 doubling on
the STE is less significant than a global 15% O3 increase. When the SST changes are
considered in the doubled CO2 experiment, the tropical upwelling is significantly
increased (by 20.4%) with a much higher, but warmer, tropopause.
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1. Introduction

[2] The Earth’s climate is changing as a result of increas-
ing GHGs in the atmosphere. The primary consequence of
increased GHGs is to give rise to an overall warming of the
troposphere and a cooling of the stratosphere, hence result-
ing in changes in the thermal structure of the atmosphere.
These changes in the thermal structure have an important
implication for stratosphere-troposphere exchange (STE)
due to changes, among other things, in tropopause height
and temperature, the intensity of wave activity and the
strength of the Brewer-Dobson (BD) circulation [e.g.,
Holton et al., 1995].
[3] Among the various GHGs, CO2 is the most important

and its impact on ozone recovery has been studied exten-
sively [e.g., Shindell et al., 1998; Rosenfield et al., 2002].
Atmospheric ozone is not only photochemically active but

is also radiatively important. Tropospheric ozone is a GHG
while in the stratosphere ozone plays an important role in the
shortwave and longwave radiation budget. Previous studies
have shown that up to 30% of the surface and tropospheric
warming resulting from GHG increases may have been
offset by the cooling effect of stratospheric ozone loss
during the period 1980 to 1999 [e.g.,Tett et al., 1996;Roeckner
and Stendel, 1999; World Meteorological Organization,
1999].
[4] Since the discovery of the Antarctic ozone hole

[Farman et al., 1985], a negative trend in globally averaged
total ozone column has been observed [e.g., Intergovernmenal
Panel on Climate Change, 2001; World Meteorological
Organization, 2003, 2007] while recent chemistry climate
model (CCM) studies indicate that the ozone layer should
tend to recover to 1980 values by around 2050 [Eyring et
al., 2007]. Chipperfield and Feng [2003] argued that CO2-
induced cooling may cause stratospheric O3 to recover to
values greater than 1980 levels during this century. Changes
in atmospheric ozone not only give concern for human
health due to its UV-attenuating effects, but also lead to
climate changes both by direct radiative effects and indi-
rectly by modifying dynamic processes in the atmosphere. It
has been shown that the largest impact of ozone changes on
climate occurs near the tropopause [e.g., Forster and Shine,
1997; Hansen et al., 1997].
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[5] There have been many studies on the climate effect of
ozone changes using CCMs and general circulation models
(GCMs) as well as simple radiative-convective models [e.g.,
Ramanathan and Dickinson, 1979; Wang, 1985; Shindell et
al., 1999, 2001; Dameris et al., 2002; Schwarzkopf and
Ramaswamy, 2002; Karoly, 2003; Austin et al., 2003;
Chipperfield and Feng, 2003; Tian and Chipperfield,
2005]. However, those studies mainly focused on ozone-
induced temperature changes and related chemical feed-
backs while less attention has been paid to the effect of
ozone changes on STE processes. On the other hand,
atmospheric ozone undergoes both chemical and radiative
processes. In those CCM studies in which ozone is both
chemically and radiatively coupled to the underlying GCM,
it is hard to separate the radiative effects of ozone from
chemistry-related effects. Until now, most CCMs have only
included either tropospheric chemistry or stratospheric
chemistry due to constraints of computer resources and
the overall effect of ozone changes within the whole
atmosphere has not yet been determined.
[6] In this paper, using a general circulation model

(CAM3) which has been well tested in previous studies
[e.g., Collins et al., 2006; Hurrell et al., 2006], we perform
a series of time-slice runs to investigate potential impacts of
ozone changes on STE processes. A change in ozone will
feed back on temperature and, thus circulation through
changing radiative heating rate and the temperature gradi-
ent. We will focus on the radiative-dynamic effect of ozone
on STE processes; its chemical effect and associated feed-
backs are not considered. Previous studies have shown that
during the past several decades, global ozone has decreased
by a factor of at least �6% in the whole atmosphere and
increased by 15% in the troposphere [e.g., Johnson et al.,
1999; Randel et al., 1999; Austin et al., 2003; Collins et al.,
2003; Reinsel et al., 2005; Stevenson et al., 2006; Fioletov
et al., 2006; World Meteorological Organization, 2007]. It
is also likely that ozone in the whole atmosphere will
increase by 6% by the end of this century owing to ozone
recovery [e.g., Eyring et al., 2007; World Meteorological
Organization, 2007]. To understand the potential impact of
ozone changes on STE and climate, we use different
prescribed changes of ozone in the atmosphere. Climate
responses to prescribed ozone changes are compared to
corresponding responses caused by a doubling of atmo-
spheric CO2 in order to clarify the relative importance of

ozone changes. Section 2 gives a brief description of the
model and numerical experiments. Section 3 presents the
temperature and zonal wind responses to prescribed ozone
changes while section 4 analyses the subsequent modulation
of the BD circulation and cross-tropopause mass transport.
Section 5 discusses the modulation of the water vapor
entering from the troposphere to stratosphere due to these
ozone changes and section 6 gives our summary.

