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[1] The effects of sea surface temperature (SST) and greenhouse gas (GHG) changes on
the mean age‐of‐air and water vapor are investigated using a state‐of‐the‐art general
circulation model (GCM), and general characteristics of tracer transport between the
stratosphere and troposphere are analyzed. Downward tracer transport in the northern
midlatitude stratosphere is found to be faster than at southern midlatitudes. The global
mean downward transport to the troposphere from stratosphere mainly occurs during
northern winter and the downward cross‐tropopause transport is weakest from August to
October. The maximum troposphere mean (TM) age‐of‐air, derived from an age tracer
released near the stratopause (around 1 hPa), can reach 13 years and is much larger than
the maximum stratosphere mean (SM) age‐of‐air derived from an analogous age tracer
released in the troposphere, with the SM age‐of‐air in the Northern Hemisphere being
younger than in the Southern Hemisphere. Increased SSTs tend to accelerate upward
transport through the stratosphere and slow downward transport in midlatitudes and the
tropical stratosphere. In the context of effects of GHG increases and the associated SST
increases on the stratosphere mean age‐of‐air, the GHG effects dominate, i.e., changes in
the stratospheric mean age‐of‐air caused by SST increases only are smaller than those
caused by combined changes in SSTs and GHGs. An increase in SSTs enhances the
upward Eliasen‐Palm (EP) flux in the extratropics. A 7.7% enhancement of tropical
upwelling can be caused by a uniform 1.5 K SST increase. When both SST and GHG
values are increased to the 2100 conditions, the meridional heat flux decreases in both
winter hemispheres (and statistically significantly in the Southern Hemisphere).
Meanwhile, the EP flux in the Northern Hemisphere increases significantly and the
tropical upwelling is enhanced by 15% compared to the present‐day conditions.

Citation: Shu, J., W. Tian, J. Austin, M. P. Chipperfield, F. Xie, and W. Wang (2011), Effects of sea surface temperature and
greenhouse gas changes on the transport between the stratosphere and troposphere, J. Geophys. Res., 116, D02124,
doi:10.1029/2010JD014520.

1. Introduction

[2] During the last few decades, stratosphere‐troposphere
exchange (STE) has been studied extensively using numeri-
cal models together with observations [e.g., Haynes et al.,
1991; Holton et al., 1995; Meloen et al., 2003; Schoeberl,
2004, and references therein]. However, because of the
shortage of high‐resolution in situ measurements, vertical
transport in the upper troposphere and lower stratosphere
(UTLS) is still a subject of much debate. Consequently, the

estimated cross tropopause mass exchange, particularly the
stratospheric O3 input into the troposphere which is an
important source of tropospheric O3 [e.g., Collins et al.,
2003], varies significantly in previous literature [e.g., Wild,
2007, and references therein].
[3] Waugh and Hall [2002] pointed out that the relation-

ship between tracer distributions and transport time scales can
be well represented by the age spectrum and mean age‐of‐air.
Therefore, diagnosis of the age‐of‐air has beenwidely used in
the STE studies in recent years. Since the global‐scale tracer
transport between the stratosphere and troposphere is closely
related to the strength of the Brewer‐Dobson (BD) circulation
[e.g., Holton et al., 1995; Butchart and Scaife, 2001], it is
expected that a decrease in the stratospheric mean age‐of‐air
should correspond to an increase in stratospheric water vapor.
Austin et al. [2007] discussed the potential connection
between the stratospheric water vapor and the mean age‐of‐
air in their long‐term climate model simulations. However,
there are uncertainties in the mean age‐of‐air simulated by

1Key Laboratory for Semi‐Arid Climate Change of the Ministry of
Education, College of Atmospheric Sciences, Lanzhou University, Lanzhou,
China.

2ICAS, School of Earth and Environment, University of Leeds, UK.
3NOAA Geophysical Fluid Dynamics Laboratory, Princeton, New

Jersey, USA.

Copyright 2011 by the American Geophysical Union.
0148‐0227/11/2010JD014520

JOURNAL OF GEOPHYSICAL RESEARCH, VOL. 116, D02124, doi:10.1029/2010JD014520, 2011

D02124 1 of 14

http://dx.doi.org/10.1029/2010JD014520


different models. Observations by Engel et al. [2009] do not
show a decrease in mean age‐of‐air with time over the past
30 years although many modeling studies predict that age‐of‐
air should have decreased and is likely to continue to decrease
in the future. Waugh [2009] pointed out that there are large
errors in the mean age‐of‐air measurements and the dis-
crepancies between models and observations are less serious
as a few models can generate a similar trend in the mean age‐
of‐air to that observed. Nevertheless, those previous studies
suggest that the documentation and diagnosis of transport
processes between the stratosphere and troposphere in
numerical models need further investigation.
[4] In this study, we use a state‐of‐art general circulation

model (GCM) to analyze transport properties between the
stratosphere and troposphere. In contrast to previous mod-
eling studies in which a passive tracer is generally released
in the lower troposphere or near the tropopause region [e.g.,
Hall et al., 1999; Tian and Chipperfield, 2005; Schoeberl
and Douglass, 2005; Austin and Li, 2006; Monge‐Sanz et
al., 2007], we simulate tracer transport characteristics by
releasing a passive tracer in the upper stratosphere to infer
the stratosphere to troposphere transport (STT) properties.
We compare this with the corresponding results obtained
with passive tracers released at the model’s surface and near
the tropopause. We attempt to infer general characteristics of
the STT from the behavior of the idealized passive tracers in
the model atmosphere and compare the age‐of‐air diagnosed
from different model simulations. It should be pointed out
that the tracer released in the upper stratosphere has
potential implications not only in interpreting tracer trans-
port time scales but also in reflecting the behavior of the
dynamics on the production of water from CH4, or on the
production of Cly from CFCs and the subsequent cleaning
out of the stratosphere as CFC levels subside.
[5] We also diagnose the effect of changes in sea surface

