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[1] Two sets of sea surface temperature/sea ice changes are used to test the sensitivity of
tracer transport to the pattern of warming in the doubled CO2 climate. One set (2CO2WT)
has greater tropical and high latitude sea surface temperature changes than the other
(2CO2), although both fall within the range of plausible response. Simulations were done
both with and without interactive ozone. Results show that the SST pattern affects the
circulation change throughout the troposphere and middle atmosphere; the ozone
interaction affects primarily the upper stratosphere, but through wave-mean flow
interaction has effects that extend down into the upper troposphere. Both experiments
feature increased tropospheric/stratospheric exchange at low latitudes and greater vertical
mixing within the troposphere; only the WT experiments result in increased
interhemispheric transport and a more direct circulation in the high latitude stratosphere.
Ozone increases in the upper stratosphere and decreases in the lower stratosphere in all the
simulations, with greater transport of high latitude ozone into the troposphere in the WT
runs. At sea level there is a more positive phase of the Arctic Oscillation (AO)-type
oscillation, and this is also true at 100 mbar, but there is no significance in the middle
troposphere and the sign is different in the middle stratosphere. Many of these results
differ from those generated in older versions of the GISS GCMAM despite the same SST
forcing due to differences in control run characteristics, which has implications for model
intercomparison experiments. INDEX TERMS: 0341 Atmospheric Composition and Structure:

Middle atmosphere—constituent transport and chemistry (3334); 0368 Atmospheric Composition and

Structure: Troposphere—constituent transport and chemistry; 1620 Global Change: Climate dynamics (3309);

3334 Meteorology and Atmospheric Dynamics: Middle atmosphere dynamics (0341, 0342); KEYWORDS:

tracer transports and climate, stratosphere and climate change, climate change and ozone, future SSTs and

tracer transports
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1. Introduction

[2] The possibility of increased atmospheric CO2 affect-
ing atmospheric dynamics has many ramifications, includ-
ing effects such as changes in the phase of the Arctic
Oscillation (AO) [e.g., Shindell et al., 1999; Fyfe et al.,
1999; Monahan et al., 2000; Perlwitz et al., 2000], and
altered distributions of tropospheric and stratospheric trace
gases. In a recent publication [Rind et al., 2001], we
investigated the impact of the doubled CO2 climate on
various tracer transports. In the doubled CO2 climate change

used in that experiment, the subtropical residual circulation
intensified in the upper troposphere/lower stratosphere,
increasing the rate of tropical transfer of tropospheric air
mass and constituents into the stratosphere by about 30%.
Transport from the stratosphere to troposphere at higher
latitudes also increased as the high latitude residual circu-
lation intensified, so that the stratospheric residence time of
bomb 14C decreased by about 11%. Within the troposphere,
interhemispheric transport was reduced by 5% due to
decreased Hadley Cell intensity; greater poleward transport
occurred within the northern hemisphere due to eddy/Ferrel
Cell changes; and greater vertical transport took place from
low levels to the middle and upper troposphere via
increased penetrating and overall convective mass fluxes.
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[3] In that publication, and in work by Rind et al. [2002],
the generality of these doubled CO2 results were assessed
by comparing the meteorological changes in the latest
simulation to those generated with different sea surface
temperature changes [Rind et al., 1990, 1998]. The two
effects that were the most robust were the increase in the
subtropical residual circulation, and the increase in pene-
trating convection to the upper troposphere, although the
magnitude of their increase depended on the degree of
tropical warming. Increases in transport from the surface
to the middle troposphere depended on the convection
parameterization, while changes in the Hadley circulation
and the residual circulation in the polar stratosphere
depended on the latitudinal distributions of sea surface
temperature change. Hadley Cell changes with increasing
CO2 have been known to vary from model to model (e.g.,
Dai et al. [2001] with the NCAR CCM found the Hadley
Cell weakened by 10% by 2090, Ramstein et al. [1998] with
the LMD model also found a 10% weakening with doubled
CO2, while Senior [1995] found an increased Hadley cell
with the Hadley Centre model run at 250 km resolution, and
no change at 500 km resolution).
[4] These comparisons were based on the overt meteoro-

logical responses, and they did not explicitly calculate what
the effect would be on the tracer transports themselves.
Furthermore, the latest experiment had used a newer version
of the GISS Global Climate/Middle Atmosphere Model
(GCMAM), so model dependence could not be separated
from the effect of different sea surface temperature patterns.
These limitations are removed here, as we use two of the sea
surface temperature/sea ice changes in the same (newer)
version of the model with on-line tracers, and compare their
effects directly.
[5] To the extent that altered depictions of tropospheric

climate change produce different dynamical responses
extending into the stratosphere, the effect of the doubled
CO2 climate on stratospheric ozone and its transport into
the troposphere might also be different. Our previous
investigations of the response of ozone to increased CO2

[Rind et al., 1998; Shindell et al., 1998] all used the older
version of the GCMAM [Rind et al., 1988]; how would it
differ with the newer model, and how would it depend on
the sea surface temperature changes? Furthermore, the
older approach did not allow the ozone changes to be
advected, a limitation which precluded investigation of
changes in stratospheric/tropospheric transport. These
questions are addressed briefly in this paper, and more
extensively in a companion paper (C.A. McLinden et al.,
manuscript in preparation, 2002) as the linearized ozone
photochemistry scheme (LINOZ) [McLinden et al., 2000],
including online transports, is incorporated into these
experiments.
[6] Finally, the resulting changes in ozone distributions

themselves might alter atmospheric dynamics. That issue is
investigated by running the doubled CO2/LINOZ simula-
tions in two ways. In the first, the model is run with a
climatological ozone field for atmospheric radiation purpo-
ses, and in those experiments the on-line ozone is a passive
tracer. In the second, we substitute the LINOZ-produced
ozone values in the radiation routine, so the doubled CO2

ozone changes interact with the climate. The complete set of
experiments allows us to separate which features of the

atmospheric and tracer transport response depend on the
altered sea surface temperatures, and which are affected by
the ozone response.
[7] Following the introduction and model/experiment

description (section 2), the different foci of this paper are
presented sequentially: meteorological effects of the differ-
ent SSTs (section 3), the effect on tracer transports (section
4), and on ozone (section 5), followed by the dynamical
influence of the interactive ozone response (section 6). In
the discussion (section 7) we comment on which results
depended on the SST field, and which were affected by the
stratospheric ozone changes; we also include a discussion of
potential inter-model differences by comparison to the
results given by Rind et al. [1998, 2001]. A summary of
the main results is given in the conclusions (section 8).

