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ABSTRACT

The time-mean response over the tropical Pacific region to a quadrupling of CO, is investigated using a global
coupled ocean-atmosphere general circulation model. Tropical Pacific sea surface temperatures (SSTs) rise by
about 4°-5°C. The zonal SST gradient along the equator decreases by about 20%, although it takes about one
century (with CO, increasing at 1% per year compounded) for this change to become clearly evident in the
model. Over the central equatorial Pacific, the decreased SST gradient is accompanied by similar decreases in
the easterly wind stress and westward ocean surface currents and by a local maximum in precipitation increase.

Over the entire rising branch region of the Walker circulation, precipitation is enhanced by 15%, but the
time-mean upward motion decreases slightly in intensity. The failure of the zonal overturning atmospheric
circulation to intensify with a quadrupling of CO, is surprising in light of the increased time-mean condensation
heating over the “warm pool” region. Three aspects of the model response are important for interpreting this
result. 1) The time-mean radiative cooling of the upper troposphere is enhanced, due to both the pronounced
upper-tropospheric warming and to the large fractional increase of upper-tropospheric water vapor. 2) The
dynamical cooling term, —wd8/dp, is enhanced due to increased time-mean static stability (—df/dp). This is
an effect of moist convection, which keeps the lapse rate close to the moist adiabatic rate, thereby making
—36/ap larger in a warmer climate. The enhanced radiative cooling and increased static stability allow for the
enhanced time-mean heating by moist convection and condensation to be balanced without stronger time-
mean upward motions. 3) The weaker surface zonal winds and wind stress in the equatorial Pacific are consistent
with the reduced zonal SST gradient. The SST gradient is damped by the west-east differential in evaporative
surface cooling (with greater evaporative cooling in the west than in the east). This evaporative damping
increases with increasing temperature, owing to the temperature dependence of saturation mixing ratios, which
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leads to a reduction in the SST gradient in the warmer climate.

1. Introduction

Using a global coupled ocean-atmosphere general
circulation model (GCM), the time-mean response
over the tropical Pacific region to increased CO, is in-
vestigated. The response in this region is of particular
interest for several reasons. For example, the present-
day tropical Pacific climate is notable for its pro-
nounced zonal asymmetry, with atmospheric rising
motion and frequent tropical convective activity oc-
curring over the western Pacific warm pool and sinking
motion and less frequent convection over the cooler
eastern Pacific. Carbon dioxide-induced changes in this
zonal asymmetry could have dramatic impacts on the
distribution of large-scale atmospheric heating, as oc-
curs during El Nifio~Southern Oscillation events,
which in turn could substantially affect the large-scale
extratropical circulation. As another example, since the
western tropical Pacific has the warmest open-ocean
surface temperatures found on earth, a significant CO,-
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induced warming would result in warm SST conditions
unlike any found in the earth’s present climate; Eman-
uel (1987) has suggested that such a warming could
lead to an increased maximum potential intensity for
tropical cyclones.

In the present study, the focus is on changes in the
time-mean heating by convection and condensation
and its effect on the time-mean atmospheric circulation
over the tropical Pacific. In a related study (Knutson
and Manabe 1994 ) we have shown that the ENSO-like
SST fluctuations in our coupled ocean-atmosphere
model decrease slightly in intensity as a result of CO,-
induced warming.

A major element of the study is an analysis of the
model’s atmospheric heat and moisture budgets. These
results are used to help interpret the relationship be-
tween CO,-induced changes in heat released by con-
densation and the atmospheric circulation. The results
can be compared to previous studies of the heat and
moisture budgets using GCMs (Mitchell and Ingram
1992; Del Genio et al. 1991) or observations (Cornejo-
Garrido and Stone 1977). Although we will not focus
on the role of interactive cloud in the tropical response
to increased CO,, Wetherald and Manabe ( 1988 ) have



2182

analyzed these cloud effects using a version of the
GFDL climate model similar to that used for our study.

This report is organized as follows. In section 2, de-
scriptions of the model and experiments are given.
Section 3 contains a description of the response of
tropical SSTs, precipitation, and circulation to in-
creased CO,. In sections 4, 5, and 6 the balances of
atmospheric heat, moisture, and surface energy are ex-
amined. In section 7 the main points of the study are
discussed and summarized, including a comparison
with the response of the model’s ENSO-like phenom-
ena. Appendix A contains a detailed description of the
model’s temperature and moisture tendency equations.
In appendix B, the resolution dependence of certain
results is explored using an atmospheric model with
twice the horizontal resolution of that used for the main
study.

2. Description of model and experiments

The model used for the main analysis is a GFDL
global coupled ocean-atmosphere general circulation
model (GCM). Briefly, the atmospheric component is
a global nine-level spectral GCM (Gordon and Stern
1982) with the horizontal distribution of variables rep-
resented in both spectral (rhomboidal truncation at
zonal wavenumber 15) and gridpoint (7.5° longitude
by 4.5° latitude computational grid) domains. The
ocean component is a 12-level gridpoint GCM with
horizontal resolution of 3.75° longitude by 4.5° lati-
tude. The coupled model’s parameterizations include
moist convective adjustment (Manabe et al. 1965),
predicted clouds (Wetherald and Manabe 1988), and
seasonally (but not diurnally) varying solar insolation.
To prevent spurious climate drift from a realistic initial
condition the surface fluxes of heat and water imposed
upon the oceanic component of the model are adjusted
by an amount that varies geographically and seasonally
(Manabe and Stouffer 1994). The adjustment, how-
ever, has no interannual variation and, therefore, is
independent of the anomalies of SST and salinity.
Thus, the adjustments neither directly amplify nor di-
rectly damp the anomalies. The atmosphere and ocean
components, coupling framework, and basic experi-
ments are described more fully in Manabe et al. (1990;
1991), Manabe and Stouffer (1993; 1994), and ref-
erences therein.

The CO, perturbation experiment analyzed in this
study is described in Manabe and Stouffer (1993,
1994). In the experiment, CO, increases at 1% yr™!
compounded to four times its initial level (after 140
years), then remains constant at the 4 X CO, level for
the final 360 years of a 500-year integration. The even-
tual quadrupling of atmospheric CO, is assumed re-
ferring to the study of Walker and Kasting (1992).
Their study suggests that draconian measures would
probably be required to prevent an eventual quadru-
pling of atmospheric CO,. Regardless of whether a
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quadrupling of CO, eventually occurs, the 4 X CO,
experiment facilitates the investigation of the tropical
response to increased CO, by enhancing the signal to
noise ratio.

In the present report, the term “4 X CO, experi-
ment” is used to refer to years 401-500 of the CO,
perturbation experiment, although the climate had not
yet fully “equilibrated” to the 4 X CO, radiative per-
turbation, partly due to the large thermal inertia of the
deep ocean. The term “control experiment” is used to
refer to the first 100 years of a constant 1 X CO, ex-
periment, which serves as a comparison for the 4
X CO, experiment. Owing to the large climate pertur-
bation with 4 X CO, and the 100-year averaging in-
terval, our results are very similar if other 100-year
segments of the control run are used as a comparison.