temperatures (SSTs) and greenhouse gases (GHGs) on the
age‐of‐air and on the downward transport from the strato-
sphere to troposphere. The main motivation of this study is
to compare the effects of SST and GHG changes on the
STE. We run the model with prescribed changes in SST but
keep GHG values unchanged, and then compare the results
to these obtained from simulations with changes in both
GHG values and SSTs. Although in the real atmosphere
SST and GHG changes are intimately connected, the si-
mulations performed in this study can still provide us with
useful information on the relative importance of the radia-
tive effect of GHG and SST changes in modulating the
circulation in the stratosphere. Section 2 gives a brief

description of the model used in this study. Section 3 pre-
sents the results and discussions and section 4 gives our
summary and conclusions.

2. Model Description and Numerical Experiments

[6] The numerical tool used in this study is theWhole Atmo-
sphere Community Climate Model, version 3 (WACCM3).
WACCM3 is a global climate model with 66 vertical levels
extending from the ground to 4.5 × 10−6 hPa (∼145 km geo-
metric altitude). The model’s vertical resolution is 3.5 km
above about 65 km, 1.75 km around the stratopause (50 km),
and 1.1–1.4 km in the lower stratosphere (below 30 km).
WACCM3 incorporates a detailed chemistry module for the
middle atmospherewith a good performance in various aspects
[e.g., Eyring et al., 2006; Garcia et al., 2007]. Because of the
importance of interactive chemistry, a finite volume dynamical
core is used exclusively in WACCM3. The model currently
supports two standard horizontal resolutions: 1.9° × 2.5° and
4° × 5° (latitude × longitude). The simulations presented in this
paper have been performed at 1.9° × 2.5° resolution with the
interactive chemistry switched off. A parameterized green-
house gas chemistry is used following Sassi et al. [2002] to
save computer time.
[7] We conducted four simulations which are listed in

Table 1. In control run R0, the GHG values used in the
model’s radiation scheme are taken from IPCC A2 scenario
for 1990 [World Meteorological Organization, 2003]. The
sea surface temperature (SST) and sea ice fields used in run
R0 are monthly mean climatologies for the period 1990 to
2000 derived from the SST and sea ice fields prepared for the
Chemistry‐ClimateModel Validation activity 2 (CCMVal‐2)
REF2 simulations [Eyring et al., 2008]. In run R1 and R2
the SSTs used in run R0 are uniformly increased by 0.5 K and
1.5 K, respectively, while other configurations are the same.
In run R3, GHGs values for 2100 from IPCC A2 scenario are
used. The SST and sea ice fields are monthly mean cli-
matologies for the period 2090 to 2099 calculated from
CCMVal‐2 SST and sea ice scenarios for REF2 simulations.
In addition, the ozone climatology for the period 2090–2099 is
calculated from the ozone time series produced by WACCM
for CCMVal‐2 REF2 simulations [e.g., Austin et al., 2010;
Gettelman et al., 2010; Gerber et al., 2010; Hegglin et al.,
2010; Morgenstern et al., 2010]. Note that the global mean
SST in R3 is about 2.0 K higher than in R0, therefore, SSTs
in run R1 and R2were uniformly increased by 0.5 K and 1.5 K
to quantify the effect of SST changes on the STE and to
compare to corresponding results in run R3. The four simu-

Table 1. Greenhouse Gas Values, Sea Surface Temperatures, and Sea Ice Fields Used in Four Experimentsa

Experiment GHG Values SSTs and Sea Ice Passive Tracers

R0 Year 1990 values from IPCC Monthly mean climatologies from 1990 to 2000
(generated from CCMVAL‐2 REF2 SST
and sea ice fields)

Ta1, Ta2, Ta3, Ta4, Tc5

R1 Year 1990 values from IPCC SSTs in run R0 + 0.5 K Ta1, Ta4
R2 Year 1990 values from IPCC SSTs in run R0 + 1.5 K Ta1, Ta4
R3 Year 2100 values from IPCC Monthly mean climatologies from 2090 to 2099

(generated from CCMVAL‐2 REF2 SST
and sea ice fields)

Ta1, Ta4

aThe passive tracers configured in each experiment are also listed. Ta1, Ta2, Ta3, and Ta4 represent age tracers (see text for more details) released near
the stratopause (1 hPa), 50 hPa, 100 hPa, and at the model’s surface, respectively; Tc5 represents a passive tracer released at 1 hPa, keeping a constant
value of 0.5 kg/kg and with a sink at model’s surface.
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lations were run for 23 years with the first 3 years excluded to
account for model spin‐up.
[8] The age tracers configured in four experiments are

also listed in Table 1. In control run R0, four passive tracers
had an arbitrary value of 1 kg/kg in the source region during
the first month of the simulation and were then set to zero
afterward (hereafter, this kind of tracer is called an age
tracer). The four age tracers were released in the model at
1 hPa (Ta1), 50 hPa (Ta2), 100 hPa (Ta3) and at the model’s
surface (Ta4), with same latitude range of 90°S to 90°N. A
fifth passive tracer (Tc5) was released at 1 hPa with a
constant value of 0.5 kg/kg in the source region during the
23 year run. The model’s surface is considered as the Tc5
sink with the surface concentrations set to zero at each time
step. The passive tracer, Tc5, can be interpreted as a long‐
lived chemical tracer in stratosphere which can be absorbed
at surface. With the help of tracer Tc5 we quantitatively
diagnose STT properties between the upper stratosphere and
the troposphere. In runs R1, R2 and R3, two age tracers are
included with one being released at 1 hPa (Ta1) and the
other being released at the model’s surface (Ta4).