2. Model Setup and Numerical Experiments

[7] The CAM3 model used in this study is a state-of-the-
art 3D GCM provided by NCAR (http://www.ccsm.ucar.
edu/models/atm-cam/). The model has a longitude-latitude
resolution of 2.8� � 2.8� with 26 levels extending from the
surface to 4 hPa and a vertical resolution of about 2 km in
the tropopause region. A general overview of CAM3 is
given by Collins et al. [2004, 2006]. They showed that the
model’s radiation scheme performs well in simulating the
radiative forcing of clouds and GHGs. Boville et al. [2006]
showed that the CAM3 can simulate a relatively realistic
tropopause and the common tropopause cold bias problem
has been almost eliminated in the model (see also below).
[8] Nine time-slice runs have been performed for this

study and the ozone change scenarios in each experiment
are listed in Table 1. The GHG values used in the model
radiation scheme are based on IPCC A2 scenario [World
Meteorological Organization, 2003] 1990 values (CO2,
353 ppmv; CH4, 1.7 ppmv; N2O, 308 ppbv; CFC11, 256 pptv;
CFC12, 474 pptv). The sea surface temperatures (SST) used
in experiments E1�E7 and E9 are observed monthly mean
climatologies for the time period from 1949 to 2001
[Rayner et al., 2003]. It should be noted that most previous
studies on doubled CO2 experiments have been performed
with the SSTs also being altered to be consistent with the
equilibrium response to doubled CO2 in the atmosphere
[e.g., Rind et al., 1999, 2001; Butchart et al., 2000, 2006].
In our experiments E1 to E7 and E9, the SSTs are all the
same so that we can focus mainly on radiative effects of
O3 and CO2 on STE. In experiment E8, the SST and sea
ice fields were generated by UK Met Office Hadley Centre
for the Chemistry-Climate Model Validation Activity
(CCMVal) experiments described by Eyring et al. [2007].
The original data sets are monthly time series from 1980 to
2100. In E8, the 12-month climatology of the SST and sea
ice fields for a doubled CO2 atmosphere are calculated from
the last 10 years of this data set, i.e., 2091–2100. The SSTs
in E8 include the GHG-induced changes in the SST field so
we can compare experiment E8 with the doubled CO2

experiment without SST responses (E6). All experiments
were ran for 16 years where the first 4 years are spin-up and
only the remaining 12 years are used for the analysis. The
model climatologies are based on the last 12 years of the
model output except when otherwise stated.
[9] The ozone used in the model’s radiation scheme is a

monthly varying zonal mean climatology. Figure 1 shows
the annual mean of this ozone climatology and the water
vapor climatology from the control experiment E1. In order
to verify that CAM3, a low top tropospheric GCM, can give
a water vapor climatology near the tropopause region
quantitatively consistent with those of full stratosphere
GCMs, the water vapor field from a transient run (1978–

Table 1. Ozone, CO2 and SST Change Scenarios in Model

Experiments

Experiment Configuration

E1 Control experiment with no ozone change
E2 Global ozone decreased by 15%
E3 Ozone above 100 hPa decreased by 15%
E4 Ozone below 100 hPa increased by 15%
E5 Global ozone increased by 15%
E6 CO2 concentration doubled
E7 CO2 concentration doubled + Global ozone

increased by 15%
E8 CO2 concentration doubled + SST responses

to 2 � CO2

E9 Ozone between 200 hPa and 70 hPa increased
by 15%

D00B09 XIE ET AL.: EFFECT OF OZONE ON STE

2 of 15

D00B09

 21562202d, 2008, D
7, D

ow
nloaded from

 https://agupubs.onlinelibrary.w
iley.com

/doi/10.1029/2008JD
009829 by L

anzhou U
niversity, W

iley O
nline L

ibrary on [25/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



2019) of the UK Met Office Unified Model (UM) (64-level
version) is analyzed. The water vapor climatology for the
period of 1980–2000 (approximately a 1990s climatology)
from this transient run is also shown in Figure 1. More
details of this UM experiment is given by Tian and
Chipperfield [2006]. Note that water vapor climatologies
from both the CAM3 and UM are much lower than
observed values in the stratosphere owing to the absence
of methane oxidation. It should be noted that an unrealistic
stratospheric water vapor climatology will cause biases in
radiation fluxes in the stratosphere. However, all results in
this study are interpreted from differences between two
model climatologies and the net effect of those biases on
the results of this paper should be small. On the other hand,
Tian and Chipperfield [2006] found from a CCM that water
vapor in the lower stratosphere is largely related to changes
in temperature and transport near the tropopause. Figure 1

also indicates that in the upper troposphere and lower
stratosphere (UTLS) region, the magnitudes of water vapor
in both models are similar.
[10] Figure 2 shows the modeled temperature and west-

erly wind climatologies from the control experiment E1 and
the UM run mentioned above. Also shown are the
corresponding temperature and westerly wind climatologies
for the time period from 1984 to 1993 from National
Centers for Environmental Prediction (NCEP) reanalysis
(http://www.sparc.sunysb.edu/html/model_index.html). We
can see that the modeled temperature climatology compares
well with NCEP reanalysis and the UM output. However,
the westerly jet in CAM3 is too strong compared to those of
the NCEP and UM climatologies, possibly owing to effects
of the low model top and the crude gravity wave drag
scheme in CAM3.