The high-resolution model used for the sensitivity
analysis (appendix B) has twice the horizontal reso-
lution, 14 vertical levels, and is coupled with a mixed
layer rather than a general circulation model of the
oceans. Other differences between the high- and low-
resolution models are discussed in appendix B. Al-
though the high-resolution simulation appears to be
better than that of the low-resolution model for certain
fields (e.g., tropical precipitation and sea level pres-
sure ), the emphasis in the present study is on results

" from the low-resolution model. This is because the

coupled low-resolution simulation alone incorporates
important ocean dynamical effects in the CO,-induced
response. Nevertheless, the high-resolution simulation
is a very useful complement to the low-resolution re-
sults because it provides an initial assessment of the
impact on our conclusions of using a relatively low-
resolution (R15) atmospheric model.

3. SST, precipitation, and circulation response

In the 4 X CO, experiment, the tropical SSTs in-
crease fairly uniformly by about 4.6°C (Fig. 1). Surface
air temperature over tropical land (not shown) in-
creases by about 6°C on average. The general pattern
of the SST field in the 4 X CO; experiment, including
locations of maxima and minima, remains similar to
that of the control run. However, close inspection of
Fig. 1c indicates that the zonal SST gradient in the
equatorial Pacific is reduced by about 20%, with a
warming of up to 5.3°C in the eastern equatorial Pa-
cific, compared with about 4.2°C in the western Pacific.

As a result of the SST warming in the 4 X CO, ex-
periment, the regions with annual-mean SST > 28°C
expand eastward to cover almost the entire tropical
ocean domain and expand poleward to about 30° lat-
itude over much of the oceans (Fig. 1b). Observations
of the present-day climate (e.g., Graham and Barnett
1987) indicate that large-scale deep tropical convection
occurs in association with SSTs in excess of 27.5°C.
However, as shown in Figs. 2a,b, the basic pattern of
tropical precipitation in the 4 X CO, experiment is
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(a) Control Run (Yrs. 1-100)
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FIG. 1. Annual mean sea surface temperature for the (a) control run (years 1-100), (b) 4
X CO, experiment (years 401-500), and (c) difference (b — a). Contour intervals: 1°C (a, b)
and 0.5°C (¢).
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FI1G. 2. Annual mean precipitation for the (a) control run (years 1-100), (b) 4 X CO, experiment
(years 401-500), and (c) difference (b — 2). Contour intervals: (a, b) 1.0 mm day™' and (c) 0.5
mm day~'. Values greater than 5 mm day™ (a), (b) or 0.0 (c) have light shading. In (c) values
exceeding 0.5 mm day™! have dark shading.
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very similar to that of the control experiment, with
only a slight expansion of the region with precipitation
of 5 mm day ™! or more, despite the dramatic expansion
of the region with SST > 28°C. In fact, 32°-33°C,
rather than 28°C, appears to delineate the primary
tropical precipitation regions in the 4 X CO, experi-
ment. These results suggest that 28°C is not a univer-
sally applicable ‘“‘threshold temperature” for determin-
ing the primary tropical convection regions but that
these regions will tend to be located in tropical areas
where SSTs are higher than in surrounding regions.
Neelin and Held (1987), arrived at a similar conclusion
based upon analysis of the moist static energy budget.

Although the pattern of tropical rainfall remains
similar overall, most tropical regions have some in-
crease in rainfall in the 4 X CO, experiment (denoted
by the shaded regions in Fig. 2c¢). The areas of maxi-
mum absolute increase are over the central equatorial
Pacific (consistent with the local maximum in SST
warming in the central and eastern Pacific) and on the
southern upslope of the model’s Tibetan Plateau (a
monsoon feature which will be the subject of a future
analysis using a higher-resolution version of the
model). Rainfall also increases by more than 1 mm
day~! over parts of the western tropical Pacific and
South America. Although the CO,-induced fractional
increases in zonal mean tropical precipitation are not
as large as those in high latitudes (Manabe et al. 1991),
about one-half of the globally integrated precipitation
increase occurs within 30° of the equator. The zonal
mean increases in precipitation migrate north and
south in the model; following the seasonal march of
the tropical “wet” season.

The vertically integrated water vapor in the Tropics
increases by a much greater percentage (+48%) than
either precipitation (+13%) or evaporation (+15%).
This feature was also noted by Randall et al. (1992)
in the global response of several other GCMs to a uni-
form warming. The much larger fractional increase in
water vapor compared to precipitation, which is also
the case for the model global means (+54% vs +14%),
implies a longer average atmospheric residence time
for water vapor. Thus, this change could have impli-
cations for atmospheric chemistry that are well beyond
the scope of the present study. We will return to the
topic of water vapor increases versus precipitation in-
creases in section 6.

In Fig. 3 are climatologies of zonal wind and vertical
velocity from the 4 X CO, and control experiments.
The climatologies from the control experiment (Figs.
3a,d) depict well-known features of the tropical Pacific
atmospheric circulation, including pronounced rising
motion over Indonesia and western Pacific, subsidence
in the eastern Pacific, and easterly winds near the sur-
face over the central and eastern Pacific. There are some
notable biases relative to observed climatologies, in-
cluding a westerly bias in the tropical upper tropo-
sphere, as noted by Rosen and Gutowski (1992). The
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zonal mean, seasonal mean vertical velocities in the
Tropics are about 30% weaker than Oort’s (1983) es-
timates for the real world. However, the first-order
structure of the observed large-scale tropical circulation
is reasonably well-simulated with the low-resolution
model.

Figure 3 illustrates that the basic structure of the
large-scale tropical circulation remains similar in the
4 X CO, experiment to that in the control experiment,
although many of the features are slightly less intense
in the 4 X CO, experiment (particularly in the lower
and midtroposphere). Of particular note is the de-
creased intensity of time-mean rising motion over the
Indian Ocean, Indonesia, and the western Pacific (Fig.
3f) despite the increased precipitation noted earlier. A
relatively small area of enhanced time-mean rising
motion occurs just east of the date line (Fig. 3f) where
a local maximum in precipitation increase occurs ( Fig.
2¢). Near-surface zonal winds over the central Pacific
and the time-mean subsidence over the eastern Pacific
are also slightly weaker with 4 X CQO,. The model’s
Hadley circulation (not shown) exhibits a slight CO,-
induced decrease in intensity through most of the lower
and middle troposphere along with a slight upward
expansion of the circulation cells in the upper tropo-
sphere. In light of the enhanced condensation heating,
the lack of intensification of the time-mean rising mo-
tion in the model is surprising and will be investigated
in greater detail in section 4.

The model’s annual-mean surface wind stress and
ocean surface-layer current climatologies are shown in
Figs. 4 and 5. As in the annual mean simulation of
Lau et al. (1992) the model’s surface wind stress is
about 30%-50% weaker than observed (Hellerman and
Rosenstein 1983). The meridional surface wind con-
vergence in the northeast tropical Pacific is also notably
weaker than observed. However, the first-order struc-
ture of the observed surface wind stress climatology is
reasonably well simulated in the model. The model’s
westward equatorial ocean current, as in the study of
Lau et al. (1992), is roughly a factor of 2 weaker than
observed (Peixoto and Oort 1992), and the north
equatorial countercurrent is not reproduced. Philander
et al. (1992) have shown that these ocean simulation
deficiencies can be greatly reduced using an ocean
model with much higher resolution. In addition, we
have found that the tropical Pacific surface easterlies
and meridional convergence in the northeast Pacific
ITCZ region are substantially stronger in a higher-res-
olution version of the atmospheric model (described
in appendix B).

