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Abstract The west-east sea surface temperature (SST) gradient in the equatorial Pacific Ocean is a key
feature of Earth’s climate. How this gradient responds to varying climatic forcing is a challenge to both
climate theory and climate modeling. Using the coupled atmosphere-ocean general circulation models,
Community Climate System Model version 3 (CCSM3) and version 4 (CCSM4), we show that the zonal SST
gradient is an almost monotonically decreasing function of atmospheric CO, concentration (pCO,) across a
wide range from 17.5 to 4576 ppmv. As pCO, is increased, the optical depth of clouds over the western and
central Pacific increases significantly, reflecting more insolation back to space, suppressing surface warming
in this region and thereby reducing the zonal SST gradient. Ocean adjustment to a weakening of surface
zonal winds is characterized by relaxations of the equatorial thermocline tilt, zonal surface currents, and
ocean upwelling.

1. Introduction

The zonal sea surface temperature (SST) gradient across the equatorial Pacific Ocean is an important charac-
teristic of the Earth’s climate system. The strength of the zonal SST gradient influences the behavior of the
El Nifo—Southern Oscillation (ENSO), and surface temperature and precipitation in remote regions through
the action of atmospheric teleconnections [Alexander et al., 2002; Chiang, 2009]. Much effort has been
expended in the exploration of the change of the zonal SST gradient with increased levels of anthropogenic
greenhouse gases [Collins and CMIP Modeling Groups, 2005, 2010; Liu et al., 2005; Meehl et al., 2007; Vecchi et al.,
2008; Dinezio et al., 2009; Xie et al., 2010; Yeh et al., 2012; An et al., 2012; Song and Zhang, 2014; Luo et al., 2015;
Lietal., 2015]. The trend of this gradient in observations over the instrumental record, however, has remained
unclear, perhaps due to the poor spatial and temporal sampling of SSTs [e.g., Tung and Zhou, 2010; Deser et al.,
2012]. In climate simulations, the sign and magnitude of the trend of the zonal SST gradient also appears
to be highly model dependent [e.g., Collins and CMIP Modeling Groups, 2005; Yeh et al., 2012]. Some models
project a decreasing trend of the zonal SST gradient as the climate warms, with SSTs of the eastern Pacific
warming more than those in the western Pacific, but other models suggest that the opposite effect should be
obtained. The contradictory nature of these results may be due to the fact that the strengths of contributing
feedback mechanisms differ significantly between different climate models and to the fact that the range of
pCO, variations that have been investigated has been small.

Previous studies have suggested that various processes associated with atmosphere, ocean, and their cou-
pling can influence the response of the zonal SST gradient to external forcing.

1. Evaporative cooling: Due to the facts that the surface evaporative cooling rate increases with increasing
temperature and that the western Pacific is warmer than the eastern Pacific, the evaporative cooling has a
stronger damping effect in the western Pacific than in the eastern Pacific. The zonal SST gradient therefore
decreases as atmospheric pCO, is increased [Hartmann and Michelsen, 1993; Knutson and Manabe, 1995;
Merlis and Schneider, 20111].

2. Cloud response: As climate warms, the western Pacific may exhibit a negative, stabilizing cloud feedback,
which would suppress the warming of the warm pool and thereby reduce the zonal SST gradient [Meeh!
and Washington, 1996; Dinezio et al., 2009; Li et al., 2016].

3. The ocean dynamical thermostat mechanism: When a uniform heating is employed to force the ocean, the
ocean dynamical response leads to a weaker warming in the east than in the west, promoting a stronger
zonal SST gradient [Clement et al., 1996; Vecchi et al., 2008; Fang and Wu, 2008].
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4. The Walker circulation: As climate warms, the strength of the Walker circulation decreases. This is due to
increased static stability in the tropics [Knutson and Manabe, 1995], and the magnitude of the decrease is
constrained by the different rates of global precipitation and near-surface specific humidity increases to
global warming [Held and Soden, 2006; Vecchi et al., 2006]. The weakening of the Walker circulation can pro-
duce arelaxed zonal SST gradient through its effect on surface wind stresses and in turn on ocean upwelling
in the eastern Pacific; the Bjerknes feedback further amplifies this effect [Bjerknes, 1969; Wyrtki, 1975].

5. Extratropical effect through the ocean: The temperature of the water upwelled in the cold tongue is con-
nected to the wind-driven shallow subtropical-tropical cells (STCs) that transport water from the subtropics
to the subsurface of the equatorial Pacific, so changes of SSTs in the subtropics (for example, through
increasing or decreasing the cloud albedo and therefore surface shortwave/longwave fluxes in the subtrop-
ics [Barreiro and Philander, 2008; Burls and Fedorov, 2014a]) can influence the SSTs of the equatorial Pacific
[Liu and Huang, 1997].