3. Temperature and Circulation Responses to
Ozone Changes

[11] Atmospheric ozone absorbs ultraviolet and infrared
radiation so changes in O3 concentrations will directly
influence atmospheric temperature through radiative pro-
cesses. Figure 3 shows responses of the temperature field to
prescribed ozone changes in different experiments. A global
15% ozone decrease causes a significant cooling in the
stratosphere with a maximum 2.4 K decrease in the middle
stratosphere (Figure 3a). This cooling is proportionally in
accordance with CCM predictions [e.g., Tian and Chipperfield,
2005]. Wang [1985] used a one-dimensional model and
demonstrated that a 15% decrease in the middle stratospheric
ozone can even cause a maximum 4 K temperature decrease.
The temperature changes in the middle and lower tropo-
sphere caused by a global 15% ozone decrease are not
significant at 95% confidence. However, in the tropics,
statistically significant cooling can be noted down to the
middle troposphere. Here the statistical significance is
estimated by Student’s T-statistic which tests whether two
sample populations have significantly different means.
Compared to experiment E3, in which ozone concentrations
above 100 hPa are reduced by 15% (Figure 3b), the cooling
in Figure 3a is slightly smaller than that in Figure 3b in the
middle stratosphere in the tropics and midlatitudes. A
comparison of Figures 3a and 3b reveals that although the
decrease of ozone below 100 hPa gives no statistically
significant temperature difference in most of the troposphere,
it has an impact on stratospheric temperatures. Figures 3a and
3b also indicate that the statistically significant cooling in the
middle and upper troposphere in Figure 3a is not a conse-
quence of the decrease in ozone below 100 hPa.
[12] Figure 3c indicates that a 15% increase in ozone

below 100 hPa nearly causes no significant temperature
response in the troposphere. However, it leads to a cooling
of about 0.3 K at high southern latitudes and 1.2 K at high
northern latitudes in the middle stratosphere. This result is
in accordance with Figures 3a and 3b and implies that a
decrease of ozone below 100 hPa tends to cause a warming
in the middle stratosphere. The underlying mechanism for
this stratosphere-troposphere interaction may be related to
stratospheric water vapor changes caused by ozone changes
which are discussed in detail in section 5.

Figure 1. (a) Annual mean ozone climatology (ppmm)
used in the model’s radiation scheme. Also shown are water
vapor climatologies (ppmv) from (b) the control experiment
E1 and (c) an experiment simulates from 1978 to 2019 of
the U.K. Met Office UM (64-level version).
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[13] A global 15% ozone increase results in global
temperature increases (Figure 3d) with a maximum warm-
ing of 2.1 K in the middle stratosphere. Statistically signif-
icant warming regions in Figure 3d extend farther
downward compared to the cooling regions in Figure 3a.
As expected, the doubling of CO2 causes significant cooling
in the stratosphere which is about three times as large as
that caused by a 15% decrease of ozone above 100 hPa
(Figure 3e). A question that arises here is what are the
temperature responses to an ozone change in a doubled-CO2

atmosphere? Figure 3f shows temperature responses to a
CO2 doubling and a global 15% O3 increase. The integrated
effect of these cause more significant warming in the
troposphere and less cooling in the stratosphere compared
to the doubled CO2 experiment (Figure 3e). Also noticeable
in Figure 3f is a pronounced warming in the tropical UTLS
region where the warming is not significant in the doubled

CO2 experiment. A 15% O3 increase in the UTLS region
causes a maximum warming of 1.2 K in the tropopause
region (Figure 3h). This warming of tropopause allows
more water vapor to enter the stratosphere causing a cooling
(0.2 � 1.0 K) in the high-latitudes stratosphere. Comparing
Figures 3f and 3h, we can see that in the UTLS the 2xCO2-
induced warming is quite similar compared to the warming
from a 15% O3 increase in the UTLS region.
[14] Note that experiments E1 to E7 do not account for

the SST responses to CO2 doubling and O3 changes. When
SSTs are altered to include the equilibrium response to
changing GHGs in the atmosphere, the temperature re-
sponse to increased GHGs is different. Figure 3g shows
the temperature differences between experiment E8 and E1.
Compared to Figure 3e, we can see that the warming in the
troposphere is significantly enhanced when the SSTs are
changed. Figure 3h indicates that a 15% increase of ozone

Figure 2. Latitude-pressure cross sections of zonal mean climatologies of temperature and zonal wind
from (a, b) the NCEP reanalysis data for the time period from 1984 to 1993, (c, d) a 40-year experiment
of the 64-level UM from UK Met Office, and (e, f) the control experiment E1. Contour intervals are 10 K
for the temperature and 10 m s�1 for zonal wind.
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between 200 and 70 hPa causes a 1.2 K warming in the
UTLS region. Statistically significant cooling can also be
noted in the stratospheric higher latitudes, which may be
due to water vapor changes caused by the ozone increases
between 100 and 70 hPa.
[15] Figure 4a further shows the temperature differences

between experiments E7 and E6. Comparing Figure 4a with
Figure 3d shows that temperature responses to a global 15%
O3 increase in a doubled CO2 atmosphere are overall the
same as those in experiment E5. However, at middle to high
latitudes, temperature responses to a 15% O3 increase in a
2xCO2 atmosphere are slightly different from those in a
1xCO2 atmosphere, as can be seen from Figure 4b. The
warming of polar regions due to a 15% O3 increase in a
doubled CO2 atmosphere (E7-E6) is more significant than
in a 1xCO2 atmosphere (E5-E1).