In response to a quadrupling of CO,, the surface
easterly wind stress over the equatorial Pacific (2°N-
2°S, 172.5°E-112.5°W) weakens by 15% relative to
the control experiment (Fig. 4c); the surface easterly
winds decrease by 12%. The large-scale surface pressure
gradient (as measured by the surface pressure for the
region 2°N-2°S, 142.5°W-82.5°W minus that for
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FI1G. 3. Longitude vs pressure profiles of (a-c) zonal wind, with positive values shaded; and (d-f) vertical pressure velocity, w
= dp/dt, with negative values shaded. Based on annual mean data, averaged 11°N to 11°S from (a, d) the control experiment (years
1-100); (b, €) the 4 X CO, experiment, (years 401-500); and (c, f) the difference (4 X CO,-control). Contour intervals are (a), (b) 3

ms™; (c) 0.5 ms™'; (d, €) 6 mb day™!; and (f) 2 mb day™.

the region 2°N-2°S, 142.5°E~157.5°W) decreases by
about 9%. In the model ocean, the westward equatorial
ocean current decreases by 21% (Fig. 5). The less in-
tense surface winds, wind stress, and zonal surface
pressure gradient are consistent with the weaker zonal
SST gradients noted earlier.

The reduced zonal SST gradient is not clearly evident
in the model until about one century of integration
(Fig. 6). This is due to internal variability in the model,
the gradual buildup of the CO, forcing, and the long
response time of the coupled ocean-atmosphere sys-
tem. In contrast, the large-scale (zonally uniform)
component of the tropical Pacific warming is evident
after only a few decades of integration (e.g., see Fig. 2
of Knutson and Manabe 1994 ). The decrease in zonal
wind stress and the pronounced local enhancement of
precipitation over the central Pacific (Figs. 4c and 2c)
have a similar temporal evolution to that of the SST
gradient in Fig. 6. The implication of the long “detec-

tion timescale” for the SST gradient change is that
transient experiments of relatively short duration (i.e.,
less than order 100 years) may not be sufficient for
assessing the long-term impact of increased CO, on the
zonal SST gradient and related climate features of the
tropical Pacific. However, we note that the coupled
model experiment of Meehl and Washington (1989)
shows a qualitatively similar decrease in the tropical
Pacific zonal SST gradient after only 30 years of inte-
gration with 2 X CO, forcing.

There is some resemblance between the simulated
COs-induced changes in the time-mean tropical Pacific
climate and low-amplitude ENSO warm events, al-
though differences are also readily apparent. For ex-
ample, both ENSO events and the simulated CO,-in-
duced changes in the mean state feature a weaker zonal
SST gradient, zonal surface pressure gradient, and sur-
face easterlies (Rasmusson and Carpenter 1981), along
with enhanced precipitation over the central equatorial
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FIG. 4. Annual mean surface wind stress components (7, and 7,) for the (a) control run (years
1-100), (b) 4 X CO, experiment (years 401-500), and (c) difference (b — a). Contours are for the

quantity (72) + 7,2)%; contour intervals: (a, b) 0.1 dyn cm™? and (c) 0.05 dyn cm™2.

Pacific (Ropelewski and Halpert 1987). However, the
warmer tropical SSTs in the central and eastern Pacific
during ENSO events are typically accompanied by
cooler SSTs over much of the extratropical Pacific (Pan
and QOort 1983); and precipitation, while enhanced
over the central Pacific, is suppressed over Indonesia
and the western Pacific (Ropelewski and Halpert
1987). In contrast, the simulated CO,-induced warm-
ing occurs throughout the Tropics and nearby extra-
tropics, and precipitation is increased throughout the
Tropics, including the western Pacific/Indonesia re-
gion.

4. Atmospheric heat budget

A surprising result from section 3 is that the time-
mean rising motions over the western tropical Pacific

2

warm pool decrease slightly in intensity with increased
CO,, despite the increase of precipitation. Since one
might have expected that increased precipitation and
associated heating would lead to enhanced time-mean
ascent, in this section the atmospheric heat balance
will be examined to help interpret why the vertical mo-
tions did not intensify with the increase of precipitation.

The heat budget analysis is based on a time-averaged
form of the model’s temperature tendency equation

(see appendix A). Figure 7a shows the annual mean

heat balance in the control experiment (solid lines) for
a region of pronounced precipitation over Indonesia
and the western Pacific. Figure 7b shows the balance
for a region of time-mean subsidence in the southeast
tropical Pacific. In the western Pacific a basic three-
term balance occurs: heating due to moist convection
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FIG. 5. Annual mean ocean surface-layer currents for the (a) control run (years 1-100), (b) 4
X CO, experiment (years 401-500), and (c) difference (b — a). Contours are for the quantity (i
+ %)%, contour intervals: (a), (b) 4 cm s™', and (c) 2 cm s™\.

and condensation (roughly +2 K day™') is approxi-
mately balanced by dynamical and radiative cooling,
both of order —1 K day . In the eastern Pacific, the
radiative cooling rate is similar to that in the west
(about —1 K day™!') and is balanced by dynamical
warming (about +1 K day™'), with moist convection
and condensation playing only a minor role except near
the surface. Although not shown, the contributions due
to sensible heating (vertical diffusion) are large only
near the surface and can be approximately inferred as
a residual from the three-term balances shown.

As shown later in this section, if the model’s heat
balance is formulated in terms of potential temperature
(#), the dynamical cooling can be approximated by
the stationary vertical advection of potential temper-
ature (—wdf/dp). Cornejo-Garrido and Stone (1977)

analyzed the heat balance of the observed Walker cir-
culation in terms of perturbations from the zonal mean
over the tropical Pacific region. They found that as a
first approximation, the longitudinal perturbation in
condensation heating is balanced by the east-west per-
turbation in vertical velocity, which provides for rel-
ative dynamical cooling in the west and relative heating
in the east. Such a balance is broadly consistent our
model’s heat balance over the tropical Pacific, as shown
in Fig. 7.

The heat balance terms from the 4 X CO, experi-
ment are depicted by dashed lines in Fig. 7. Although
the basic balances are similar to the control run balance,
some CO,-induced changes are evident. In the western
tropical Pacific (Fig. 7a) heating by moist convection
and condensation is enhanced—primarily in the upper



2188

4.0 r T

Control

25 E

Y i

0 100 200 300 400 500
YEAR

20

FiG. 6. Temporal evolution of the model’s zonal SST gradient in
the equatorial Pacific as depicted by the SST for the western Pacific
(2°N-2°S, 142.5°E-157.5°W) minus that in the eastern Pacific (2°N-
2°8, 142.5°-82.5°W). Shown are 20-yr running means from the
control run, the 4 X CO, experiment, and for comparison a second
transient CO, perturbation experiment in which CO, doubles over
a period of 70 years and then remains fixed at 2 X CO, for 430 years.

troposphere—in association with the enhanced pre-
cipitation over this region (e.g., Fig. 2c). In terms of
vertically integrated (140-1000 mb) heating changes
(roughly depicted by the shaded regions in Fig. 7),
about two-thirds of the CO,-induced enhancement of
heating by moist convection and condensation is bal-
anced by enhanced radiative cooling; enhanced dy-
namical cooling offsets 18%. The remaining 16% of the
“enhanced heating” (actually a decrease in the near-
surfacé cooling by convection) is compensated by a
decreased near-surface vertical diffusion of sensible
heat. Over the eastern Pacific (140°-90°W), where a
much smaller CO,-induced enhancement of precipi-
tation occurs, the enhanced radiative cooling is largely
balanced by enhanced dynamical warming.