3. Results

3.1. Overall Characteristics of Tracer Transport

[9] Figure 1 shows the mean mixing ratios of Tc5 at
different altitudes and latitudes during 20 years of simula-
tion (i.e., after 3 year spin‐up) in control run R0. Average
mixing ratios above 200 hPa exhibit large variations
between different latitudes, reflecting regions with different
stratospheric downwelling and suggesting large variations in
the STT. Tc5 concentrations in the stratosphere increase
with height. The lowest stratospheric concentrations are
found in the tropics and the highest at southern high lati-
tudes. Tc5 concentrations in northern high latitudes are
lower than those in southern high latitudes, possibly because
the southern polar vortex is stronger and persists longer than

in the north [e.g., Manney and Zurek, 1993] and the STE in
the Northern Hemisphere is faster than that in the south. In
the troposphere, Tc5 is well mixed and differences in its
concentrations between different latitudes are small.
[10] Figure 2 shows the time variation of Tc5 in control

run R0 averaged at different latitude bands on three different
levels. Consistent with Figure 1, Tc5 concentrations are
lowest in the tropics and highest at southern high latitudes
with evident latitudinal and seasonal variations at all three
levels. Near the Earth’s surface, i.e., 970 hPa (Figure 2a),
Tc5 concentrations are lowest in November–December at all
latitudes. However, the time when Tc5 concentrations reach
a maximum is different in different latitude bands. In the
southern midlatitudes to high latitudes, Tc5 concentrations
reach their maxima in March–April while in the northern
midlatitudes and high latitudes, Tc5 concentrations are
highest in June and August, respectively. In the tropics, Tc5
concentrations have their maxima in May.
[11] At 50 hPa and 100 hPa, Tc5 concentrations in the

Southern Hemisphere are overall out of phase with those in
the north because of the seasonal shift of the meridional
circulation. Tc5 concentrations are higher in the winter
hemisphere than in other seasons because of accumulation
of Tc5 by descent from above within the winter polar vortex
[Abrams et al., 1996a, 1996b]. After spring, the polar vortex
begins to break down, the strong mixing between vortex air
and that from midlatitude causes a rapid decrease of Tc5
concentrations until the vortex begins to set up again after
autumn.
[12] It is interesting that the interannual variability of Tc5

in the southern polar vortex at 100 hPa is larger than at
50 hPa (Figures 2b and 2c). The time variation of Tc5 at
high latitude at 50 hPa is more related to the polar vortex
isolation and duration while at 100 hPa, which is near the
tropopause region, the time variation of Tc5 is also affected
by the STE processes which are more variable and irregular
in time.

Figure 1. Vertical profiles of the 20 year averaged mean Tc5 mixing ratio (kg/kg) in control run R0.
Different lines represent different latitude bands as indicated in the legend.
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[13] Having discussed the vertical distribution of Tc5
concentrations, Figure 3 further shows the horizontal dis-
tributions of the 20 year averaged Tc5 concentrations at
three different levels. Near the model surface (∼970 hPa)
Tc5 concentrations in the southern polar cap (which has
high orography) are the largest, while lowest concentrations
occur in the northern polar cap and tropics. At midlatitudes,
a belt of relatively high Tc5 concentrations is found in both
hemispheres at around 45° with much higher Tc5 found at
regions with high landmasses, i.e., Tibetan Plateau and
Rocky Mountains. Previous studies have pointed out that
tropopause fold events, which are thought to be the primary
process responsible for the transport of air from the strato-
sphere to the troposphere in midlatitudes [e.g., Andrews
et al., 1987], occur frequently over elevated land surfaces
[e.g., Liu et al., 1987; Austin and Midgley, 1994]. Fu et al.
[2006] found, from satellite observations, that the Tibetan
Plateau provides a main pathway for the STE in this region
and argued that the Asian monsoon and the frequent con-

vective activities over TP are responsible for the enhanced
STE. The higher Tc5 concentrations over high landmasses
are possibly due to the stronger STE over those regions. On
the other hand, the near‐surface model data is on a sigma
surface so that Tc5 concentrations over those high land-
masses will be enhanced because of the elevated surface. At
100 hPa and 50 hPa the latitudinal variations of Tc5 are
similar, with Tc5 concentrations at southern high latitudes
being about twice as large as those in the northern high
latitudes.
[14] More details of the localized downward tracer trans-

port in the model can be obtained from the relative rate of
change of Tc5 which is defined as

Rt t2ð Þ ¼ C t2ð Þ � C t1ð Þ½ �=C t2ð Þ

where t1, t2 are two successive time steps and C is the Tc5
mixing ratio. We can infer from Rt the trend and speed of
local tracer transport. Negative Rt indicates that local tracer

Figure 2. Time evolution of the horizontally averaged Tc5 mixing ratio (kg/kg) at (a) 970 hPa, (b) 100 hPa,
and (c) 50 hPa during the 20 year integration of control run R0. Lines with different colors represent different
latitude bands as marked at the bottom of the plot.
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concentrations decrease and positive Rt indicates an
increase, while the value of Rt denotes the rate of change for
Tc5 concentrations. Figure 4 shows the seasonal and vertical
distributions of Rt in control run R0. On the global average
(Figure 4a), the quickest tropospheric increase of Tc5,
implying quickest STT, occurs in northern winter. Tc5
concentrations increase near the tropopause region, i.e., at
around 100 hPa during April–July while from August to
October Tc5 concentrations in the troposphere decrease.
[15] In the tropics (Figure 4b), the Tc5 concentrations

decrease from January in the upper stratosphere (negative
Rt) and the regions with negative Rt propagate downward.
However, the local tracer concentrations in the upper
stratosphere appear to increase from April and the regions
with positive Rt propagate downward until December; from
June the tracer concentrations in the upper stratosphere
decrease again. Note that downward propagating Rt