[16] Figure 5 shows the latitude-pressure cross sections of
zonal mean zonal wind differences for experiments E5 to E8
relative to the control experiment E1. Differences in the
zonal wind caused by a 15% global ozone decrease (E2), a
15% decrease in ozone above 100 hPa (E3), a 15% increase
in ozone below 100 hPa (E4) or a 15% ozone increase
between 200 and 70 hPa (E9) exhibit no consistent patterns
of statistical significance (not shown). It appears that the
tropospheric cooling caused by ozone decreases does not
generate significant responses in the stratosphere. However,
a global 15% ozone increase causes statistically significant
differences in the zonal wind in stratosphere at lower
latitudes and southern high latitudes (Figure 5a). The
warming due to a 15% global O3 increase gives rise to
stronger westerly winds over polar regions but weaker
westerlies in the midlatitude stratosphere. Zonal wind differ-

Figure 3. Latitude-pressure cross sections of zonal mean temperature differences (K) between
experiments (a) E2 and E1, (b) E3 and E1, (c) E4 and E1, (d) E5 and E1, (e) E6 and E1, (f) E7 and E1,
(g) E8 and E1, and (h) E9 and E1. Differences significant at 95% confidence level are shaded. Solid lines
represent positive values, and dashed lines represent negative values.
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ences in the tropical upper stratosphere are also strength-
ened by a 15% O3 increase. The results here suggest that the
warming of the stratosphere and upper troposphere due to a
global ozone increase tends to strengthen the polar vortex
but weaken the middle latitude westerly jet. In contrast, in
doubled CO2 experiment E6 the significant cooling effect in
the stratosphere tends to accelerate westerly winds in the
southern hemisphere midlatitude stratosphere (Figure 5b).
Previous studies have shown that increasing greenhouse
gases tend to cool the polar stratosphere, and to warm the
tropical upper troposphere. Consequently, this increases the
meridional temperature gradient in the tropopause region
and the stratospheric zonal wind via the thermal wind
relationship. Shindell et al. [2001] pointed out that this
could also strengthen the polar vortex through the wave-
mean flow mechanism. It is obvious from Figures 5a and 5b
that circulation responses to a global ozone increase are
different to those from a CO2 doubling.
[17] By looking at Figures 5a, 5b and 5c together, we can

note that a global 15% ozone increase (E5) and 2xCO2 have
a reversed effect on circulation, particularly in the southern
and tropical stratosphere. From Figure 5d we can see that

circulation changes in experiment E8 (2xCO2 + SST
change) are much larger than those in the other experiments
with significant acceleration of westerlies at high latitudes
and weakening of zonal wind in the tropical stratosphere. It
is apparent that a 15% increase of atmospheric ozone has a
more significant impact on circulation than a 15% decrease,
while the effect of a global 15% ozone increase on circu-
lation is as significant as that of CO2 doubling if the SST
responses to CO2 doubling are not considered.

4. Effect of Ozone Changes on Global Mass Flux

[18] Previous studies have shown that increasing GHGs
tend to increase the mass exchange between the stratosphere
and troposphere owing to a strengthened BD circulation
[e.g., Rind et al., 2001; Butchart and Scaife, 2001; Butchart
et al., 2006]. The results from those previous studies
indicate that a doubling of CO2 can cause substantial
increase in the mass exchange across the tropopause. It is
still unclear to what extent the changing atmospheric ozone
modifies and affects the cross tropopause mass exchange. It
is well known that the BD circulation, which consists of a
vertical and a meridional component of the stratospheric
motion, plays an important role in the mass exchange
between stratosphere and troposphere. It is necessary here
to examine first the potential impact on ozone changes on
the BD circulation. The formulae to calculate the BD
circulation in a pressure coordinate system are given by
Edmon et al. [1980, 1981]

�v0 ¼ �v� v0�q0
� �

=�qp
h i

p

�w0 ¼ �wþ a cosfð Þ�1
cosf v0�q0

� �
=�qp

� �h i
f
;

where q is the potential temperature, a is the radius of the
earth, �v is mean meridional wind, �w is mean vertical velocity
in pressure coordinates. Subscripts p and f denote
derivatives with pressure p and latitude f, respectively.
The overbar denotes the zonal mean and the accent denotes
the deviations from the zonal mean value.
[19] The diagnosed BD circulation, EP flux vectors and

annual cycle of the vertical velocity of the BD circulation in
the control experiment E1 are shown in Figure 6. We can
see that the model gives a reasonable pattern of the
circulation with strong upwelling from the tropical tropo-
sphere to stratosphere and downwelling in the middle and
high latitudes. The EP flux vectors and the annual cycle of
the vertical velocity of the BD circulation are in accordance
with those in previous studies [e.g., Butchart et al., 2006].
The upwelling covers a broad latitude range from around
�30�S to 30�N and regions poleward of 30� are marked
mainly by downwelling. It should be pointed out that there
are also rising branches of �w0 at midlatitudes. A similar
feature has been noted in previous studies [Edmon et al.,
1980, 1981; Butchart et al., 2006] and this can be largely
accounted for in terms of latent heat released at low levels
and then transported upward (in the Eulerian sense) by the
midlatitude baroclinic disturbances [Simmons and Hoskins,
1978]. However, �w0 averaged poleward of 30� is positive in
all experiments implying that the net effect of the BD

Figure 4. Zonal mean temperature differences (K) between
(a) experiment E7 and E6. (b) Zonal mean temperature
differences calculated from (E7-E6) � (E5-E1). Differences
significant at 95% confidence level are shaded. Solid lines
represent positive values, and dashed lines represent negative
values.