The longitudinal variation of the CO,-induced
changes in the primary heat budget terms is shown in
Fig. 8. The heating enhancement by moist convection
and condensation (Fig. 8a) has maxima over the pri-
mary tropical convection regions. The radiative cooling
enhancement at 200 and 350 mb (Fig. 8b) is much
more longitudinally uniform (although it has a max-
imum at 200 mb over the Indian Ocean and western
Pacific). Because of this relatively small longitudinal
variation, the radiative cooling change mainly affects
the zonal mean diabatic heating, whereas the conden-
sation heating changes contribute substantially to both
the zonal mean and eddy diabatic heating response to
the increased CO,. Enhanced dynamical cooling (Fig.
8c) is important for balancing the more locally con-
centrated regions of enhanced condensation heating,
such as that just east of the date line (180°-140°W;
compare with Figs. 8a and 2¢). Although not shown
here, we have computed atmospheric heat balance
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anomalies for the ENSO-like events from the control
simulation for the central equatorial Pacific region of
enhanced precipitation. In this case (and for the CO,-
induced changes in ENSO-like events), the conden-
sation heating anomalies are primarily balanced by dy-
namical cooling, with radiative cooling anomalies
playing a relatively minor role.

a. Radiative cooling changes

To diagnose the mechanism producing enhanced
upper-tropospheric radiative cooling in the 4 X CO,
experiment, the model was rerun for a series of “one
timestep” experiments in which the temperature, mix-
ing ratio, CO,, and cloud distributions were selectively
perturbed in various combinations to estimate the rel-
ative effect of each variable on the radiative heating

(a) Western Tropical Pacific
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F1G. 7. Vertical profiles of temperature tendencies due to radiation
(dark lines), moist convection and condensation (medium lines), and
dynamical heating (light lines) for the control run, years 1-100 (solid
lines) or the 4 X CO, experiment, years 401-500 (dashed lines). Units
are kelvins per day. All values are annual means averaged over (a)
the western tropical Pacific (11°N-11°S, 120°E-157.5°W); or (b)
the southeast tropical Pacific (11°-20°S, 82.5°-105°W).
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FIG. 8. Longitude vs pressure profiles of the changes (4 X CO, experiment, years 401~
500 minus the control experiment, years 1-100) in the temperature tendencies due to (a)
moist convection and condensation (b) radiation, (c) dynamical heating. Contour intervals
are 0.2 K day™'; positive values (relative heating) are shaded. All values are annual means,

averaged 11°N-11°S.

perturbation field. The results, summarized in Table
1, show that the enhanced radiative cooling near 200
mb is due to both increased water vapor and the direct
effect of upper-tropospheric warming; changes in
clouds and the direct effect of CO, have relatively minor
direct impacts on the radiative cooling rates near 200
mb. Mitchell and Ingram (1992) also found CO»-in-
duced increases in upper-tropospheric radiative cooling
in their GCM experiment, which they attributed, also
using single timestep experiments, to temperature-
driven increases in upper-tropospheric water vapor.
The vertical profiles of the key driving factors for
the enhanced radiative cooling (air temperature
warming and large fractional increase in water vapor)
are shown in Fig. 9. The ratios (4 X CO,/Control) of
the water vapor mixing ratio are shown rather than
the absolute changes (4 X CO, — Control), because
for water vapor amounts typical of the troposphere,
the absorption (or emission ) of longwave radiation de-
pends almost linearly upon the logarithm of the water

vapor amount (Goody 1964). Thus, the change in ab-
sorption is more closely related to the ratio of the water
vapor amounts than to the absolute difference. Since
this ratio is largest (about 2.5) near 200 mb, the emis-
sion by water vapor increases substantially at that level.
With regard to the temperature changes, the warming
at 350 and 205 mb (about +8°C) is greater than that
at lower levels; hence, the temperature-driven radiative
cooling from these layers is substantially enhanced.
The increase of the air temperature warming with
height through the troposphere is an effect of moist
convection, which keeps the vertical lapse of temper-
ature in the model Tropics close to the moist adiabatic
rate, making the model’s lapse rate (i.e., —dT/dz) less
in a warmer atmosphere. This leads to a larger frac-
tional increase in water vapor in the upper troposphere
than near the surface. In addition, the fractional in-
crease in water vapor mixing ratio (per degree of
warming) is larger for cooler temperatures (as occur
in the upper troposphere) than for warmer lower-tro-
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TaBLE 1. CO,-induced changes in the temperature tendency due
to radiation, 67 4/0t, at the model sigma level 0.205 X surface pressure
(see appendix A). Each case below is based on an ensemble of 100
one-time step runs using | January initial data from the CO,-
perturbation (years 401-500) and control experiments. Effects are
estimated by A, which is computed as the ensemble of the runs with
a single variable (e.g., temperature) changed from control run to 4
X CO; run conditions minus the ensemble with unperturbed control
run conditions. The “net effect” is based on changing all four variables
simultaneously; the fact that it differs from the sum of the individual
effects indicates the presence of interaction between the different
variables. Results are zonal means, averaged 20°N--20°S, in kelvins
per day.

0T g "
Variable altered a 8t (K day™)
Temperature —0.237
Mixing ratio of H,O —0.290
CO, —0.021
Clouds -0.019
Sum of individual effects —0.568
Net effect of all variables -0.409

pospheric temperatures. These effects were also noted
by Mitchell and Ingram (1992). The small changes in
relative humidity have a relatively minor effect on the
vertical profile of fractional changes in water vapor.
The large fractional increases in upper-tropospheric
water vapor in our model are consistent with the GCM
results of Mitchell and Ingram (1992) and DelGenio
et al. (1991) and with the preliminary results of a
warming experiment using a limited-area, cumulus
ensemble model with fixed large-scale vertical velocity
(Lau et al. 1993).

b. Dynamical cooling changes

The nature of the CO,-induced changes in the dy-
namical cooling is explored in Fig. 10. In order to sim-
plify the analysis, changes in the stationary vertical ad-
vection of potential temperature (—wdf/dp) are ex-
amined (see appendix A). As shown in Fig. 10 the
total dynamical cooling in terms of potential temper-
ature (diamonds) is roughly equivalent to —wdf/dp

.alone (thin solid line) for the western tropical Pacific
region. Differences between the total dynamical cooling
and —waf#/adp in Fig. 10 are due to the effects of hor-
izontal advection (stationary and transient) and tran-
sient vertical advection of potential temperature.

The thin and thick solid curves in Fig. 10 show
—wadf/dp from the control and 4 X CO, experiments,
respectively, while the remaining two (dashed) curves
in the figure illustrate the effect on —wd6/dp of chang-
ing either the d8/dp or w distribution alone, keeping
the other variable fixed. The results show that CO,-
induced changes in — 30 /dp (the static stability) act to
enhance the dynamical cooling. The primary effect of
changes in o is to shift the cooling profile upward
slightly, but with little impact on the vertically inte-
grated cooling.