anomalies from the upper stratosphere seem to stop des-
cending at around 10 hPa. In the tropics, the tracer transport
is determined by upwelling, also affected by horizontal
mixing in upper stratosphere. Therefore, in the tropical
upper stratosphere, the local positive/negative Rt implies

either that the downward transport of Tc5 from that region is
weak/strong or that the horizontal transport of Tc5‐rich air
from midlatitudes to tropical is strong/weak. Tc5 con-
centrations at around 100 hPa increase (positive Rt) from
April to August. Similar positive Rt can be noted in
December–February. Previous studies [e.g., Gettelman et al.,
2009] showed that the tropical tropopause is highest from
June–August implying the strongest tropical convective
activity. The modeled vertical velocities also indicate that
there is evident upward motion at around 100 hPa in the
tropics during boreal summer (not shown). Therefore, Tc5
concentrations at ∼100 hPa increase (positive Rt) from April
to August, possibly because of stronger convection which
tends to recirculate air from below and depress the downward
cross‐tropopause movement of Tc5. It is worth noting that
the global mean Tc5 variations are in phase with Tc5 var-
iations in tropics.
[16] There are evident hemispheric differences in tracer

transport properties at midlatitudes. At southern midlatitudes
(Figure 4c), the tracer transport is characterized by a con-
tinuous downward propagation of the negative Rt regions
from the upper stratosphere accompanied by a downward
propagation of the positive Rt regions. In the northern
midlatitude stratosphere (Figure 4d), there is a downward
propagation of the positive anomalous Rt from November to
April, while in other seasons, the downward propagation of
anomalous Rt from the upper stratosphere is not evident.
Local tracer transport is characterized by evident negative Rt

(decreasing Tc5) in summer and positive Rt (increasing Tc5)
in winter throughout the stratosphere.
[17] At southern high latitudes (Figure 4e), Tc5 con-

centrations in winter increase continuously (positive Rt) in
the middle and upper stratosphere because of the isolation of
the vortex and strong descent within it from the Tc5 source
at 1 hPa. Consequently, Tc5 concentrations below 100 hPa
increase with a large positive Rt. During other times of the
year, Tc5 concentrations in the southern polar stratosphere
decrease overall because of horizontal exchange and mixing
of air. A similar feature can be noted at northern high lati-
tudes but out of phase with that in the south (Figure 4f).
Note that tracer transport characteristics in Figures 4d and 4f
are overall consistent with the results of Appenzeller et al.
[1996] which showed that net cross‐tropopause mass
transport in the Northern Hemisphere reaches a maximum in
late spring and a distinct minimum in Autumn.

3.2. Overall Characteristics of the Mean Age‐of‐Air

[18] A more quantitative measure of the STT can be seen
in Figure 5 which shows the mean age‐of‐air in control run
R0. The stratospheric mean (hereafter SM) age‐of‐air,
derived from age tracer Ta4 released at the surface, increases
above the tropopause and peaks at about 4.2 years near the
stratopause (Figure 5a). This value is in accordance with the
stratospheric mean age‐of‐air obtained by Garcia et al.
[2007]. Compared with the results in previous SM age‐of‐
air simulations [e.g., Hall et al., 1999; Waugh and Hall,
2002], the values in Figure 4a have similar isopleths to
other models, but values are slightly younger than ob-
servations presented by Waugh and Hall [2002]. Note also,
unlike results of Waugh and Hall [2002], the mean age‐of‐
air is not zero at 100 hPa in the tropics since the age tracer is
released at the model’s surface and the approximate value of

Figure 3. Horizontal distributions of the Tc5 mixing ratio
(kg/kg) at (a) 970 hPa, (b) 100 hPa, and (c) 50 hPa from con-
trol run R0. Data shown are 20 year averaged climatologies.
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the mean age‐of‐air at around 100 hPa in tropics is about
0.3 years in our simulation.
[19] When an age tracer is initially released near the

stratopause (Ta1), the tropospheric mean (hereafter TM)
age‐of‐air decreases with height (Figure 5d). The TM age‐
of‐air reaches 13 years in the troposphere and is much larger
than the maximum SM age‐of‐air derived from the age
tracer released in the troposphere. The differences between
the TM and SM age‐of‐air are likely due to different char-
acteristics for downward and upward cross‐tropopause
transport processes. Exchange from troposphere to strato-
sphere will be preferentially in the tropics where the
exchange of air across the tropopause is relatively rapid, so
the SM age‐of‐air is young in the tropics. The transport
from stratosphere to troposphere will occur primarily in the
extratropics where transport across the tropopause occurs in
both directions on time scales of a few days [Stohl et al.,
2003]. Therefore, it is not the difference in time scales of
the cross‐tropopause transport that cause the difference in
the age‐of‐air between Figures 5a and 5d. Transport of air
from the upper stratosphere to the extratropical tropopause

takes longer than transport in the other direction because
of the reversed density gradient, so the TM age‐of‐air in
Figure 5d is larger than the SM age‐of‐air in Figure 5a.
[20] In the long‐term mean the air entering the stratosphere

from the troposphere should be balanced by the air masses
entering the troposphere from the stratosphere. The results
discussed above suggest that downward transport from the
stratosphere to the troposphere tends to occur at wider spatial
scales than the upward cross‐tropopause transport tomaintain
mass conservation. In general, upward cross‐tropopause
transport is dominated by the tropical upwelling, while
downward cross tropopause transport is not only related to the
large‐scale BD circulation but also related to local mesoscale
processes, such as tropopause fold events, and descent within
the polar vortex as well as isentropic mixing. Namely, the
asymmetry of global and localized circulations, which takes
in air from below at a specific region, but deposits it below at
wider places, plays a role in maintaining mass conservation
between the troposphere and the stratosphere. Previous
studies have shown that the tropopause fold is the primary
process responsible for the transport of air from the strato-