D00B09 XIE ET AL.: EFFECT OF OZONE ON STE

6 of 15

D00B09

 21562202d, 2008, D
7, D

ow
nloaded from

 https://agupubs.onlinelibrary.w
iley.com

/doi/10.1029/2008JD
009829 by L

anzhou U
niversity, W

iley O
nline L

ibrary on [25/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



circulation from middle to high latitudes will cause a
downward mass transport. It should be pointed out that the
rising branch in �w0 should not occur in Lagrangian-mean
meridional circulation. However, Butchart et al. [2006]
compared several models (some of them also having a rising
branch in the BD circulation) and found that all models can
reproduce the observed upwelling across the tropical tropo-
pause balanced by downwelling in the extratropics.
[20] Figure 7 shows the width of the ‘‘turnaround lati-

tudes’’ [Butchart and Scaife, 2001], where circulation
changes from upward to downward near tropics at the
100 hPa model level. The average width of the turnaround
latitudes at 100 hPa in experiments E5, E7 and E9 are 47.2�,
47.4� and 47.2�, respectively, and is 46.1� in the control
experiment E1, implying that warming of the whole atmo-
sphere or the UTLS region tends to widen the region with
upward motions in the tropics. A maximum 1.3� increase in
the width of the turnaround latitudes can be caused by a

global 15% ozone increase together with CO2 doubling.
Further examination of the width of the turnaround latitudes
near the tropics at 85 and 70 hPa levels shows a similar
feature. Note that differences in the width of turnaround
latitudes between the control experiment E1 and other
experiments are significant above 90% confident level
(Student-T test) except for experiment E2. It appears that
a significant warming of the stratosphere tends to widen the
tropical upwelling region. It is interesting that the average
turnaround latitudes in experiment E8 is smaller than the
control experiment E1. By looking at Figure 3 and Figure 7
together, we can see that the significant warming of the
UTLS (in experiments E5, E7, E9) tends to increase the
width of turnaround latitudes. In contrast, the significant
warming below 100 hPa and cooling just above 100 hPa
(Figure 3g) is associated with a decrease in the width of
turnaround latitudes in Figure 7g.

Figure 5. Latitude-pressure cross sections of zonal mean zonal wind differences (m s�1) between
(a) experiments E5 and E1, (b) E6 and E1, (c) E7 and E1, and (d) E8 and E1. Differences significant at
95% confidence level are shaded. Solid lines represent positive values, and dashed lines represent
negative values. Contour interval is 0.5 m s�1.
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[21] Figure 8 shows profiles of �w0 averaged between the
turnaround latitudes near the tropics for four different
seasons. Note that in spring (MAM) and summer (JJA) a
15% decrease in O3 (E2 and E3) leads to an increase in �w0

in this region, implying increased tropical upwelling
(Figures 8a and 8b). In fall (SON) and winter (DJF), 15%
O3 decreases cause no significant changes in �w0 (Figures 8c
and 8d). In all experiments with a 15% O3 increase (E4, E5,
E7, and E9) the tropical upwelling in all four seasons tends
to be weakened compared to the control experiment E1. The
�w0 responses to CO2 doubling with (E8) and without (E6)
SST change are different. In experiment E8 �w0 increases
significantly while in experiment E6 �w0 decreases. These
results are qualitatively consistent with previous findings of
the effect of increasing GHGs on STE [e.g., Butchart and
Scaife, 2001; Read et al., 2001; Austin and Li, 2006].
Previous studies have also shown that the BD circulation
is significantly strengthened in a doubled CO2 climate.
Kodama et al. [2007] found SST changes due to increased

CO2 produce a more significant effect on the BD circulation
than CO2-induced radiation changes in the atmosphere.
Figure 8 clearly shows that the doubling of CO2 together
with SST associated changes gives rise to a significant
increase in the tropical upwelling. Figure 8 also suggests
that the 2xCO2-induced warming in the atmosphere can
even cause a decrease in the BD circulation. Also noticeable
is that a 15% increase in ozone between 200 and 70 hPa
(E9) causes an even more significant effect on �w0 between
the turnaround latitudes than a 15% global ozone increase
(E5) (see Figures 8c and 8d), suggesting that ozone changes
in the UTLS region have a more significant impact on the
STE than ozone changes elsewhere.
[22] A more quantitative measure of the effect of chang-

ing ozone layer on the STE can be gained from the cross-
tropopause mass flux associated with the BD circulation.
Following Austin et al. [2003], the upward mass flux is
calculated at the 100 hPa model as the difference in the
mass stream function Fm between the turnaround latitudes
near the tropics. The residual mean stream function y is
defined by

@y=@f ¼ �a cosf�w0; @y=@p ¼ cosfv0;

where (�v0, �w0) is the residual mean meridional circulation
and a is the radius of the Earth. The mass stream function
Fm is defined as Fm = 2pay /g. Integrating the above
equations between the turnaround latitudes, we can get the
upward mass flux at a given level.
[23] Table 2 presents the tropical upward mass flux at the