2. Model and Experiments

[8] The model used for these simulations is the GISS
GCMAM, model II0 with some alterations. In previous
studies, several specific model weaknesses were identified
with the previous 31-layer version of the model [Douglass
et al., 1999; Pawson et al., 2000]. Chief among these was a
weaker than observed subtropical barrier to tracer transport
in the stratosphere, insufficient vertical resolution in the
lower stratosphere, reduced stratospheric winter variability,
and reduced vertical transport to the upper stratosphere. In
comparison to the previous version [e.g., Pawson et al.,
2000], the model now has 53 layers in the vertical, in
conjunction with 4� � 5� resolution. The increased vertical
layering provides for 500 m resolution in the middle to
upper troposphere, 0.5 to 1 km resolution in the lower
stratosphere, sufficient to resolve important gradients in that
region [Douglass et al., 1999], and 2 to 2.5 km in the upper
stratosphere. This layering can be compared with the 1.5 to
2 km resolution between 2 and 20 km used in the previous,
31-layer version of the model. The fourth order momentum
scheme [Rind and Lerner, 1996] used in the 31-layer model
was found to produce a tendency for spurious polar east-
erlies in the upper troposphere, which had the effect of
limiting interannual variability, and also altering planetary
wave refraction so as to reduce the stratospheric jet inten-
sity. It is replaced in this model by a second order momen-
tum scheme, which cured both of these problems. These
changes also ameliorated the leakiness of the subtropical
barrier, and the smaller than observed transport into the
upper stratosphere. However, the problems still remain to
some extent and may quantitatively affect the results; the
mean age of air at 20 km varies from 1.5 years in the tropics
to 3.5 years at 60�N, compared with 1 year in the tropics to
4 years at 60�N in observations [Andrews et al., 2001].
[9] Although the second-order moments advection

scheme [Prather, 1986] captures finer resolution effects
than would be apparent from the given 4� � 5� horizontal
resolution, this coarse grid is not likely to capture the
physical intricacies of stratosphere/troposphere exchange
associated with fine-scale tropopause folds. Overall, the
troposphere/stratospheric exchange is similar in this model
to the previous 4� � 5� versions of the stratospheric model,
which were shown to be produce generally realistic magni-
tudes of transport [Rind et al., 1999]. The model’s large-
scale and eddy processes appear to be producing overall
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replicas of real-world processes without all the details; the
climate change effect of such differences can only be
gauged by future experiments with finer resolution models.
[10] For the doubled CO2 experiments, we continue the

approach used by Rind et al. [2001] and input altered sea
surface temperature/sea ice fields from previous equilibrium
experiments. The atmospheric CO2 is doubled as well. The
first set of experiments (called ‘‘2 CO2’’) uses the same
doubled CO2 changes in sea surface temperatures as given
by Rind et al. [2001], which were originally generated by a
nine-layer version of the GISS model II0. The control runs
and the experiments are run both with and without the
ozone changes interacting with the radiation field (see
Table 1). The second set of experiments uses the sea surface
temperatures/sea ice field generated by an equilibrium run
of the older version of the GISS GCMAM [Rind et al.,
1998]. In both cases, fixed dynamical ocean transport in
conjunction with a mixed layer ocean (a ‘‘q-flux ocean’’)
was used in the original simulations to allow the sea surface
temperatures to change.
[11] The marine surface (sea surface plus sea ice) temper-

ature differences for the individual experiments are shown
in Figure 1, with the resulting surface air temperature
changes (for the noninteractive experiments) shown in
Figure 1b. Since the sea surface temperatures from Rind
et al. [1998] featured a warmer tropical temperature
response, experiments which used those values are called
2CO2 WT (for warmer tropics), although the runs also
feature warmer high latitude temperatures.
[12] Which SST pattern is more realistic? The differences

are largely associated with a change in the cloud cover
parameterization and cloud feedbacks [Rind et al., 2002].
The tropical warming in the two simulations in general
varies between 2.5� and 4�C (Figure 1a). Yao and Del Genio
[1999] show that such variations can be generated by
differences in the parameterized cloud feedback within the
range of current uncertainty. The smallest response occurs
when thick anvil clouds arise in association with tropical
convection (reducing solar insolation reaching the surface)
and no cloud optical thickness feedback is allowed. The
greatest warming occurs with the reverse situation: Optical
thickness is predicted (and decreases in the tropics as
climate warms due to water depletion by precipitation),
while anvil clouds are not included. Yao and Del Genio
[1999] argue that the optical thickness feedback is sup-
ported by observations, while the realism of the anvil
detrainment feedback is more difficult to assess. That would
suggest that a higher tropical sensitivity might be more
realistic if one had to choose between the two, although
numerous processes (including other cloud parameteriza-
tions) affect the overall and tropical sensitivity. At this point
no conclusion can be definitive. The overall warming in

2CO2WT is slightly higher than the IPCC nominal range of
1.5�–4.5�C (as shown in Table 2).
[13] In addition to ozone, the other online tracers used

were those discussed by Rind et al. [2001]: CO2, SF6,
Rn222, CFC-11, CH4, N2O, and bomb 14C. The sources/
sinks of each of these tracers is given by Rind et al. [2001];
the stratospheric photochemical sinks for CFC-11, CH4 and
N2O were calculated in a consistent manner with the
LINOZ photochemistry.
[14] The control runs and experiments were integrated for

12 years with results reported for 10 year averages. In
addition, we investigated whether the differences seen
during five years in the first half of the simulations were
similar to those during the last half, and discuss only those
which had consistent changes for the two time periods. A
complete list of the control runs and doubled CO2 simu-
lations is given in Table 1.

3. Meteorological Effects of the Different Sea
Surface Temperature Patterns

[15] The different sets of sea surface temperatures help
generate different meteorological responses. We concentrate
on those phenomena deemed responsible for changes in
transports, and the dynamics discussion is focused on the
Northern Hemisphere. To indicate the robustness of the
conclusions, and/or the impact of the interactive ozone, we

Table 1. Simulations Used in This Study

SSTs/Sea Ice Ozone

Control current noninteractive
Control (I) current interactive
2CO2 Rind et al. [2001] noninteractive
2CO2 (I) Rind et al. [2001] interactive
2CO2WT Rind et al. [1998] noninteractive
2CO2WT(I) Rind et al. [1998] interactive

Figure 1a. The marine surface temperature (input sea
surface temperature plus calculated sea ice temperature)
anomaly in the two experiments ((top) 2CO2 and (bottom)
2CO2WT).