JOURNAL OF CLIMATE

VOLUME 8
200 i
5 400+ Taxcoz 1
‘;‘ Teontrol =~ A0
g H
o AT
£ 600 L
800 | _
w000 L, . e . . |
0 2 4 [ 8 . 10 12 14

K or dimensionless

FIG. 9. Vertical profiles of the ratio (4 X CO, divided by Control)
for the water vapor mixing ratio; absolute changes in temperature (4
X CO; — control) in kelvin; and absolute changes in potential tem-
perature (4 X CO, — Control) in kelvin. Values are annual-mean
zonal means (11°N-11°S), based on years 1-100 of the control ex-
periment and years 401-500 of the 4 X CO, experiment.

As is shown in Fig. 9, the CO,-induced increase in
potential temperature is largest in the upper tropo-
sphere, indicating an increase of the time-mean static
stability through most of the tropical troposphere. As
discussed above, this increased static stability can be
qualitatively understood in terms of the behavior of
moist adiabatic lapse rates, toward which the model
temperature profile is adjusted via moist convective
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FI1G. 10. Vertical profiles of: the total dynamical heating rate from
the control experiment, including horizontal, vertical, stationary, and
transient contributions (diamonds); and the term —&36/dp from the
control experiment (thin solid line) or 4 X CO, experiment (thick
solid line). Dotted line: —&d8/dp, computed using @ from the 4 X CO,
experiment and 8/dp from the control experiment. Dashed line:
—®3d8/3p, computed using & from the control experiment and
80/dp from the 4 X CO, experiment. Values are annual means for

" the area 11°N-11°S, 120°E-157.5°W, based on data from years 1-

100 of the control experiment and years 401-500 of the 4 X CO,
experiment.
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TABLE 2. Surface energy balance at the atmosphere—ocean interface
in the western equatorial Pacific (7°N-7°S, 150°-172.5°E). Results
are expressed as net surface energy flux gains (in W m™2) for the
control (years 1-100) and 4 X CO, (years 401-500) experiments.
Key: SW: shortwave radiation; LW: longwave radiation; SH: sensible
heat flux; LH: latent heat flux; and Q: net surface energy flux gain.
The surface energy balance can be expressed as SW + LW + SH
+LH = Q.

Percent

4 X CO, change in

Term Control 4 X CO, — Control magnitude
SW 185 190 +5 +3%
LW -53 —43 +10 —18%
SH -18 -14 +4 -23%
LH -123 —142 -19 +15%
Q —-10 -10 +0.2 —2%

adjustment. Owing to this increased static stability, the
dynamical cooling by vertical velocities of a given
magnitude tends to be enhanced in a warmer atmo-
sphere, especially in the moist Tropics.

Although not shown here, in the southeast tropical
Pacific region analyzed in Fig. 7b, much of the en-
hanced dynamical warming is also attributable to in-
creased time-mean static stability (via —@d6/dp). In
fact, the time-mean subsidence (@ ) is generally weaker
in the 4 X CO, experiment in this region and thus does
not contribute to enhancing the dynamical warming,.

An intensification of the upper-tropospheric time-
mean vertical velocities can also be inferred from Fig.
10. This is associated with the slightly higher penetra-
tion of tropical cumulus convection (and upward shift
in high cloudiness) in the CO,-warmed tropical tro-
posphere, as found by Wetherald and Manabe (1988)
and Mitchell and Ingram (1992). These vertical motion
changes are consistent with a slight deepening of the
model’s Walker Circulation, which can also be inferred
in Fig. 3f.

Thus, over the warm pool, enhanced radiative and
dynamical cooling (the latter associated with time-
mean static stability changes) compensate the en-
hanced heating by moist convection and condensation
in the 4 X CO, experiment, despite the fact that the
time-mean vertical motions in the rising branch of the
Walker circulation fail to intensify. Similarly, in the
cooler eastern Pacific, the enhanced radiative cooling
is compensated by enhanced dynamical warming,
which occurs despite generally weaker time-mean sub-
sidence. '

5. Surface energy balance

In this section, the surface energy balance is analyzed
to further diagnose the CO,-induced increases in evap-
oration and precipitation and the reduction of the zonal
SST gradient in the equatorial Pacific.
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a. Western tropical Pacific

The model’s surface energy balance at the atmo-
sphere-ocean interface is shown in Table 2 for the
western Pacific warm pool region. Qualitatively similar
results are obtained for the eastern tropical Pacific (not
shown). For the 4 X CO, experiment, the latent heat
flux to the atmosphere is 19 W m™2 greater (+15%)
than in the control, whereas the sensible heat flux de-
creases by 4 W m™2 (—23%). The decreased sensible
heat flux is associated with the reduced surface to air
temperature difference in the 4 X CO, run (SST in-
creases 4.2 K, while surface air temperature increases
4.7 K). The latent heat flux increases despite the
smaller surface to air temperature difference due in
large part to the nonlinear dependence of saturation
mixing ratios on temperature. Owing to this effect the
saturation mixing ratio at the surface increases more
than the mixing ratio of surface-layer air, leading to
enhanced evaporation. The enhanced surface heat loss
by evaporation is balanced mainly by a net radiative
energy flux gain of 15 W m™2, which includes both
decreased net upward longwave radiation (10 W m™2)
and enhanced net downward shortwave radiation as-
sociated with cloud changes (5 W m~?). There is little
change in the net ocean—-atmosphere heat flux in this
region in response to the increased CO,.

The surface energy balance also provides a useful
perspective for interpreting the increase of tropical
precipitation with increased CO,. Precipitation and
evaporation increase by roughly the same fractional
amount in the Tropics, indicating that the increase of
tropical precipitation is largely driven by the increase
of evaporation within the Tropics. Thus, the increased
tropical precipitation in the warmer climate may be
interpreted as a consequence of the model ventilating
more heat to the atmosphere via enhanced evaporation.
As described above, the increased evaporation is bal-
anced primarily by the enhanced net downward radia-
tive flux at the surface.

As background for the subsection that follows, the
heat balance for the ocean model’s surface layer (as

TABLE 3. Ocean model surface-layer energy balance in the western
equatorial Pacific (7°N-7°S, 150°-172.5°E). Results are net surface
layer energy flux gains (in W m™?) for the control (years 1-100) and
4 X CO, (years 401-500) experiments. Key: Q: surface energy flux
gain (see Table 2); FA: surface energy flux adjustment; and A4: energy
flux gain due to ocean advection and diffusion. The flux adjustment
represents the energy flux that must be added to that computed in
the atmospheric component of the coupled model in order to obtain
a satisfactory simulation of the observed SST climatology.