100 hPa model level in different experiments. The mass
fluxes integrated poleward from the turnaround latitudes in
both the hemisphere are also listed. We can see from Table 2
that a global 15% O3 decrease or a 15% O3 decrease above
100 hPa can cause an increase of about 7.2% or 4.6% in the
tropical upward mass flux at 100 hPa. The changes in the
topical upward flux in experiments E4 (15% increase of
ozone below 100 hPa) and E6 (CO2 doubling) are relatively
small. A global 15% O3 increase causes a decrease in
tropical upward mass flux by 4.0% while CO2 doubling
and a global 15% O3 increase together also lead to 4.0%
decrease in the tropical upward mass flux. These results
indicate that the warming caused by O3 increases tends to
decrease tropical upward flux while the cooling tends to
increase the tropical upward flux. Rind et al. [2001]
estimated a 30% increase in STE mass flux due to a
doubling of CO2 concentrations which is much larger than
our estimate from experiment E6. As mentioned above,
without considering SST changes, the doubling of CO2 in
the model’s radiation scheme cannot cause a significant
change in the BD circulation. If the SST changes are
considered, doubling of CO2 results in a 20.4% increase
in the tropical mass flux at 100 hPa which is close to
previous findings. Consistent with Figure 8, the change of
the tropical mass flux at 100 hPa in experiment E9 (5.6%) is
even bigger than in experiment E5 (4.0%) suggesting the
importance of ozone changes in the UTLS region in
modulating the STE.
[24] The mass fluxs at middle and high latitudes are

downward in both hemispheres. The downward mass flux
in the northern hemisphere is overall larger than that in the
southern hemisphere in all eight experiments. The hemi-

Figure 6. (a) BD circulation vectors, (b) EP flux vectors,
and (c) the annual cycle of vertical velocity of the BD
circulation diagnosed from the control experiment E1.
Regions with upward motions are shaded in Figure 6a.
Contour lines represent the vertical velocity field with solid
lines denoting upward motion and dashed lines denoting
downward motion. Contour interval is 0.2 Pa/s � 1000 in
Figures 6a and 6c.

D00B09 XIE ET AL.: EFFECT OF OZONE ON STE

8 of 15

D00B09

 21562202d, 2008, D
7, D

ow
nloaded from

 https://agupubs.onlinelibrary.w
iley.com

/doi/10.1029/2008JD
009829 by L

anzhou U
niversity, W

iley O
nline L

ibrary on [25/11/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



sphere difference in the mass flux is relatively large in the
doubled CO2 experiment E6 and E8 and smallest in
experiment E5 (a global 15% increase in O3). Schoeberl
[2004] showed that the STE mass flux at the southern
hemisphere extratropics is only half as large as that at the
northern hemisphere extratropics. The hemispheric differ-
ences in the downward mass flux in Table 2 are not as
significant as those of Schoeberl [2004], possibly owing to
different levels and approaches in estimating the mass flux.

5. Effects on Stratospheric Water Vapor

[25] Here we examine the effect of changing ozone on the
transport of the atmospheric water vapor from the tropo-
sphere to stratosphere. It should be noted that the water
vapor transport in a low-vertical resolution model with an
Eulerian dynamical core is not expected to be very accurate.
However, Figure 1 shows that the magnitudes of modeled

water vapor in the UTLS region are similar to those in the
UM run. Moreover, our results are interpreted in terms of
water vapor differences between a sensitivity run and the
control run which are mainly caused by changes in temper-
ature and transport near the troposphere. Therefore, even if
the stratospheric water vapor is not accurately predicted by
the model, some insights on the effects STE changes on
water vapor can still be obtained. Figure 9 shows the time
variations of the stratospheric water vapor in different
experiments. Compared to the control experiment E1, the
water vapor mixing ratios in E2 and E3 are decreased
significantly within the 30�N�30�S and 30�N�90�N lati-
tude bands owing to the cooling effect of a 15% O3 decrease
above 100 hPa. Note that there are no significant differences
in water vapor between experiment E3 (a 15% decrease of
ozone above 100 hPa) and E2 (a global decrease of O3 by
15%) implying that a 15% O3 decrease below 100 hPa has
no significant impact on the water vapor entering the

Figure 7. Time series of the width (degrees latitude) of the turnaround latitudes (red lines) in
experiment (a) E2, (b) E3, (c) E4, (d) E5, (e) E6, (f) E7, (g) E8, and (h) E9. The corresponding time series
for the control experiment E1 (black lines) is also given for reference in each panel. The mean of each
time series is marked on the right side of each panel.
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stratosphere. Water vapor in experiments E4 and E5 is
obviously higher than in the control experiment E1 owing
to warming effects of increased ozone. It is evident that a
15% increase of ozone below 100 hPa allows more water
vapor to enter the stratosphere owing to the warming of the
upper troposphere while a 15% decrease of ozone above
100 hPa causes less water vapor in the stratosphere owing to
the cooling of the lower stratosphere.
[26] Figure 9f shows that the water vapor in experiment

E6 is nearly the same as that in the control experiment E1. It
is interesting that the significant cooling of the stratosphere
by 2xCO2 causes no significant change in stratospheric
water vapor. However, stratospheric water vapor is signif-
icantly increased in the doubled CO2 experiment with SST
changes (Figures 9h), suggesting that doubled CO2-induced
SST changes have a more profound impact on the strato-
spheric water vapor than the 2xCO2-induced radiative cool-
ing and warming in the atmosphere. The water vapor in
experiment E7 has the same magnitude as that in experi-
ments E5 and E8, further confirming that the warming
induced by a 15% ozone increase and 2xCO2-induced
SST changes have a more significant effect on the strato-
spheric water than 2xCO2-induced cooling and warming in
the atmosphere only. The water vapor in experiment E9 is
slightly lower than that in E5 but is still much larger than in
the control experiment E1.