RIND ET AL.: TRACER TRANSPORTS AND 2XCO2 SSTS ACL 25 - 3



often show results from both the noninteractive and inter-
active runs.
[16] Given in Table 2 are the annual, global average

quantities of the relevant parameters (except for the peak
stream function values, which are shown for the two
solstice seasons). As an indication of the consistency of
the results, we also show the average difference in the
respective quantities over the two different 5-year periods
(years 2–6 versus years 8–12). The 2CO2WT runs are
considerably warmer than the 2CO2 simulations. The neg-
ative value of the net radiation at the model top for all the
doubled CO2 simulations show that had the sea surface
temperatures been allowed to adjust, the runs would have

cooled considerably. Given the magnitude of the imbalance,
we estimate that this model has an equilibrium climate
sensitivity for doubled CO2 of about 2.65�C, or about
0.66�C/Wm2.
[17] Of relevance for interhemispheric transport in the

troposphere, the Hadley Cell during Northern Hemisphere
winter is intensified in the 2CO2WT runs, with little change
in 2CO2. Of relevance for intrahemispheric transport, plan-
etary longwave energy increases substantially in the
2CO2WT runs, although eddy kinetic energy in general
shows only small changes; again there is little change in
either of these quantities in the 2CO2 simulations. Concern-
ing vertical mixing within the troposphere, penetrative
convective mass flux increases in all the doubled CO2

simulations, more so in 2CO2WT, though total convective
mass flux decreases somewhat in all the experiments, again
more so in the WT runs. With increased penetrative con-
vection, there is the possibility of reducing the time-aver-
aged instability, decreasing more shallow convection.
[18] Shown in Figure 2 are the temperature changes in the

different experiments, with tropospheric warming and stra-
tospheric cooling as expected. The prime difference is that
the WT experiments have greater warming in the tropical
upper troposphere (and at the tropical tropopause), consis-
tent with their warmer sea surface temperatures. In addition,
the WT runs have greater warming at high latitudes during
winter (Figure 1b). Given in Figures 3a and 3b are the
resulting changes in zonal wind and Eliassen-Palm (EP)
fluxes (the zonally averaged wave energy fluxes normalized
by the zonal wind). The WT runs have greater relative west
wind increases from 45�S to 45�N in the upper troposphere
and lower stratosphere; over this range of latitudes, all of the
doubled CO2 simulations show relative equatorward prop-
agation of EP fluxes in conjunction with these wind
changes. At the highest latitudes, however, only 2CO2

shows west wind increases in the troposphere during North-
ern Hemisphere winter, as the greater warming in the WT
runs leads to greater relative east winds, and poleward wave
refraction. The decrease in high latitude temperature gra-
dient imposed in WT at the surface (Figure 1b) extended up
to some 6.5 km altitude, reducing the zonal wind shear
throughout that region.
[19] The EP flux divergence changes for the different

simulations are shown in Figure 4. Associated with the
relative equatorward EP flux refraction change, increased
convergence occurs in the lower stratosphere in both hemi-

Table 2. Annual Atmospheric Features in the Different Experiments

Unit Control Control (I) 2CO2 2CO2 (I) 2CO2 WT 2CO2 WT(I) 5-Year �

Global surf temp �C 12.39 12.35 15.67 15.67 17.13 17.11 0.007
Sea ice coverage % 4.4 4.4 2.6 2.6 2.3 2.3 0
Air temperature �C �25.33 �25.30 �22.62 �22.55 �20.87 �20.87 0.013
Water vapor mm 20.2 20.1 24.6 24.6 27.4 27.3 0.03
Cloud cover % 68.8 68.7 66.3 66.2 65.3 65.1 0.03
Planetary albedo % 32.33 32.27 30.28 30.39 30.18 30.30 0.08
Net radiation at model top Wm�2 �0.1 �0.4 �1.1 �1.5 �3.5 �3.9 0.016
Moist convective mass flux 109 Kgs�1 1554 1568 1546 1550 1474 1483 1.5
Moist control mass flux at 195 mbar 109 Kgs�1 141.3 145.5 222.8 232.0 278.7 290.0 0.6
Eddy kinetic energy 104 Jm�2 64.9 65.0 63.5 64.2 67.2 67.5 0.27
EKE, wave numbers 1–4 1017 J 647 645 639 651 697 704 9.67
Peak D-F stream function 109 Kgs�1 �175 �178 �173 �180 �208 �213 3
Peak J-A stream function 109 Kgs�1 203 199 199 200 197 202 1.67

Figure 1b. As in Figure 1a except for surface air
temperature changes calculated in the experiments.
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Figure 2. Temperature changes in the different experiments, averaged over the last 10 years. Shown are
the results for the annual average and the two solstice seasons for (top) 2CO2, (second row) 2CO2(I),
(third row) 2CO2WT and (fourth row) 2CO2WT(I).
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spheres from 45�S to 45�N, more so in the WT runs. In
addition, the wind changes in the upper troposphere/lower
stratosphere alter the wave refraction, and lead to greater EP
flux convergences in the WT runs above 10 mbar primarily

poleward of 45�N. In the extratropical troposphere, EP flux
convergences are associated with the east wind change at
the highest latitudes, while divergences arise with the west
wind change at upper midlatitudes. These effects are also

Figure 3. Change in the zonal winds (shading/contours) and EP fluxes (arrows) for the two solstice
seasons in the different experiments (a) 2CO2 and 2CO2(I) and (b) 2CO2WT and 2CO2WT(I).
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greatest in the WT runs, and also somewhat larger in the
interactive runs of each set.
[20] Changes in the transformed Eulerian (residual) cir-

culation are presented in Figure 5. The intensified EP flux
convergences drive an increased residual circulation at low

latitudes in all the doubled CO2 simulations, more so in the
WT runs. At higher latitudes during Northern Hemisphere
winter, the intensified EP flux convergences shown in
Figure 4 above 10 mbar help the 2CO2WT runs drive a
more direct circulation from 10 to 100 mbar via the down-