Percent
4 X CO, change in
Term Control 4 X CO, — Control magnitude
Q -10 -10 +0.2 —2%
FA 23 23 — —
A -13 —13 -0.2 +1%
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opposed to the atmosphere—ocean interface discussed
above) is presented in Table 3 for the western Pacific
warm pool region (see also Lau et al. 1992). The bal-
ance can be expressed as @ + FA + 4 ~ 0, where QO
is the net heat flux gain for the layer at the ocean-
atmosphere interface (discussed above), FA is the heat
flux adjustment (see section 2), and A4 is the heat flux
gain for the region via advection and diffusion. The
surface layer energy flux loss to the atmosphere is about
10 W m~2 in both the 4 X CO, and control experi-
ments. The ocean surface layer gains 23 W m 2 through
the model heat flux adjustment (which is specified to
be identical in both experiments). Thus, the ocean
surface layer in the warm pool region has a net energy
flux gain of 13 W m™2, which is balanced by ocean
heat transport loss of about 13 W m™ in both the 4
X CO, and control experiments.

b. Differential (west minus east) surface energy
balance

In this section, we investigate the decrease in the
time-mean zonal SST gradient (i.e., in the west-east
difference in SST along the equator) by analyzing the
west—east contrast in each of the ocean surface layer
energy balance components, along with the changes in
these components with a quadrupling of CO,. The re-
sults are summarized in Fig. 11. In the control run,
ocean advection and diffusion (4), along with the heat
flux adjustment (FA), cool the eastern Pacific surface
layer relative to the western Pacific and thus act to
sustain the existing SST gradient. On the other hand,
evaporation, net radiation (particularly shortwave),
and sensible heat flux all act to cool the western Pacific
relative to the eastern Pacific and thus act to inhibit
further growth in the SST gradient. At “equilibrium”
conditions in the model, a state is reached in which
the terms that create the SST gradient (i.c., advection/
diffusion and heat flux adjustment) are balanced by
the terms that damp the gradient (i.e., net radiative,
sensible, and latent heat fluxes). ,

With a quadrupling of CO, a new “equilibrium” is
reached in which the west—east contrast in SST is re-
duced by 21%. Similarly, the ocean temperature ad-
vection /diffusion contrast, which acts to sustain the
SST gradient, is reduced by 23% and the net radiative
and sensible heat flux damping terms are reduced by
21% and 29%, respectively (Fig. 11). Thus, the frac-
tional change of each of these terms is roughly the same
as the fractional change of the SST gradient. On the
other hand, the west—east contrast in evaporation de-
creases by only about 4%, despite the 21% decrease in
the SST gradient. In other words, the evaporative
damping per degree of west~east SST contrast is en-
hanced in the 4 X CO, experiment.

The behavior of the east—west contrast in evapora-
tion can be qualitatively understood through an anal-
ysis of the model’s ocean surface evaporation equation:
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F1G. 11. Differential (8, or west minus east) energy flux gains for
the model ocean surface layer from the (solid) control experiment
(years 1-100) and the (shaded) 4 X CO, experiment (years 401-500)
in watts per square meter. §f = f(2°N-2°S, 142.5°E~157.5°W) minus
J(2°N-2°S, 142.5°-82.5°W). Key: FA: heat flux adjustment (see
Table 3 caption); A: temperature advection and diffusion; LH: latent
heat flux (evaporation); R: net radiative flux; and SH: sensible heat
flux.

evap:pCdWl{rsat(Tsfc)_'hlrsat(Tl)}- (n

In (1), p 1s the density of air, Cj is the constant drag
coeflicient, W is the wind speed, r is the mixing ratio,
T is the temperature, /4 is the relative humidity (7/7e),
and the subscripts ¢, s, and ; represent saturation,
surface, and the lowest atmospheric model level (at
pressure = 0.99 X surface pressure), respectively.

First, we consider why evaporation is larger in the
western equatorial Pacific than in the eastern equatorial
Pacific in the control simulation. The 4, difference be-
tween the west and east is only a few percent and the
mean winds are stronger in the east than in the west;
therefore, for simplicity we focus on east-west differ-
ences in the quantity 7 ( Ty) — Mra (7)), obtained
using time-mean temperatures from the control run
and assuming a constant value of 0.9 for 4,. Under
these assumptions, 7y (7Ts) — 0.974 (7)) is almost
60% higher in the west than in the east. (In comparison,
evaporation is about 40% higher in the west.) The west—
east contrast in 7y (7)) — 0.9r4 (7)) is attributable
to both the warmer basic-state temperatures in the west
and the larger air-sea temperature difference (7
— T',) in the west, with both effects being of comparable
importance. Thus, we conclude that both of these ef-
fects are also important for producing the west—east
contrast in evaporation in the control simulation.

As shown in Fig. 11, the west-east contrast in evap-
oration is approximately the same in the 4 X CO,
“equilibrium” state as in the control run, despite the
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weaker west—east contrast in temperature. To illustrate
how this occurs, we note that for a uniform 1 K increase
in Ty and T, in both the west and east, the west—east
difference in r( Tere) — 0.97.:( T'y) increases by 5.6%,
due to the temperature dependence of drg,, /dT via the
Clausius—Clapeyron equation. This illustrates how the
evaporative damping of the zonal SST gradient (i.e.,
the west—east difference in evaporative cooling) in-
creases with increasing temperature due to the Clau-
sius—Clapeyron dependence alone. However, using the
actual T and T, values from the 4 X CO, and control
experiments, 7 (Ts) — 0.97:(7T) is approximately
unchanged, despite this Clausius—-Clapeyron effect, be-
cause the west—east difference in temperature is re-
duced. Thus, the model adjusts to the warmer climate
by decreasing the zonal SST gradient, which provides
for an “offsetting reduction” of the what otherwise
would have been an enhanced west-east evaporation
differential. In this manner, enhanced evaporative
damping of the zonal SST gradient, due to the warmer
climate, plays an important role in reducing the SST
gradient.

The heat flux adjustment, which acts to sustain the
model’s zonal SST gradient, is identical for both the
control and 4 X CO, experiments. Thus, its contri-
bution to the balance per degree of SST contrast is also
enhanced in the 4 X CO, experiment because the west
minus east SST contrast is smaller. Suppose, however,
that the flux adjustment (or the processes that it rep-
resents) behaved in a similar manner to the net radia-
tion, ocean heat transport, and sensible heat flux terms
(i.e., that it decreased by roughly the same fractional
amount as the SST gradient). In that case, one might
expect the SST gradient to be even more sensitive to
increased CO, than was found with the present model.
This suggests, in other words, that an even larger CO»-
induced reduction in the zonal SST gradient may occur
in a similar model in which no heat flux adjustment
is used.

6. Atmospheric moisture budget

To examine how additional moisture is supplied to
the upper troposphere for the increased condensation
heating despite a decreased intensity of the time-mean
vertical motions, the model’s atmospheric moisture
budget is analyzed in this section using the time-av-
eraged form of the mixing ratio tendency equation (see
appendix A).

Key features of the model’s climatological atmo-
spheric moisture budget over the western tropical Pa-
cific region are shown in Fig. 12. Referring first to the
solid curves (control experiment), the time-mean
mixing ratio tendency due to moist convection and
condensation is negative at all levels, as moisture is
removed from the atmosphere as precipitation. Ac-
cording to Fig. 12, in the middle- and upper-tropo-
sphere transient advection (primarily transient vertical
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advection—not shown ) supplies most of the water va-
por to balance the moisture removal by moist convec-
tive adjustment and saturation, although stationary
advection also contributes to the balance. In the lower
troposphere, vertical diffusion of waver vapor evapo-
rated from the surface is the largest source of water
vapor; it is balanced primarily by a transient advection
sink. Stationary advection ( moisture source ) and moist
convection and condensation (moisture sink) also
make significant, though smaller, contributions to the
lower-tropospheric moisture balance.

The corresponding moisture budget terms from the
4 X CO, experiment are represented by the dashed
lines in Fig. 12. A comparison with the control run
curves shows that most of the enhanced moisture re-
moval by moist convection and condensation occurs
in the upper troposphere. If adjusted to have heating
units (K day™!), the profile of CO,-induced moisture
removal enhancement corresponding to Fig. 12 is sim-
ilar to the CO,-induced enhancement of heating by
moist convection and condensation shown in Fig. 8.
The enhanced moisture removal in the upper tropo-
sphere is balanced by both enhanced transient and sta-
tionary advection, with the transient advection having
the greater relative effect. In the lower troposphere, the
enhanced vertical diffusion source is balanced primarily
by an enhanced transient advection sink.