[27] An important feature of the water vapor in the lower
stratosphere is the so-called ‘‘tape recorder’’ [e.g., Mote et
al., 1996; Randel et al., 2001]. A similar tape recorder type
signal can be seen in Figure 9 within the latitude band of
30�N�30�S, although the amplitude of the signal looks
different between the experiments. To examine the extent to
which the amplitude of the tape recorder is affected by
ozone changes, Figure 10 shows the changes in the amplitude
of the stratospheric water vapor tape recorder calculated
using a Fourier transform method. We can see that a 15%
O3 decrease causes a significant decrease in the amplitude

Figure 8. Profiles of w averaged between turnaround latitudes near the tropics for four different
seasons. Lines with different colors represent different experiments. Error bars showing variability
(1 standard deviation of each time series) are included on the profiles.

Table 2. Mass Flux at 100-hPa Level in Different Experimentsa

Experiment SH Downwelling Tropics Upwelling NH Downwelling

E1 �7.44 15.27 �7.84
E2 �7.94(+6.8%) 16.32(+7.2%) �8.42(+7.7%)
E3 �7.73(+4.1%) 15.91(+4.6%) �8.21(+5.1%)
E4 �7.27(�2.7%) 14.92(�2.0%) �7.66(�2.6%)
E5 �7.25(�2.7%) 14.58(�4.0%) �7.36(�6.4%)
E6 �7.29(�1.4%) 15.17(0.0%) �8.02(+2.6%)
E7 �7.08(�4.1%) 14.62(�4.0%) �7.66(�2.6%)
E8 �8.72(+17.6%) 18.27(+20.4%) �9.30(+20.5%)
E9 �7.09(�4.7%) 14.42(�5.6%) �7.39(�5.7%)

aNegative values represent downward mass flux, positive values denote
upward mass flux. The mass flux is in units of 109 kg/s. Percentage changes
of the mass flux (in parentheses) caused by ozone changes in different
experiments are estimated relative to that of the control experiment E1.
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compared to that of the control experiment E1 (Figures 10a
and 10b), particularly in the tropical UTLS region with a
maximum decrease of 80 ppb. A 15% increase of ozone
below 100 hPa or a 15% global increase of ozone causes no
statistically significant change in the amplitude in the
tropical UTLS region (not shown), recalling that a 15%
increase of ozone below 100 hPa tends to cause a cooling in
the stratosphere. Overall, a stratospheric cooling tends to

cause a decrease in the amplitude of the stratospheric water
vapor while the warming of the troposphere allows more
water vapor to enter the stratosphere. It is interesting that the
amplitude of the water vapor signal in experiment E7 is
increased significantly in the tropical stratosphere compared
to that in the control experiment E1 (Figure 10c). This result
suggests that significant warming of the UTLS region (see
Figure 3f) due to a global 15% O3 increase and CO2

Figure 9. Zonal mean water vapor fields in the stratosphere (ppmm) averaged over different latitude
bands in different experiments. The corresponding experiment names are marked on the right side of each
row.
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doubling can increase the amplitude of the stratosphere
water vapor. In experiment E8 (Figure 10d), 2xCO2 causes
a significant cooling in the stratosphere which may tend to
decrease the amplitude of the stratosphere water vapor
signal. However, significant warming in the troposphere
due to CO2 doubling together with SST feedbacks tends to
increase the amplitude. The integrated effect of CO2 dou-
bling is to decrease the amplitude of water vapor in the
lower stratosphere.
[28] It is well known that the water vapor entering the

stratosphere is mainly controlled by the temperature near the
tropical tropopause. Tian and Chipperfield [2006] used a
CCM to simulate the stratospheric water vapor trend for the
period 1979 to 2020 and found that the temperature change
at 100 hPa causes up to 70% of the model lower strato-
spheric water vapor change when methane oxidation pro-
cesses are not considered. To better understand the
stratospheric water vapor changes caused by ozone changes,
it is necessary to examine the modulation of the tropopause
height and tropopause temperatures resulting from them.
[29] Figure 11 shows the zonal and annual mean thermal

tropopause (WMO definition) and the cold point tropopause
between 30�S and 30�N. The thermal tropopause climatol-
ogy for the time period of 1994–2005 from NCEP reanal-
ysis data is also plotted for reference. Compared to the
NCEP thermal tropopause climatology, the modeled thermal
tropopause is slightly higher, possibly owing to the coarse
model vertical resolution and pressure-height conversion.

Figure 11 indicates that a global 15% O3 decrease results in
a higher tropopause while a global 15% O3 increase results
in a lower tropopause relative to that of the control exper-
iment E1. The thermal tropopause height in experiment E3
(15% decrease in ozone above 100 hPa) is nearly the same
as that in E2 (a global 15% O3 decrease). However, the cold
point tropopause in experiment E3 is higher than that in E2.
A 15% increase in O3 below 100 hPa (E4) gives no
significant change in tropopause height compared with that
of the control experiment E1. The cold point tropopause in
experiment E7 is the lowest, owing to combined warming
effects of the O3 increase and doubling of CO2. Also
noticeable is that the tropical tropopause height in the
double CO2 experiment without SST changes (E6) is nearly
the same as that in the control experiment E1. In contrast,
the tropical tropopause height in the doubled CO2 experi-
ment with SST changes (E8) is the highest among all
experiments possibly owing to stronger convective activi-
ties caused by the SST changes in experiment E8. As
expected, the tropopause in experiment E9 is close to that
in experiment E5.
[30] Figure 12 shows the annual cycle of tropical