Figure 3. (continued)
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ward control principle [Haynes et al., 1991]. In contrast, the
circulation is somewhat more indirect in the same region in
2CO2. In the troposphere, the more direct circulation at the
highest latitudes follows the EP flux convergences, both
being greatest in the WT simulations.
[21] These differences in high latitude response provide

for a different pattern of geopotential response. The WT
runs have increased 10 mbar heights around the pole in the
winter hemisphere (Figure 6, left), while the 2CO2 runs
have smaller changes or decreases. These results are con-
sistent not only with the amount of high latitude warming,
but also the EP flux convergence changes at high latitudes
above 10 mbar with their generation of the residual circu-
lation, i.e., EP flux convergence, a more direct circulation,
and subsidence warming in the WT runs. From this per-
spective, the WT runs have a change toward the negative
phase of the Arctic Oscillation (AO) (weaker polar vortex)

in the midstratosphere, while in 2CO2 there is greater
cyclonicity like the positive phase of the Arctic Oscillation.
[22] However, from the perspective of the sea level

pressure (Figure 6, right) the results are very different.
Now it appears qualitatively as if all the runs are producing
the positive phase of the AO and North Atlantic Oscillation,
the latter with lower pressure in the vicinity of the Icelandic
Low, and relatively higher pressure near Portugal. This
result illustrates that in a climate change situation one
cannot necessarily expect the recent barotropic nature of
AO response [Thompson et al., 2000] to prevail. We return
to this point in the discussion section.

4. Changes in Transports

[23] In this section, we present changes in the transports
as discussed by Rind et al. [2001]. While 2CO2 uses the

Figure 4. Change in the EP flux divergence in the different experiments.
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Figure 5. Change in the transformed Eulerian (residual) stream function in the different experiments. A
positive value indicates a relative counterclockwise change, to a more indirect (direct) circulation in the
Northern Hemisphere (Southern Hemisphere).
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same sea surface temperatures and sea ice changes as in that
paper, this model has 53 layers (as compared to 31), and
several of the physics routines (boundary layer, momentum
advection, radiation) have been changed. The degree to
which the boundary conditions can enforce the same
response in these two related, but somewhat different
models, will be addressed in the discussion section.

4.1. Interhemispheric Transport

[24] Given in Table 3 are the interhemispheric exchange
times for three of the species in the different simulations, as
well as the differences between the two five year time
periods. There is little change in the 2CO2 simulation, but
interhemispheric exchange times decrease by 10–15% in
2CO2WT. This is qualitatively consistent with the intensi-

Figure 6. Change in the (left) 10-mbar heights and (right) sea level pressure for December–January–
February.
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fied Hadley Cell during Northern Hemisphere winter (Table
2) in the WT experiments.

4.2. Intrahemispheric Transport

[25] For the same species shown in Table 3, there is
greater southward transport within the Northern Hemisphere
by a few percent (relative to the hemispheric tracer mass) in
2CO2WT, due both to the intensified Hadley Cell in North-
ern Hemisphere winter and the somewhat greater planetary
longwave energy. There is little change in 2CO2.

4.3. Vertical Transport Within the Troposphere

[26] With respect to the distribution of short-lived species
such as Rn222, increased convection diminishes tropical
gradients between low levels and the upper troposphere in
all of the doubled CO2 runs, and diminishes the gradients
between the surface andmidtroposphere in 2CO2WT (despite
the overall decrease in convective mass flux indicated in
Table 2). At high latitudes, the increased warmth provides for
an additional radon source, from previously frozen ground,
and results in increased vertical gradients away from the
surface, more so in the warmer (WT) simulations.

4.4. Vertical Transport From the Troposphere to the
Stratosphere

[27] The ratios of upward transport from 20�N to 20�S
between experiment and control for levels in the upper
troposphere and lower stratosphere are given in Tables 4a
and 4b. In the 2CO2 runs, upward transport increases by
10–30% for all the species at all the levels, associated with
the intensified residual circulation at these altitudes (Figure
5). The transport increases by even larger percentages in the
2CO2WT simulations.
[28] Also shown is the ratio of the global transports (in

brackets), and the values are much lower than the tropical
component. This is because the intensified tropical circula-
tion cells lead to increased downward transport as well.
Shown in Figure 7 is the change in vertical transport of CH4

through 100 mbar for the four experiments; the other species
show similar characteristics. The increased upward transport
near the equator is apparent in all runs, greater with the WT

simulations, while the increased downward transport in the
subtropics is also evident. The global change is thus much
less than the tropical upwelling component.

4.5. Vertical Transport From the Stratosphere
to the Troposphere

[29] The change in the residual stream function shown in
Figure 5 can be interpreted to imply that in all the doubled
CO2 simulations, there is increased downward transport
through the Northern Hemisphere lowermost stratosphere
at high latitudes and at midlatitudes (around 45�N) relative
to the control run values (seen to some extent in Figure 7).
To illustrate this more directly, given in Figure 8a is the
change in SF6 transport due to the large-scale dynamics
(hence not including convection) for 2CO2; results for
2CO2WT given in Figure 8b show qualitatively similar
features in the extratropics. The circulation change is
especially effective for bomb 14C which has its peak initial
source around 50 mbar. Globally, downward transport
increases by some 3–4% through 100 mbar, and by up to
10% through 240 mbar in the 2CO2WT experiments. This
results in a shorter residence time for bomb 14C in the
stratosphere, with the effects greatest in the 2CO2WT runs;
averaged over 6 years, there is 5.5% less 14C in the
atmosphere, with a decreased atmospheric residence time
of 15–20%. Changes are smaller, but in the same direction,
in the 2CO2 runs. As noted in the meteorology discussion,
this in turn results from the greater relative EP flux
convergences in the extratropics in driving a more direct
circulation, especially in winter (Figure 5).