Figure 4. Seasonal variations of the Tc5 rate of change, Rt (see text for details), from control run R0 at
different latitude bands. The data plotted are the 20 year averaged climatologies of Rt.
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sphere to the troposphere in midlatitudes [e.g., Andrews et al.,
1987]. Gettelman et al. [1997] pointed out that horizontal
mixing of extratropical air into the tropical atmosphere is
important in maintaining a global balance of STE and a more
reasonable estimate of downward ozone flux from strato-
sphere and troposphere.
[21] In the troposphere, the TM age‐of‐air in the Southern

Hemisphere is older than in the north, i.e., the age tracer in
the northern high latitudes is transported down to the surface
faster than at southern high latitudes because of stronger and
more frequent synoptic events in the north. Figures 2 and 3
show that the tropospheric Tc5 is largest in the Southern
Hemisphere, also implying that Tc5 remained in the atmo-
sphere longer and maintained to higher concentrations.
[22] When the age tracer is initially released at 100 hPa

(Ta3) and 50 hPa (Ta2), the SM age‐of‐air in the strato-
sphere is about 0.7 years younger in Figure 5b and about
1.7 years younger in Figure 5c compared to Figure 5a. It
seems that downward tracer transport from 100 hPa to the
surface needs on the order of 3.5 years (about 9.5 years
younger than in Figure 5d) but about 10 years for the tracer
to travel from 50 hPa to the surface (about 3 years younger
than that in Figure 5d). Figures 5b and 5c also indicate that
the mean tropospheric age‐of‐air is younger in the Northern
Hemisphere, which is consistent with Figure 5d.

3.3. Effects of SST and GHG Changes
on the Age‐of‐Air

3.3.1. Age‐of‐Air Changes
[23] In this section we discuss the effect of SST and GHG

changes on the mean age‐of‐air. We start the analysis by
comparing themean age‐of‐air under different configurations
of SSTs and age tracers in the model. Figure 6 shows changes
in the mean age‐of‐air because of 0.5–1.5 K increases in
SSTs. Also shown in Figure 6 are the mean age differences
between control run R0 and run R3 (with 2100 GHG and SST
conditions). It should be pointed out that the mean age‐of‐air
in Figure 6 is derived from the age tracer released at 1 hPa
(Ta1) and the age differences can be interpreted as changes in
the speed of downward tracer transport. It is evident that the
TM age‐of‐air increases in broad regions of the stratosphere
and decreases in the troposphere when SSTs are uniformly
increased (Figures 6a and 6b). The larger SST increases give
rise to a larger mean age‐of‐air in the stratosphere and a
smaller mean age‐of‐air in the troposphere. It is suggested
that increased SSTs tend to accelerate upward transport
because of enhanced convective activity in the troposphere
[Rosenlof and Reid, 2008]. Olsen et al. [2007] pointed out
that increased SSTs can result in a stronger Brewer‐Dobson
(BD) circulation and enhanced tropical upwelling. Stronger

Figure 5. Mean age‐of‐air (years) in control run R0 derived from the age tracer released at (a) the bot-
tom model level, (b) 100 hPa, (c) 50 hPa, and (d) 1 hPa.
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and more frequent convection implies a quicker transport of
air masses below the tropopause, and consequently, the TM
age‐of‐air decreases when SSTs are increased. In the strato-
sphere, the TM age‐of‐air increases should be also related to
the intensified BD circulation, which accelerates upward
transport and, accordingly, slows downward transport in
broad regions of lower‐latitude stratosphere. For an age tracer
moving from troposphere to stratosphere it will enter the
tropical tropopause region and be carried quickly upward. It
can then descend slowly, but since that descent is over a larger
region (outside the tropical pipe) the descent velocity can be
slower. This balances the mass flux of air across the tropo-
pause, but the slower descent leads to higher age for the
stratopause age tracer.
[24] When the SST and GHG values are both changed to

match 2100 conditions, the changes in TM age‐of‐air
(Figure 6c) are slightly larger than those in Figure 6b. Recall
that the global‐mean SST in run R3 is about 2.0 K higher than

that in control run R0. Figure 6c further confirms that the
larger SST increases give rise to a larger TM age‐of‐air in the
stratosphere and a smaller TM age‐of‐air in the troposphere
Also note that changes in the TM age‐of‐air in the tropo-
sphere in R3 are more pronounced in the Northern Hemi-
sphere and a decrease in mean age‐of‐air in the northern
midlatitude and high latitude stratosphere is evident.
[25] Analogous to Figure 6, Figure 7 shows changes of the

SM age‐of‐air derived from the age tracer released at the
model’s surface (Ta4). The age differences in Figure 7 can
be interpreted as changes in the speed of upward tracer
transport. We can see that uniform 0.5 K and 1.5 K increases
in SST cause an overall decrease in the SM age‐of‐air in the
stratosphere, implying that SST increases lead to quicker
upward transport (Figures 7a and 7b). This result coincides
with a previous study [García‐Herrera et al., 2006]. The
changes in the SM age‐of‐air in the stratosphere are not
proportional to the SST increases. A uniform 0.5 K increase
in SSTs causes a 0.10–0.25 year decrease in the SM age‐of‐
air in the stratosphere, while a 1.5 K SST increase causes a
0.20–0.40 year decrease. In run R3, the SM age‐of‐air in the

Figure 6. Differences (months) in the mean age‐of‐air
between (a) control run R0 and run R1, (b) control run R0
and run R2, and (c) control run R0 and run R3. The mean
age‐of‐air is derived from the age tracer released at 1 hPa
(Ta1).