Although the CO,-induced changes to the stationary
advection term are small, they illustrate how the vertical
moisture advection can be enhanced even with weaker
vertical motions. Enhanced time-mean moisture gra-
dients lead to enhanced moisture advection, whereas
changes in the time-mean circulation (i.e., slightly
weaker vertical motions) act to reduce this enhance-

200 + Moist Convection Transient Advection i
and Condensation
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F1G. 12. Vertical profiles of mixing ratio tendencies due to vertical
diffusion (thinnest lines); stationary advection (medium thin) moist
convection and condensation (medium thick); and transient advection
(thickest lines). Solid lines show terms for the control experiment,
(years 1-100), and dashed lines are for the 4 X CO, experiment (years
401-500) (Units: g kg™' day ™). All values are annual means, averaged
over 11°N-11°S, 120°E~-157.5°W.
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ment. The enhanced time-mean vertical moisture gra-
dients result from the much larger absolute CO,-in-
duced increases in water vapor content in the lower
troposphere compared to the upper troposphere. This
difference occurs despite the larger fractional increase
in water vapor in the upper troposphere noted previ-
ously. The stationary advection term has been analyzed
in detail, but the transient advection term has not. This
is because high-frequency transient vertical motion and
moisture data from the experiments are not available,
so the relative effects of water vapor gradient fluctua-
tions and circulation fluctuations on the changes in
transient moisture advection cannot be determined at
present.

In broad terms, the model’s stationary moisture ad-
vection response, where a relatively unchanged (or
slightly weakened) circulation acts upon increased
moisture gradients to produce enhanced moisture ad-
vection and precipitation, is qualitatively similar to the
global-scale response of the Goddard Institute for Space
Studies (GISS) GCM to a uniform sea surface warming
(Del Genio et al. 1991).

In section 3, we found that total precipitable water
vapor increases by a much larger fractional amount
than precipitation with increased CO,. From the view-
point of the surface energy balance (section 5a), the
fractional increase of precipitation is similar to the
fractional increase of evaporation, and the evaporation
increase provides the primary balance for the increase
of net downward radiative flux at the surface. Nev-
ertheless, from the viewpoint of moisture convergence,
one might have expected that the fractional increases
in precipitation (or P — E) would have been more
similar to the fractional increase in water vapor content.
Here we attempt to elaborate on why this does not
occur in the model based on a highly simplified analysis
of the available data from the experiments. Since tran-
sient data are not explicitly available from the exper-
iments, here only the stationary moisture convergence
term ( —78) is examined, where r is mixing ratio, 4 is
divergence, the overbar represents the time mean, and
{ ) is the area-averaged vertical integral. We will il-
lustrate why the stationary moisture convergence also
increases by a much smaller fractional amount than
does total precipitable water ({7)) for the western
tropical Pacific. A more complete analysis of the prob-
lem will require examination of transient terms using
data archived in a future set of experiments.

In the model, (—73) increases by 16% in the 4
X CO, experiment over the region 11°N-11°S, 120°E-
157.5°W. This is comparable to the increase in pre-
cipitation (14%), evaporation (15%), and P — E
(12%), but much smaller than the increase in (7)
(44%). If the convergence field from the control run
is combined with the moisture field from the 4 X CO,
run, the resulting term { —74xco,01xco, y is 35% larger

than the control run term ({ —77xco,8ixco, ), indicat-
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ing the large effect of the increased moisture alone.
However, since including moisture and circulation
changes (i.e., {(—7axco,0ixco,y) results in a much
smaller increase (+16% versus +35%), it is clear that
weakened circulation plays an important role in lim-
iting the increase of ( —73 ) to only 16%. The remainder
of the difference (35% versus 44%) is due to the non-
uniform distribution of the fractional increase in water
vapor (e.g., the fractional increase in mixing ratio in-
creases with height through the troposphere). The net
effect of the nonuniform fractional changes can be seen
by noting that if the mixing ratio were increased
everywhere in the domain by 44%, the modified term
{ ~Taxco,81xco, y Would have been 44% larger than the
control run term, rather than only 35% larger. The
results of our simplified analysis are consistent with
Mitchell et al. (1987), who inferred that the difference
in the fractional changes of P — E and water vapor in
their model was due to circulation changes and a non-
uniform distribution of the fractional changes in spe-
cific humidity.

7. Discussion and conclusions

The results in this study indicate that the time-mean
zonal overturning atmospheric circulation in the trop-
ical Pacific region fails to intensify with increased CO,.
Despite a 15% enhancement of precipitation over the
western tropical Pacific, the time-mean upward motion
in the rising branch region of the Walker Circulation
decreases slightly in intensity. In the central equatorial
Pacific, the zonal SST gradient decreases by about 20%,
the surface easterly wind stress decreases by 15%, and
precipitation increases by about 25%. The CO,-induced
changes in the model’s large-scale tropical precipitation
climatology are comparatively small, considering the
dramatic increase in the area of the world’s ocean sur-
face with SST exceeding 28°C. This results suggests
that 28°C is not a universally applicable “threshhold
temperature” for large-scale tropical convection but
rather that pronounced tropical convective activity will
tend to occur in locations where SSTs are warmer than
in surrounding regions.

a. Lack of circulation intensification

A surprising result from the analysis is the lack of
intensification of the zonal overturning circulation,
despite increased condensation heating over the warm
pool. Although the analysis of the heat, moisture, and
surface energy budgets cannot determine causality as
to why the circulation does not intensify in response
to increased CO,, it does demonstrate how the model
satisfies heat, moisture, and energy balance constraints
without such an intensification. Specifically, three fac-
tors were found that are important for interpreting this
aspect of the model’s response.

1) Much of the additional vertically integrated
heating due to enhanced moist convection and con-
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densation over the warm pool is offset by enhanced
radiative cooling in the upper troposphere near 200
mb. The radiative cooling enhancement is due to both
the large warming and to the large fractional increase
in water vapor (150% increase) in the upper tropo-
sphere. As a result, the increase in emission from the
upper troposphere exceeds the absorption of radiation
from surrounding atmospheric layers, where the in-
creases in both temperature and emissivity are smaller.

2) Increased time-mean static stability (—df/dp)
leads to enhanced dynamical cooling (via —wd8/dp),
which compensates for most of the remaining time-
mean heating enhancement from moist convection and
condensation. The increased time-mean static stability
is an effect of moist convection, which keeps the lapse
rate in the model close to the moist adiabatic rate,
making —d6/dp larger in a warmer climate.

3) Enhanced evaporative damping of the zonal SST
gradient in the warmer basic state (due to the nonlinear
temperature dependence of saturation mixing ratios)
leads to a reduced SST gradient. The diminished SST
gradient is consistent with weaker surface easterly wind
stress in the central and eastern Pacific and in turn
with the slightly less intense zonal overturning circu-
lation.