4.6. Transport Within the Stratosphere

[30] Evident in both Figures 8a and 8b is a two-cell
distribution for the annual average change in the Northern
Hemisphere stratosphere, with relative upwelling at the pole
and equator, and downwelling around 45�N. Quantitatively
the extratropical downwelling is greater in the WT runs as a
result of the greater EP flux convergences above 10 mbar.
The transport change is somewhat similar in the Southern
Hemisphere except that the downwelling extends below 10
mbar only in the WT runs.
[31] The change in CH4 distribution in the different runs

is used to illustrate the effect of the altered circulation in
Figure 9. Where air upwells, methane increases; regions of
decrease in the Northern Hemisphere lower stratosphere and
Southern Hemisphere middle stratosphere are associated
with the relative downwelling. The stratospheric methane
increase with greater flux from the troposphere is larger in
the 2CO2WT experiments, which had the greater residual
circulation change. Note that the increased interhemispheric
transport in the troposphere (reduced Northern Hemisphere

Table 3. Interhemispheric Exchange Times (Years) in the

Different Simulations

SF6 CFC-11 CH4

Control 1.20 1.10 1.01
Control(I) 1.20 1.10 1.00
2CO2 1.21 1.15 1.00
2CO2(I) 1.20 1.13 1.00
2CO2WT 1.07 0.97 0.89
2CO2WT(I) 1.07 0.96 0.87
5-Year � 0.04 0.007 0.007

Table 4a. Ratio of Vertical Transport Between 2CO2 and Control in the Tropics (20�N to 20�S) and Global (in Brackets)

Pressure, mbar Run CO2 N2O CFC-11 CH4 5-Year �

84 2CO2 1.19 [1.03] 1.19 [1.11] 1.18 [1.12] 1.19 [1.10] 0.032 [0.04]
2CO2(I) 1.16 [1.01] 1.17 [1.07] 1.16 [1.10] 1.16 [1.06] 0.005 [0.05]

100 2CO2 1.25 [1.03] 1.25 [1.11] 1.24 [1.11] 1.25 [1.09] 0.033 [0.04]
2CO2(I) 1.28 [1.02] 1.28 [1.07] 1.27 [1.09] 1.28 [1.05] 0.004 [0.05]

117 2CO2 1.20 [1.02] 1.20 [1.11] 1.18 [1.10] 1.19 [1.08] 0.005 [0.13]
2CO2(I) 1.27 [0.99] 1.27 [1.07] 1.26 [1.08] 1.27 [1.03] 0.029 [0.05]

135 2CO2 1.11 [0.97] 1.11 [1.12] 1.10 [1.08] 1.11 [1.06] 0.045 [0.04]
2CO2(I) 1.19 [0.95] 1.19 [1.08] 1.18 [1.06] 1.18 [1.00] 0.027 [0.06]
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values relative to Southern Hemisphere) is also visible in
the figure for the WT experiment.

5. Changes in Ozone Distribution

[32] The results presented in the previous section can be
combined with the changes in ozone photochemistry to
understand how ozone changed in these doubled CO2

simulations. Shown in Figure 10 are the percentage changes
in ozone on the annual average in the different experiments.
Increases in the tropical upper stratosphere are associated
with the colder temperatures due to doubled CO2 and they
do not depend on the different SST patterns, being similar in
2CO2 and 2CO2WT. The interactive runs have less ozone
increase there, because as the ozone increases, the temper-
ature does too, relatively, reducing the photochemical
source. Therefore, in the upper stratosphere, while the ozone
increase maximizes in the tropics in the noninteractive runs,
the changes are of comparable value at low and high
latitudes in the interactive simulations.
[33] Elsewhere, the SSTs do affect the ozone distribution.

Ozone decreases in the tropical lower stratosphere, partly
due to reduced UV penetration and chemistry, partly the
result of increased tropical upwelling bringing up low
tropospheric ozone concentrations (note that the only tropo-
spheric ozone in these simulations is that which arises from
stratospheric transport). This latter effect is greater with the
warmer tropical SSTs. 2CO2WT also features greater ozone
increases at high latitudes and in the troposphere, due to its
increased poleward and downward transport, as occurred for
other species (e.g., methane, in Figure 9). The result is an
increase in midtropospheric ozone from the stratospheric
source in the 2CO2WT simulations, and a decrease in the
2CO2 runs (and for methane, with a tropospheric source, the
result is just the opposite).

6. Dynamical Effect of Interactive Ozone

[34] The net effect of the greater tropical ozone increase
in the noninteractive runs is to provide for warmer temper-
atures in the tropical upper stratosphere, by about 2�C. The
warmer temperatures are then associated with a greater west
wind increase in the subtropical stratosphere (e.g., see the 1
mbar wind change in Figures 3a and 3b); this affects the
wave refraction and results in greater EP flux convergences
(or smaller divergences) in the extratropical middle and
upper stratosphere (e.g., between 10 and 1 mbar during
Northern Hemisphere winter in Figure 4), and a more direct
extratropical residual circulation in both winter hemispheres
(Figure 5). This alteration in wave refraction pattern also
produces greater EP flux divergences (or smaller conver-

gences) at low latitudes in the middle and upper stratosphere
(Figure 4), and thus affects the tropical residual circulation
in the lower stratosphere and upper troposphere. Hence the
increase in this circulation is slightly weaker in the non-
interactive runs below 100 mbar, as can be seen from the
tracer transports in Tables 4a and 4b. However, the down-
ward transport is also weaker (Figure 7), and so the global
transport upward is actually greater in the noninteractive
runs (Tables 4a and 4b).
[35] In a related development, below about 30 mbar, and

extending down through the middle troposphere, the inter-
active runs have greater EP flux convergences at high
latitudes, greater relative east winds, and warmer temper-
atures during Northern Hemisphere winter (Figures 2–4).
This effect is the result of their weaker subtropical west
wind increase in the upper stratosphere diverting less wave
energy upward, allowing for greater convergences below.
This greater high latitude warming results in a greater
increase in 10 mbar height at the pole (more negative phase
of the AO) in the interactive runs (most obvious in Figure 6
for the 2CO2 runs), an effect which extends down into the
upper troposphere (see also Table 5, discussed below).
[36] We can summarize the results presented above by

showing how the age of air changed in the various experi-
ments (Figure 11), as deduced from the SF6 tracer (as given
by Rind et al. [2001]). The decrease in age of air throughout
the stratosphere is greatest in the 2CO2WT runs with their
intensified residual circulation, and the decrease is greater in
the noninteractive runs associated with their greater net
global upward transport (Table 4, again not due to greater
tropical upwelling). The noticeable increase in interhemi-
spheric transport in the 2CO2WT runs is evident in the
troposphere as younger ages in the Southern Hemisphere,