Figure 7. As Figure 6 but for results derived from the age
tracer released at the bottom model level (Ta4).
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stratosphere is much younger with a maximum decrease of
0.8 years in the southern upper stratosphere and northern
lower stratosphere relative to control run R0 (Figure 7c).
This result indicates that changes in the SM age‐of‐air
caused by the SST changes alone are not as large as GHG
changes. Without changes in GHG values, in run R2 the
decrease of the SM age‐of‐air caused by SST changes is
about one half of that caused by the combined SST and
GHG changes.
[26] Previous modeling studies have also found that the

SM age‐of‐air in the stratosphere becomes younger in the
future climate because of the strengthened BD circulation
and tropical upwelling [e.g., Austin et al., 2007; Garcia and
Randel, 2008]. It is interesting that changes in the TM age‐
of‐air derived from the age tracer released at 1 hPa (Figures
6) are larger in magnitude than changes in the SM age‐of‐air
derived from the age tracer released at the model’s surface
(Figure 7). However, the differences between increases in
TM age‐of‐air in the stratosphere because of different SST
and GHG changes are relatively smaller than the differences

between decreases in the SM age‐of‐air in the stratosphere
caused by different SST and GHG changes.
3.3.2. Dynamical Responses
[27] Figure 8 gives the zonal mean temperature differ-

ences between control run R0 and runs R1, R2 and R3.
The temperature changes caused by a uniform 1.5 K SST
increase have a similar spatial pattern as the temperature
changes caused by a uniform 0.5 K SST increase. A uniform
0.5 K/1.5 K increase in SSTs warms the troposphere but
cools the tropical stratosphere with a maximum warming of
0.8 K/2.5 K in the middle troposphere and a maximum
cooling of 0.3 K/0.6 K in the tropical upper stratosphere.
Note that SSTs increases in run R1 and R2 cause a warming
of the polar stratosphere. Garfinkel and Hartman [2007]
also found that SST changes have a significant effect on
stratospheric temperatures in winter.
[28] It is apparent that the stratospheric responses to SST

and GHG increases are quite different. Compared to tem-
perature changes because of a uniform 1.5 K increase in
SSTs, the warming of the troposphere and the cooling of the
stratosphere because of combined effects of SST and GHG
increases are more pronounced and uniform (Figure 8c),
with a maximum 3 K warming in the troposphere and a 15
K cooling in the upper stratosphere. The results in Figure 8c
are also qualitatively similar to those of Kodama et al.
[2007] and Xie et al. [2008]. Note that the 15 K cooling
in the upper stratosphere, which seems very large, is an
absolute difference, not the temperature trend. If we roughly
estimate a trend relative to control run, we get a temperature
trend of around −1.4 K/decade at 1 hPa, which is larger than
−1.0 K/decade obtained by Eyring et al. [2007]. Note that
this trend is estimated from two time slice runs for 2000 and
2100 SST and GHG conditions, respectively, while the
trend of Eyring et al. [2007] was derived from temperature
time series of transient CCM runs. Uncertainties may exist
in the temperature trend estimated from time slice runs.
[29] The vertical propagation of planetary waves from the

troposphere into the stratosphere plays a significant role in
determining temperatures of the stratosphere [e.g.,
Hardiman et al., 2007]. The wave forcing can be quantified
in terms of the meridional heat flux v′T ′ at 100 hPa [e.g.,
Eyring et al., 2006], which is proportional to the vertical
flux of wave activity via the Eliassen‐Palm (EP) wave flux,
and the polar cap averaged temperatures are well correlated
with the meridional heat flux at 100 hPa [Newman et al.,
2001]. Table 2 lists the time‐mean meridional heat fluxes
at 100 hPa for both hemisphere winters averaged from 40°–
80° in the four different runs. Compared to the heat flux in

Figure 8. Temperature differences (K) between (a) runs R0
and R1, (b) runs R0 and R2, and (c) runs R0 and R3. The
temperatures are 20 year averaged climatologies. Shaded
regions denote differences that are statistically significant
at the 95% level. Solid lines represent positive contours,
and dashed lines represent negative contours.

Table 2. Time‐Mean Meridional Horizontal Eddy Heat Flux v′T ′
(K m/s) at 100 hPa Averaged Over 40°N–80°N for December,
January, February and Averaged Over 40°S–80°S for June, July,
Augusta

Experiment v′T ′ (Northern Hemisphere) v′T ′ (Southern Hemisphere)

R0 8.286 5.459
R1 7.999 (−0.287) 5.600 (0.141)
R2 7.107 (−1.179) 5.507 (0.048)
R3 7.347 (−0.939) 4.542 (−0.917)b

aValues in parentheses indicate the differences between the corresponding
run and control run.

bDifferences that are statistically significant at the 95% level.
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control run R0, 0.5–1.5 K SST increases in run R1 and R2
cause an increase in meridional heat flux at 100 hPa in the
Southern Hemisphere high latitude but a decrease in
Northern Hemisphere high latitude. However, the changes
in the heat flux in run R1 and R2 are not statistically sig-
nificant.
[30] When both SST and GHG values are increased, the

meridional heat flux for the boreal winter decreases. The
results here suggest that the responses of the polar strato-
sphere to SST and GHG increases are different, i.e., SST
increases tend to increase the meridional heat flux in the
southern high‐latitude stratosphere while GHG increases are
likely to decrease it because of the significant cooling of the
stratosphere caused by GHG increases. With significant
cooling of stratosphere in R3, the vortex is strengthened and
planetary wave amplitudes tend to be reduced and the heat
flux decreases. In addition, as the polar stratospheric tem-
perature is determined by both radiative and dynamical
processes, although the wave forcing change can partly