A relatively coarse resolution is used for the coupled
model simulations due to the large computational re-
quirements of the long-term coupled integrations. To
make a preliminary assessment of the impact of low
resolution on the atmospheric heat balance results, the
heat balances have been reexamined using an atmo-
spheric model with twice the horizontal resolution
coupled to a mixed-layer ocean (appendix B). The re-
sults for the western Pacific region show that both the
radiative cooling and static stability effects also occur
in the higher horizontal resolution model. One dis-
tinction between the results of the two sets of experi-
ments is that in the high-resolution case the net dy-
namical cooling enhancement is larger than the radia-
tive cooling enhancement. This is apparently due to
the stronger overall condensation heating/dynamical
cooling rates (compared with the radiative cooling
rates) in the higher-resolution model and also to the
CO,-induced intensification of rising motions in the
upper troposphere due to the deeper penetration of
tropical convection (which is present in both the high-
and low-resolution models). Nevertheless, even in the
high-resolution model, the vertical motion changes
contribute only about one-half as much as the static
stability changes to enhancing the primary dynamical
cooling term (—w@af/dp) and offset only about 25% of
the condensation heating enhancement. Thus, for both
high- and low-resolution models, most of the enhanced
condensation heating is not compensated by changes
in vertical motions, but rather by enhanced radiative
and dynamical cooling, with the latter being induced
primarily by increased static stability.
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With regard to time-mean subsidence regions the
radiative cooling and static stability effects are also im-
portant for the heat balance changes (for both model
resolutions). Over the relatively cool southeast tropical
Pacific, changes in condensation heating are much
smaller than in the western Pacific. In this region, the
enhanced radiative cooling is balanced primarily by
enhanced dynamical warming, again due in large part
to the increased time-mean static stability.

b. The time-mean response versus the ENSO
response

There are several similarities and relationships be-
tween the impact of increased CO, on the model’s time
mean circulation and its impact on ENSO-like phe-
nomena in the model (Knutson and Manabe 1994).
For both the time-mean climate and the model ENSO,
enhanced precipitation (or precipitation anomaly) oc-
curs, but the additional condensation heating is not
balanced primarily by a more intense zonal overturning
circulation (or circulation anomaly). Rather, the dy-
namical cooling (or cooling anomaly) is enhanced
largely due to increased time-mean static stability. For
both ENSO and the time-mean climate, enhanced
evaporative damping in the warmer climate plays an
important role in reducing the magnitude of SST vari-
ations (either the east-west contrast for the time-mean
SST or the amplitude of the interannual ENSO-like
fluctuations).

In terms of relationships between the response of
the time-mean climate and the response of the model
ENSO to increased CO,, the 20% decrease in the time-
mean zonal SST gradient discussed in the present study
is one of the important factors contributing to the re-
duced amplitude of the ENSO-like SST fluctuations
(along with enhanced evaporative damping of the SST
anomalies). This is because with a smaller time-mean
zonal SST gradient, zonal ocean surface current
anomalies of a given magnitude produce a smaller
temperature tendency during the model’s ENSO-like
events (see also Lau et al. 1992).

We have noted in this study that the reduction in
the time-mean zonal SST gradient is not clearly evident
until about one century of model integration. The im-
plication of this result is that coupled model CO, ex-
periments of relatively short duration (i.e., less than
order 100 years) may not be sufficient for assessing the
long-term impact of altered CO, on the zonal SST gra-
dient and related climate features of the tropical Pacific
region.

¢. Paleotemperature perspective

Some may question whether the tropical SST warm-
ing of 4°-5°C computed in our model with 4 X CO,
is plausible in light of existing paleoclimatic evidence.
CLIMAP’s (1981) reconstruction of low-latitude SSTs
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tropical rainfall is somewhat larger with R30 (see their
Fig. A2).

Given that the tropical precipitation (condensation
heating) is stronger and more confined to distinct re-
gions in the R30 simulation, it is of interest to consider
what impact the use of an R30 model has on the main
conclusions of our paper. Here, the heat balance
changes in the R30 simulations are briefly investigated
and compared with the changes from the R15 simu-
lation. A slight CO,-induced reduction of the zonal
Pacific SST gradient occurs the R30 mixed-layer model,
although it is not examined in detail since the mixed
layer ocean model’s response is greatly constrained by
the fixed oceanic heat transport assumption.

Figure B1 shows the annual mean atmospheric heat
budgets for the western tropical Pacific region from the
R30 experiments. Note that despite the smaller (2
X CO,) warming in the R30 experiment, the enhance-
ment of heating by moist convection and condensation
is comparable to that in the 4 X CO, R15 experiments
(Fig. 7a). The enhancement of upper-tropospheric ra-
diative cooling found in the R15 experiment is clearly
present in the high-resolution experiments; the absolute
change is smaller due to the smaller (2 X CO,) warm-
ing. The enhancement of vertically integrated (131-
1000 mb) dynamical cooling is relatively more pro-
nounced in the R30 experiments: it accounts for about
55% of the cooling enhancement, whereas enhanced
radiative cooling accounts for about 40%. (For the low-
resolution model, dynamical and radiative cooling ac-
counts for 18% and 67% of the cooling enhancement,
respectively.) B

Changes in the term —wd8/dp have also been in-
vestigated (not shown), as was done for the low-res-
olution model in Fig. 10. As in the R15 experiments,
changes in the potential temperature gradient contrib-
ute more to the enhancement of —wdf/dp than do
changes in vertical velocities. However, one difference
between the two sets of experiments is that in the R30
experiments the time-mean vertical velocities account
for about one-third of the enhancement of —wdf/dp
(and are sufficient to offset 25% of the condensation
heating enhancement). On the other hand, in the low-
resolution model, changes in @ have almost no net
impact on the vertically integrated cooling in the west-
ern tropical Pacific.

Vertical motion profiles for the western Pacific region
(not shown ) indicate that in the high-resolution model,
time-mean rising motion is slightly intensified in the
upper troposphere (due to deeper penetration of con-
vection) but is nearly unchanged in the lower tropo-
sphere. In contrast, in the low-resolution model, time-
mean vertical motions are also stronger in the upper
troposphere, but they are weaker in the lower tropo-
sphere. In the time-mean descent region over the east-
ern tropical Pacific (11°-20°S, 82.5°-105°W), the
time-mean subsidence is slightly weaker (stronger) in
the lower (upper) troposphere for both resolutions. For
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FIG. B1. Vertical profiles of temperature tendencies due to radiation
(dark lines), moist convection and condensation (medium lines), and
dynamical heating (light lines) for the control (solid) or 2 X CO,
(dashed) experiments with the R30 mixed-layer model (see appendix
B text). Units are kelvin per day. All values are decadal means (all
seasons), averaged over 10°N-10°S, 120°E-157.5°W.,

both resolutions, the surface winds over the central and
eastern Pacific weaken slightly with increased CO; (al-

-though differences in the ocean model formulations

make comparisons of the surface wind and SST changes
more problematic).

In summary, in both sets of experiments most of
the CO,-induced enhancement of heating by moist
convection and condensation is primarily balanced by
the radiative cooling and enhanced static stability,
rather than by intensified time-mean vertical velocities.
In both sets of experiments, the zonal overturning cir-
culation fails to intensify substantially despite the sub-
stantial increase of condensation heating over the
warm-pool region (although vertical motions do in-
tensify slightly in the upper troposphere in both ex-
periments due to deeper penetration of tropical con-
vection). Therefore, we conclude that the main findings
of the low-resolution analysis (except for the slight
weakening of the lower-tropospheric vertical motions
over the warm pool) are generally supported by the
simulations with the R30 model.
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