Table 4b. Ratio of Vertical Transport Between 2CO2WT Experiments and Control in the Tropics (20�N to 20�S) and Global (in

Brackets)

Pressure, mbar Run CO2 N2O CFC-11 CH4 5-Year �

84 2CO2WT 1.55 [1.05] 1.55 [1.26] 1.52 [1.26] 1.54 [1.22] 0.060 [0.09]
2CO2WT(I) 1.56 [1.04] 1.56 [1.17] 1.55 [1.21] 1.56 [1.15] 0.035 [0.08]

100 2CO2WT 1.74 [1.04] 1.74 [1.26] 1.69 [1.24] 1.73 [1.20] 0.036 [0.08]
2CO2WT(I) 1.82 [1.01] 1.83 [1.17] 1.79 1.19] 1.82 [1.12] 0.066 [0.04]

117 2CO2WT 1.64 [0.96] 1.64 [1.26] 1.60 [1.22] 1.63 [1.15] 0.011 [0.08]
2CO2WT(I) 1.74 [0.92] 1.74 [1.17] 1.70 [1.16] 1.73 [1.07] 0.066 [0.07]

135 2CO2WT 1.47 [0.87] 1.47 [1.26] 1.43 [1.19] 1.45 [1.05] 0.020 [0.06]
2CO2WT(I) 1.54 [0.83] 1.54 [1.17] 1.51 [1.14] 1.53 [0.97] 0.063 [0.07]

Figure 7. Change in annual vertical transport of CH4

through 100 mbar in the different experiments.
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and to a lesser extent this appears to be true for portions of
the troposphere in the 2CO2 runs as well, although that was
not obvious from the hemispheric results given in Table 3.
The difference relates to the increased age in the Southern
Hemisphere tropical upper troposphere for the 2CO2 runs
which, as can be seen from Figure 8a, is associated with an
upper tropospheric vortex spanning the equator, with
decreased age of air in the same region in the Northern
Hemisphere. The effect is entirely missing in the 2CO2WT
runs which have a coherent upward mass transport from low
levels just south of the equator (Figure 8b). This distinction
is related to the SST peak change south of the equator in
the WT runs (Figure 1a). Greater downward transport from
the stratosphere at extratropical northern latitudes in the
2CO2WT runs is indicated by the relative increase in age
of air, especially relative to the strong decreases seen in
the 2CO2 simulations.

7. Discussion

[37] In this section we discuss a number of issues raised
by these results as well as some popular issues associated
with the response to increasing CO2 levels.

7.1. SST Versus Ozone Influence

[38] The range of experiments allows us to address the
issue of what in the troposphere/middle atmosphere system
is influenced by the SST patterns (the differences between

the 2CO2 and 2CO2WT runs), and what is influenced by the
ozone changes (the differences between the interactive and
noninteractive runs).
[39] The SST pattern, in particular the degree of tropical

warmth, affects the heating in the upper troposphere and its
latitudinal temperature gradient, the winds in the upper
troposphere and lower stratosphere, wave energy refraction
and convergence in the stratosphere, and hence the circu-
lation and winds throughout the middle atmosphere. Clearly,
to know what will happen in the Middle Atmosphere we
need to know the pattern of prospective SST change.
[40] The ozone response affects the magnitude of temper-

ature change in the upper stratosphere, and the resulting
latitudinal temperature gradient; this in turn affects wave
energy propagation from the lower stratosphere, and wave
energy convergences and circulation in the lower strato-
sphere, with effects which extend down into the upper
troposphere. These dynamical responses illustrate how cli-
mate perturbations affecting the stratosphere can influence
tropospheric processes due to wave-mean flow interactions.
With respect to both the meteorology and the change in
transports, the SST changes generally dominate the ozone
influence, although the effects are comparable in some
stratospheric regions.

7.2. Intermodel Differences

[41] A number of these results are consistent with
expectations [Rind et al., 2001, 2002]. The upper tropo-

Figure 8. Schematic of the annual change in transport of SF6 by the large-scale dynamics (not including
convection) for (a) 2CO2 and (b) 2CO2WT. Shaded region indicates the lowermost stratosphere (potential
temperature less than 380 K, and potential vorticity greater than 2 � 10�5 k mbar�1s�1 outside the
tropics and above 100 mbar in the tropics). To illustrate the altered pathways of tracer transport, all
vectors are of unit length except in the tropical troposphere where the exceptionally large changes are
shown as exaggerated arrows. Separate log pressure scales are used above and below 100 mbar for
presentation purposes.
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sphere/stratosphere tropical residual circulation did
increase in both climate simulations, and the magnitude
of increase was greater with warmer sea surface temper-
atures. These results were expected due to the influence of
the tropical sea surface temperature warming on temper-
atures in the tropical upper troposphere, and the subse-
quent effect on west winds and planetary wave refraction
at those altitudes. They support the assumption that

increased transport from the troposphere to the strato-
sphere would be a robust result with different amounts
of tropical warming. However, the tracer transport changes
showed that the tropical upwelling is only part of the story,
for the global increase in transport into the stratosphere is
much less than the tropical change. The difference is
associated with increased downwelling in the subtropics
that accompanied the intensified tropical residual circula-

Figure 9. Change in annual average methane in the different experiments.
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tion. This recycling of air within the 30�N to 30�S regime
may be sensitive to the greater ‘‘leakiness’’ of the tropical
pipe in the model compared to the real world.
[42] The Hadley Circulation response also matched

expectations, at least in the sense that with the warmer
tropical sea surface temperatures, the circulation would
increase, and interhemispheric transport would become

faster. The warmer tropical sea surface temperatures also
led to a greater increase in penetrative convection and the
corresponding increased transport of tracers to the upper
troposphere, though that effect occurred in all the doubled
CO2 runs. And with greater tropical warming there was
increased generation of planetary wave energy at the longest
wavelengths, consistent with the increase in available