contribute to the stratospheric temperature changes, the
cooling of the stratosphere in run R3 is mainly due to
increased GHGs. Garny et al. [2009] pointed out that trends
in stratospheric temperature are largely driven by changes in
concentrations of GHGs, and that changes in SST have a
secondary impact. Li et al. [2008] also pointed out that the
polar stratospheric temperature is, in general, determined
both by radiation and dynamical processes with radiative
processes being dominant in driving the long‐term varia-
tions of the Antarctic lower‐stratospheric temperature in
Southern Hemisphere spring and summer.
[31] Figure 9 further shows anomalous EP flux vectors

caused by SST and GHG changes. In the high‐latitude
stratosphere, an uniform 0.5–1.5 K SST increase causes an
increase in the EP flux in the Southern Hemisphere, but a
decrease in the Northern Hemisphere (Figures 9b and 9c).
However, when both SST and GHG values are increased in
run R3, the EP flux at high latitudes weakens in both
hemisphere stratosphere (Figure 9d). It is apparent that EP

Figure 9. (a) Annual mean Eliasen‐Palm (EP) flux (kg s−2) vectors from control run R0. The differential
EP flux vectors between (b) runs R1 and R0, (c) runs R2 and R0, and (d) runs R3 and R0. The unit vectors
are shown to the right of each panel. Note that the vertical unit vectors are different among runs R1, R2,
and R3.
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flux changes in the lower latitudes are different from those
in the high‐latitude stratosphere. The EP flux strengthens
over broad regions of the subtropics and tropics and
northern midlatitudes. Previous studies have shown that
changes in wave driving at lower latitudes (20°–40°) must
be responsible for the BD circulation changes [Fomichev
et al., 2007; Butchart et al., 2006], while Garcia and Randel
[2008] concluded that the BD circulation strengthened as a
result of enhanced EP flux in subtropics even if EP flux was
suppressed in midlatitudes and high latitudes. The analysis of
the residual circulation reveals that w* at 100 hPa averaged
over 30°S–30°N in run R1 and R2 is 2% and 7.7% larger than
that in control run R0.
[32] It is interesting that when both SST and GHG values

are increased in run R3, the enhancement of the upward
EP flux is much larger in the lower latitudes compared
with those in runs R0, R1 and R2, while downward EP
flux is strengthened over the high latitudes stratosphere
(Figure 9d). w* at 100 hPa averaged over the tropics
increases by about 15% compared to that in run R0. The
analysis above suggests that combined effects of GHG and
SST changes can cause more evident changes in BD cir-
culation (Figure 9), the SM age‐of‐air (Figure 7) than those
caused by SST changes alone. Similar results have been

obtained in previous studies [e.g., Li et al., 2008; Xie et al.,
2008]. The GHG increase in run R3 causes troposphere
warming and stratosphere cooling (Figure 8c), leading to an
enhanced meridional temperature gradient in the upper tro-
posphere and lower stratosphere (UTLS). The increased
meridional temperature gradient results in enhanced planetary
wave propagation into the stratosphere [e.g., Eichelberger
and Hartmann, 2005], which makes a primary contribution
to the intensification of the BD circulation [e.g.,Haynes et al.,
1991].

3.4. Effect of SST and GHG Changes
on Stratospheric H2O

[33] We now examine the stratospheric water vapor chan-
ges induced by changes in SSTs and GHGs. Figure 10 gives
stratospheric water vapor differences between run R2 and R0,
and between R3 and R0. A uniform 1.5 K SST increase
causes an overall increase of water vapor throughout the
stratosphere (Figure 10a). Under the 2100 SST and GHG
conditions, the stratospheric water vapor increases more
significantly over the stratosphere (Figure 10b) with a dif-
ferent spatial pattern from that in Figure 10a. The strato-
spheric water vapor increases because of a 1.5 K increase in
SSTs are about 0.2–0.3 ppmv and relatively uniform in space.

Figure 10. Differences in stratospheric water vapor (ppmm) between (a) control run R0 and run R2 and
(b) control run R0 and run R3. Shaded regions denote differences that are statistically significant at
the 95% level. Solid lines represent positive contours, and dashed lines represent negative contours with
intervals of 0.05 ppmm.
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Under the 2100 SST and GHG condition, GHG increases
affect stratospheric water vapor not only by changing the
tropopause temperature and transport properties, but also via
methane oxidation. Consequently, the stratospheric water
vapor increases under the 2100 SST and GHG condition have
evident spatial variations with maximum increases occur in
the upper stratosphere at high latitudes. An exception is found
in the Southern Hemisphere polar stratosphere in Figure 10b,
where water vapor is slightly decreased in run R3 despite
significant water vapor increases elsewhere. According to
Garcia et al. [2007], this water vapor anomaly is possibly due
to the dehydration process associated with noticeably low
temperatures in the polar vortex. We can see from Figure 8c
that the temperatures near 100 hPa at southern high lati-
tudes in run R3 are about 3 K lower than those in run R0, but
are about the same between runs R2 and R0 (Figure 8b).
Therefore, the dehydration ismore likely in runR3 than in R2.
[34] The water vapor increases in the northern high lati-

tudes lower stratosphere in run R2 and R3 are larger than
those in the southern lower stratosphere, implying that STE
in the Northern Hemisphere is stronger than that in the
Southern Hemisphere. Another possible reason is more air

circulates to the north than to the south. This result is con-
sistent with the transport characteristics of age tracers which
indicate that SM mean age‐of‐air in the Southern Hemi-
sphere is older than that in the Northern Hemisphere. It is
worth noting that the transport of a passive tracer and water
vapor between the troposphere and the stratosphere is dif-
ferent. The water vapor entering into the stratosphere is mainly
controlled by the tropopause temperature if the chemical
contribution from the methane oxidation is excluded. [e.g.,
Tian and Chipperfield, 2006], but the tracer transport
between the troposphere and stratosphere is solely deter-
mined by the dynamical processes.
[35] Figure 11a gives seasonal variations of the tropical