(30�S�30�N) thermal and cold point tropopause tempera-
ture and anomalies about the annual mean. The tropopause
temperature and its anomalies have a similar annual cycle in
all experiments with the lowest tropopause temperature and
anomalies from January to March and the highest from July
to October. Consistent with the tropopause height in Figure

Figure 10. Differences in the amplitudes of the tape recorder signals in stratospheric water vapor
between (a) experiments E2 and E1, (b) E3 and E1, (c) E7 and E1, and (d) E8 and E1. Contour interval is
0.02 ppmm. Differences significant at the 95% confidence level are shaded. (This significant test
computes the F-statistic and tests the probability that two sample populations X and Y have significantly
different variances.)
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11, both the thermal and cold point tropopause temperatures
in E2 and E3 are the lowest corresponding to higher tropical
tropopause heights in Figure 11, while a global 15% O3

increase (E5 and E7) gives the highest tropopause temper-
atures. The tropical tropopause temperatures and their
anomalies about the annual mean are quite different. The
doubling of CO2 without SST changes (E6) has no signif-
icant effect on the tropopause temperature and tropical
tropopause height, consequently the stratospheric water
vapor in experiment E6 has nearly the same magnitude as
that in the control experiment E1 (Figure 9). However, the
doubling of CO2 with SST changes (E8) gives the highest
tropical tropopause height and higher tropopause temper-
atures relative to the control experiment E1. Also note that
the amplitude of the temperature anomalies in experiment
E8 is the smallest among the experiments.
[31] By considering Figures 9, 11 and 12 together, we can

see that lowest tropopause temperatures correspond to the
lowest stratospheric water vapor (experiment E2 and E3)
while the highest tropopause temperature results in highest
stratospheric water vapor (experiment E5 and E7, E8, and
E9). However, the highest tropical tropopause height does
not necessarily correspond to a lowest tropopause temper-

ature and stratospheric water vapor as is evident in exper-
iment E8. From Figure 3 we noted that a 15% increase of O3

below 100 hPa causes a slight cooling in the stratosphere
and is supposed to be related to increased stratospheric
water vapor. Figure 9 indicates that the stratospheric water
vapor in experiment E4 (15% increase of O3 below 100
hPa) is indeed slightly higher than that in the control
experiment E1. However, from Figure 12 we can see that
the tropopause temperature in experiment E4 is also slightly
higher than that in the control experiment E1 from January
to March, suggesting that more water vapor enters the
stratosphere in winter in experiment E4. Figure 11 indicates
that the cold point tropopause height in experiment E4 is
slightly higher than that in the control experiment E1
implying that convective motions reach a higher altitude
in a warming troposphere. Note that the tropopause heights
in the experiments with a warming of the whole atmosphere
or the UTLS (E5, E7, and E9) are much lower than that in
the control experiment E1.

6. Summary and Conclusions

[32] Using the CAM3 general circulation model a series
of time-slice runs have been performed to examine the
radiative effects of prescribed atmospheric ozone changes
on STE processes. Different ozone change scenarios have
been imposed in the model to investigate the effects of an
arbitrary 15% O3 change on the temperature, BD circulation
and associated cross-tropopause mass flux, as well as the
water vapor entering the stratosphere.
[33] We find that a 15% global O3 increase causes a

maximum cooling of 2.4 K in the stratosphere and a �7%
increase in tropical upwelling, while a 15% global O3

increase causes a maximum 2.1 K warming in the strato-
sphere and a �4% decrease in tropical upwelling. Water
vapor entering the stratosphere is controlled mainly by the
tropopause temperature and so a global 15% O3 decrease/
increase, resulting in a higher/lower tropical tropopause and
lower/higher tropopause temperatures, causes less/more
stratospheric water vapor and a smaller/larger amplitude
of the tape recorder signal. The effect of a 15% change of
O3 below 100 hPa is relatively small. However, changes of
O3 below 100 hPa can also modify stratospheric water
vapor by altering the tropopause temperatures. The effect
of O3 changes on the turnaround latitudes, where circulation
changes from upward to downward near the tropics, is not
very significant. However, it is found that a global 15% O3

increase tends to increase the width of the turnaround
latitudes and that the warming of UTLS region has a more
significant impact on the turnaround latitudes than the
tropospheric warming only. The issue merits further inves-
tigation. A further test of imposed ozone changes between
200 and 70 hPa indicates that a 15% ozone increase in the
UTLS region has similar effects on the STE processes as
those of a global 15% ozone increase implying that ozone
changes in the UTLS region are most important for this
process.
[34] SST changes caused by increasing GHGs in the

atmosphere have a significant impact on STE processes.
Without the corresponding SST changes from the CO2

doubling in the model, the radiative effects of the CO2

doubling only cannot generate significant changes in the

Figure 11. Zonal and annual mean (a) thermal tropopause
(WMO definition) and (b) cold point tropopause climatol-
ogies within the 30�S�30�N latitude band. The dashed line
in Figure 11a is the NCEP thermal tropopause climatology
for the period from 1994 to 2005.
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tropopause height and cross tropopause mass flux found in
the previous studies. The effect of CO2 doubling is even less
significant than a global 15% O3 increase without the SST
responses. When the SST changes are considered in the
doubled CO2 experiment, the tropical upwelling is increased
by 20.4%, which is in agreement with previous findings. It
is also found that 2xCO2 with SST changes significantly
increases the tropopause height owing to more and stronger
convective activities over warmer oceans, However, signif-
icant warming of the troposphere prevents the tropopause
temperature decreasing significantly in a doubled CO2

climate.
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