Figure 10. Change in annual average ozone (in percent) in the different experiments. Note that the
tropospheric ozone and its change arises from stratospheric transport.
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potential energy associated with hemispheric scales [Rind et
al., 1998].
[43] However, a number of the results were unexpected,

relating primarily to changes associated with different
versions of the GISS GCMAM. Rind et al. [2001] use the
same marine boundary conditions as used in 2CO2 but with
an earlier version of the model II0 GCMAM. In that
simulation the Hadley Cell decreased in intensity, as did
interhemispheric transport, by 5%; in contrast, in this 2CO2

experiment there were negligible changes in both quantities.
Also, in the earlier simulation, total convective mass flux
increased, as shown in Table 2, while this model produced a
small decrease.
[44] The differing Hadley Cell response in the two

models also likely influenced the high latitude response,
by altering the magnitude of dynamical heat convergence in
the midlatitude troposphere [Rind et al., 2002]. Heating at
this latitude, compared with heating at high latitudes, affects
the latitudinal temperature gradient and zonal wind change
in the upper troposphere, and hence planetary wave refrac-
tion. Rind et al. [2001, their Figure 3] show that the
reduction in Hadley Cell intensity had minimized the
midlatitude heating leading to decreased west winds in
the upper troposphere at higher latitudes, relative poleward
planetary wave refraction and higher sea level pressures at
higher latitudes. In contrast, in the 2CO2 run here, during
winter west winds increase at the higher latitudes in the
upper troposphere, EP flux divergences occur and tropo-
spheric subpolar lows are intensified. Why were these
changes model dependent?
[45] We can address that question by comparing the

current model to the version used by Rind et al. [2001].
The intermodel differences include the greater vertical
resolution in the current model, both in the boundary layer
(6 layers to 4 in the first 200 mbar) and overall (53 layers to
31 layers), and alterations in the model code, primarily in
the boundary layer. To determine which component of the
model changes affected each of the different results, we ran
a control run version with reduced boundary layer and
vertical resolution but with the newer 53-layer model code.
[46] The results showed that increasing the vertical reso-

lution, including that in the boundary layer, reduced the
latent heat and total surface fluxes, and with it the precip-
itation. Changes in the model code resulted in the newer
model having weaker surface winds and often weaker eddy
mixing in the boundary layer under unstable conditions.
Increased vertical resolution resulted in greater amounts of
penetrating convection to high levels and decreased fluxes
to low levels.
[47] The control run differences provide explanations for

the intermodel differences noted above. The newer version

of the model is somewhat less sensitive to SST patterns,
with weaker surface winds, surface fluxes and resulting
precipitation; hence it responded more weakly to the altered
SST fields it was given (e.g., no Hadley Cell change). The
newer model also had greater penetrative convection rela-
tive to convection at other levels, so when climate warmed,
and the penetrative convection increased, it was easier to
stabilize the atmosphere and reduce convection in general.
Furthermore with the greater increase in penetrating con-
vection in the newer model, warming of the upper tropo-
sphere was greater; combined with the unchanged Hadley
circulation this resulted in a greater latitudinal temperature
gradient, stronger west wind increases and a more positive
AO phase (discussed further below). The tendency of
climate change simulations to mimic characteristics of the
control run has been noted previously [Mitchell et al., 1987;
Rind, 1988; Senior, 1995].
[48] The 2CO2WT experiment should have produced

simulations that resembled the results discussed by Rind
et al. [1998] with the coarser resolution model, given that
the sea surface temperature/sea ice changes of that run (from
model II) were used in this one. The GCMAM II0 model has
weaker convective fluxes due to reduced mass associated
with each convective event, and hence the warming in the
tropical upper troposphere is about 25% less than it was in
the previous model. Consequently, the zonal wind increase
in the upper troposphere is not as strong, and the magnitude
of the wave refraction, EP flux divergence and residual
circulation changes are somewhat reduced, but the overall
pattern is similar. However, the AO phase changes differ
with altitude, as discussed below.
[49] Given these intermodel differences for their current

climate simulation, it would be reasonable to have the most
confidence in those simulations that produce the most
realistic current depictions. The reduced convective fluxes
in GCMAM II0 are likely to be more realistic than the
excessive values of the coarse grid model as deduced from
radon distributions (at least in comparison to other models’
radon results [Rind and Lerner, 1996]). Hence in that
respect (although not with respect to sensitivity to SSTs)
2CO2WT should be given preference over the results from
Rind et al. [1998]. The weaker surface response of 2CO2 is
not necessarily an improvement, for example, the surface
winds in the model were already too weak (as deduced from
modeled soil dust [Tegen and Miller, 1998]). Hence the
conclusions from 2CO2 are not necessarily to be preferred
over those given by Rind et al. [2001] where they differ.
[50] The interactive ozone changes calculated by Rind et

al. [1998], with the ozone anomaly scheme described by
Shindell et al. [1998] that did not include ozone advection,
peaked at 12% in the tropical stratopause region. In the

Table 5. AO-Type Responses During December–Februarya

UNIT �2CO2 �2CO2 (I) �2CO2WT �2CO2WT(I)

�SLP 32�N–52�N minus 60�N–80�N mbar 2.28 (�1.14) 1.98 4.91b [3.88] 5.43b

�500 mbar Ht 32�N–52�N minus 60�N–80�N m �14 (�41) �15 8 [�7] 9
�100 mbar Ht 32�N–52�N minus 60�N–80�N m 76c (�19) 12 103b [142] 45d

�10 mbar Ht 32�N–52�N minus 60�N–80�N m 196 (58) �57 �96 [162] �220d

aResults from Rind et al. [1998, 2001] are shown (without significance testing) in brackets or parentheses, respectively, for comparison.
bSignificant at 99% level.
cSignificant at 95% level.
dSignificant at 90% level.
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2CO2WT simulations, the values are larger than that, with
tropical stratopause peak values of 15–20%, perhaps due to
the different ozone photochemical code. The ozone loss in
the tropical lower stratosphere is 5–10 times larger in the
new run, undoubtedly influenced by the ozone advection,
with the intensified upwelling exaggerating the lower strato-
sphere loss. High latitude ozone gains are also larger when
ozone advection is included. The radiative impact on the

temperature structure of these ozone differences produces
some additional cooling in the tropical lower stratosphere
and slightly greater warming at high latitudes.