cold point tropopause temperature (averaged between
30°N–30°S) in the four runs. We can see that the tropical
cold point tropopause temperature increases as the SST
increases. However, the cold point tropopause temperature
in run R3 is not the warmest among the four runs, although
the global mean SSTs in R3 is about 2.0 K higher than that
in control run R0. It is possible that the tropical cold point
tropopause temperature in run R3 is suppressed by the adia-
batic cooling associated with enhanced tropical upwelling
(15% increase in w* at 100 hPa in tropics) [Zhou et al., 2001]
and the stratospheric cooling caused by increased GHGs
values. Although the cold point tropopause temperature is not
the warmest, the stratospheric water vapor in run R3 is the
largest (Figure 10) because of the enhanced methane oxida-
tion and tropical upwelling under 2100 conditions. In addi-
tion, the cold point tropopause temperature in run R3 is
evidently higher than that in run R0 during March to August,
but in other months, the differences in tropical cold point
tropopause temperatures between run R0 and run R3 are
small. Gettelman et al. [2010] found that most chemistry‐
climate model simulations do not produce strong long‐term
trends in annual mean tropical cold point tropopause tem-
perature. Figure 11a suggests that responses of tropical cold
point tropopause temperature to SST and GHG increases are
seasonal‐dependent.
[36] Figure 11b further shows that the correlation between

the stratospheric water vapor and 100 hPa temperature is nearly
linear with a 1 K increase in 100 hPa temperature corre-
sponding a 0.377 ppmm water vapor increase in the tropical
lower stratosphere (100–70 hPa) and a 0.290 ppmm increase in
the tropical upper stratosphere (70–10 hPa). Note that under
the 2100 SST and GHG conditions, stratospheric water vapor
changes are partly caused by the methane oxidation, therefore
the corresponding data from run R3 is excluded in Figure 11b.
It is worth pointing out that an anticorrelation also exists
between the stratospheric water vapor and the SM age‐of‐air,
but to establish a causal relation between them is not
straightforward.

4. Conclusion and Discussion

[37] We have investigated the transport characteristics
between the stratosphere and troposphere using a state‐of‐
the‐art GCM. There are significant hemispheric differences
in tracer transport properties at midlatitudes and high lati-
tudes. The downward tracer transport in the northern mid-
latitude stratosphere is faster than at southern midlatitudes,
whereas the descent is stronger in the southern polar region
than in the north. On the global average (Figure 4a), the

Figure 11. (a) Seasonal variation of the tropical cold point
tropopause temperature (averaged between 30°N–30°S) in
four model runs. (b) Correlations between 100 hPa temper-
ature and the water vapor (solid line) in the tropical lower
stratosphere (averaged from 100 hPa to 70 hPa between
30°S–30°N) and (dash‐dotted line) in the tropical upper
stratosphere (averaged from 70 hPa to 10 hPa).
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fastest increase of the stratospheric source tracer (Tc5) in the
troposphere, implying that most rapid STT occurs in
northern winter. Tc5 concentrations increase near the tro-
popause region during April–July while from August to
October Tc5 concentrations in the troposphere decrease,
suggesting that the downward transport of Tc5 is weakest
during this period.
[38] The maximum troposphere mean age‐of‐air derived

from an age tracer released in the upper stratosphere can
reach 13 years and is much larger than the maximum
stratosphere mean age‐of‐air derived from the age tracer
released from the troposphere, suggesting that tracer trans-
port from the troposphere to stratosphere is more rapid than
from the stratosphere to troposphere. The TM age‐of‐air in
the Southern Hemisphere is older than in the Northern
Hemisphere, i.e., the age tracer in the northern midlatitudes
and high latitudes is transported down to the surface faster
than in the southern midlatitude and high latitude because of
stronger and more frequent synoptic events in the Northern
Hemisphere.
[39] In the stratosphere, increased SSTs tend to accelerate

upward transport because of enhanced upwelling from the
troposphere. Changes in the SM age‐of‐air caused by uni-
form increases in SSTs are much smaller than those caused by
the combined changes in SSTs and GHG values. Increased
SSTs tends to slow the downward transport in the strato-
sphere and cause increases in the TM age‐of‐air. The larger
SST increases give rise to a larger TM age‐of‐air in the
stratosphere and a smaller TM age‐of‐air in the troposphere.
Changes in the TM age‐of‐air caused by increased SSTs are
larger in magnitude than corresponding changes in the SM
age‐of‐air. However, the differences between increases in
TM age‐of‐air in the stratosphere because of different SST
and GHG increases are smaller than the differences between
decreases in the SM age‐of‐air in the stratosphere caused by
different SST and GHG increases.
[40] An increase in SSTs enhances the extratropical upward

Eliasen‐Palm flux and the tropical upwelling, with a signif-
icant 7.7% enhancement in tropical upwelling caused by a
uniform 1.5 K SST increase. Uniform SST increases cause an
increase in meridional heat flux at 100 hPa in the Southern
Hemisphere high latitude but a decrease in Northern Hemi-
sphere high latitude. When both SST and GHG values are
increased, the meridional heat flux decreases in both winter
hemispheres, although the EP flux increases significantly in
broad regions of extratropics and leads to a 15% enhancement
in tropical upwelling. The responses of polar stratosphere to
SST and GHG increases are different. SST increases tend to
increase the meridional heat flux in the southern high‐latitude
stratosphere, while GHG increases are likely to decrease it
because of the significant stratospheric cooling caused by
GHG increases.
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