7.3. AO Changes

[51] Many, but not all model simulations have shown an
increased positive AO phase with increasing atmospheric
CO2 [Shindell et al., 1999; Paeth et al., 1999; Zorita and

Figure 11. Percentage change in age of air in the various experiments as calculated from the SF6
surface concentrations.
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Gonzalez-Rouco, 2000; Gillett et al., 2002a]. All the sim-
ulations shown here have decreased high latitude sea level
pressures as well, as is evident in Figure 6. To assess
whether these changes correspond to an altered phase of
the Arctic Oscillation, we show in Table 5 the differences in
sea level pressure or geopotential heights between approx-
imately 30�N–50�N and 60�N–80�N (characteristic of the
AO sea level pressure gradient), along with the significance
of the results using a two-tailed T-test on the interannual
variation for 10 modeled years. With the warmer tropical
sea surface temperatures, at sea level a change to the
positive phase of the AO-type oscillation is significant,
and this is also true at 100 mbar, but there is no significance
in the middle troposphere, and the sign is different in the
middle stratosphere.
[52] The pattern of the EP flux change in all the experi-

ments features significant tropospheric divergences at upper
middle latitudes (providing a west wind acceleration), with
convergences at high latitudes (for an east wind acceler-
ation), as in Figures 3 and 4. This wind change is realized
with lower pressure circa 70�N.
[53] The increased positive phase alters sign by the

middle stratosphere in 2CO2WT, which then features a
weaker polar vortex (see also Figure 6), a result also found
by Butchart et al. [2000] and Gillett et al. [2002b]. We also
show in Table 5 (in brackets) the results from the previous
simulation with these SSTs in the coarse grid model, in
which the phase remained positive in the middle strato-
sphere; that is, the polar vortex was stronger. As can be seen
in Figure 2, the temperature change in 2CO2WT at high
northern latitudes in the lower stratosphere exceeds that in
the middle troposphere, and also exceeds that at midlati-
tudes, helping to change the phase of the AO. In contrast,
the older model did not have such amplified warming in the
polar lower stratosphere, and the positive AO phase change
was maintained into the stratosphere (i.e., a more barotropic
response). This temperature difference is consistent with the
zonal wind change, which in the current simulations fea-
tures weaker west winds at high latitudes, with relative
poleward wave refraction, while the older model had
stronger west winds and relative equatorward wave refrac-
tion at most high latitudes [Rind et al., 1998, Figure 5]. The
greater convective fluxes and tropical response in the older
model led to greater energy convergence from the Hadley
Cell change at lower midlatitudes in the upper troposphere,
helping to produce these differences.
[54] We can also compare the results from the earlier

version of the current model (shown in parentheses in
Table 5) [Rind et al., 2001] to the 2CO2 results. The earlier
model featured a relative negative AO phase in the sea level
pressure field and throughout the troposphere, in contrast to
the newer run with the same SST field. This model difference
is also influenced by the different Hadley Cell convergences
at midlatitudes, as discussed earlier in this section.

7.4. Stratospheric Water Vapor Change

[55] Given the increase in fluxes of tropospheric species
into the stratosphere, as symbolized by the methane changes
shown in Figure 8, one might have expected that (non-
methane) stratospheric water vapor values would have
increased as well. In addition to the transport change,
tropical zonal and time-averaged tropopause temperatures

increased by 3�–4�C in the 2CO2 experiments, and 4�–6�C
in the 2CO2WT experiments. At 164 mbar in the tropics
specific humidity increased by 9%, in the 2CO2 runs and
increased by 45% in 2CO2WT. Nevertheless, colder temper-
atures just above the averaged tropopause associated with
the increased vertical velocities and localized penetrating
convection enhanced condensation, removing all the excess
moisture and more. Specific humidity decreased throughout
the stratosphere, with reductions of greater than 20%
between 100 and 30 mbar.

8. Conclusions

[56] Model simulations with doubled atmospheric CO2

and two sets of sea surface temperatures (2CO2 and
2CO2WT) were used in GCM simulations with eight online
tracers. Also included was a linearized ozone photochem-
istry run both interactively (I) and noninteractively with the
radiation. The primary results from these experiments are
summarized as follows:
� The simulations with the greater increase in tropical

sea surface temperatures (2CO2WT, 2CO2WT (I)) caused an
amplified tropical residual circulation response, including
increased interhemispheric transport and an exaggerated
increase in transport out of the tropical troposphere into the
stratosphere. In the other simulations (2CO2, 2CO2(I))
interhemispheric transport did not change, and the increase
in transport out of the tropical troposphere was smaller.
� At high latitudes, zonal winds become more easterly in

the WT runs due to a combination of greater surface
warming and increased EP flux convergences in the
stratosphere. These effects are weaker or missing entirely
in the other simulations.
� In all of the doubled CO2 simulations, there is a more

direct circulation at lower latitudes, a more indirect
circulation at midlatitudes in the troposphere and higher
latitudes in the stratosphere, and a more direct circulation at
high latitudes in the troposphere and lower stratosphere. All
of these circulation changes are greater in the WT
experiments.
� Ozone increases in the upper stratosphere and

decreases in the lower stratosphere in all of the doubled
CO2 simulations. In the WT experiments ozone increases at
high latitudes as well, an effect which extends down into the
troposphere, while the other simulations show decreases in
high latitude ozone in the midtroposphere.
� The interactive runs show the smallest ozone increase

in the tropics, as warmer temperatures reduce photochemi-
cal production. By altering the ozone gradients, the
interactive runs alter the temperature gradients, winds and
refractive properties of planetary waves, with some effect on
the circulation extending down into the troposphere.
� At sea level there is a change to the positive phase of

the AO-type oscillation and this is also true at 100 mbar, but
there is no significance in the middle troposphere, and the
sign is different in the middle stratosphere.
� Many of these results differ from those generated in

older versions of the GISS GCMAM despite the same SST
forcing, due to differences in control run characteristics.
[57] This last conclusion has implications concerning the

use of altered sea surface temperatures in different GCMs
as part of intercomparison projects. The two marine sur-
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face data sets applied to the GCMAM were also made
available to the GRIPS (GCM Reality Intercomparison
Project) [Pawson et al., 2000] so that different strato-
spheric modeling groups could run doubled CO2 experi-
ments with the same climate forcing. The goal of the
project is, in effect, to compare how important intermodel
differences are relative to the sea surface temperature
forcings. The results presented in this paper, when com-
pared with those from our earlier simulations, imply that
intermodel differences outweigh the sea surface temper-
ature forcings for a number of the features, and this is
from a comparison of old and new GISS GCMs. We might
expect the differences to be equivalent or larger among the
modeling groups in general.

[58] Acknowledgments. This work was funded by the NASA
ACMAP and EOS programs.
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