6. Extratropical effect through atmosphere: Atmospheric heat transport from the deep tropics to the subtrop-
ical region is critical factor in stabilizing the climate of the entire tropics [Wallace, 1992; Pierrehumbert, 1995].
The nearly saturated, convective deep tropics are unable to dispose of its excess energy, which must be
transported to the dry subtropical region (“radiator fins”), where energy is easily emitted to space through
infrared radiation. This process acts to suppress the increase of SSTs in the warm pool region and therefore
may weaken the meridional as well as zonal SST gradients.

7. Atmospheric superrotation: In a warmer climate, atmospheric convection may be stronger and the asso-
ciated Rossby waves may produce a stronger equatorward momentum transport, which acts to weaken
the equatorial easterlies. The weaker trade winds will relax the Pacific thermocline and thereby promote a
smaller zonal SST gradient [Tziperman and Farrell, 2009]. In a coupled atmosphere-ocean climate system,
all the seven mechanisms described above may work together to control the zonal SST gradient of the
equatorial Pacific.

In the past, the zonal SST gradient is expected to have been different from the present-day condition. Geo-
chemical proxy records suggest that the west-east SST contrast gradually increased from 2-3°C in the early
Pliocene 5.3 million years ago (Ma) to the present-day value of 5-6°C by 2-1 Ma [Wara et al., 2005; Fedorov
et al., 2006, 2013], although this is still in intense debate [Zhang et al., 2014; Watanabe et al., 2011; Scroxton
etal., 2011; Molnar and Cane, 2007]. The mechanism for the very weak zonal SST gradient characteristic of the
early Pliocene is the subject of ongoing and intense investigations. One of the contending explanations is
that associated with ocean mixing [Fedorov et al., 2010]. An increase of ocean mixing in the subtropical Pacific
might be expected to reduce the poleward ocean heat transport from the equatorial Pacific to the subtrop-
ics, deepening the tropical thermocline and warming the surface of the eastern Pacific. Such an increase of
ocean mixing could be driven by more frequent and/or stronger tropical cyclones [Emanuel, 2001], although
whether this mechanism is sufficient or not is still in debate [Jansen and Ferrari, 2009]. Other mechanisms have
also been proposed, such as changes of the strength and/or direction of equatorial trade winds [Tziperman
and Farrell, 2009], or changes of cloud albedo in the extratropics [Barreiro and Philander, 2008; Burls and
Fedorov, 2014a, 2014b]. However, to date, no climate model has been able to successfully reproduce the cli-
mate state of the early Pliocene suggested by geochemical proxy records, since the atmospheric pCO, in this
era is believed to have been only moderately higher than the preindustrial level [Haywood et al., 2013, 2016].

One way to gain insight into the dominant physical mechanism(s) underlying the variations of the zonal
SST gradient is to investigate its response to extreme climatic conditions, such that the signal would be
expected to overwhelm the weak and contradictory variations associated with the differing strengths of
various feedback mechanisms that are characteristic of different climate models. Using two fully coupled
atmosphere-ocean models, our purpose is to investigate the response of the zonal SST gradient to a wide
range of atmospheric pCO, conditions. The pCO, in our simulations will be chosen to cover values from 11—6 to
16 times the preindustrial level of 286 ppmv. In comparison with doubling and quadrupling of pCO, experi-
ments that have usually been investigated, these larger perturbations in greenhouse gas forcing are found to
be sufficient to allow us to much more clearly identify the trend of the zonal SST gradient and to understand
the mechanisms responsible for the trend, as previously suggested by Cherchi et al. [2008].

The paper is structured as follows. Section 2 contains brief model descriptions and numerical experimental
design. We present the response of the zonal SST gradient to variations of pCO, and discuss the mechanisms
responsible for the trend in section 3. We find that the main mechanism that contributes to the weakening
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trend of the zonal SST gradient as pCO, is increased is that associated with the change of cloud radiative
effects. Discussions and conclusion are provided in sections 4 and 5, respectively.

2. Methods

We employ two climate models, CCSM3 and CCSM4, both developed at the U.S. National Center for
Atmospheric Research. Both are fully coupled atmosphere-ocean-land-sea ice general circulation models
linked via a coupler with no flux correction between the four components [Collins et al., 2006a; Gent et al.,
2011, and references therein]. Relatively low resolution versions of both models are employed for the climate
simulations here, a necessity given the large number of simulations required to cover the extensive parameter
space of interest to us. The atmospheric module in both models has an Eulerian spectral dynamical core with
a transform grid of T31 resolution, 3.75° by 3.75°. The accompanying ocean model has a 3.6° resolution in the
zonal direction but a variable resolution in the meridional direction with a spacing of 0.9° near the equator
and of 3° in high latitudes. The ocean model has 25 nonequally spaced vertical levels in CCSM3, but 60 levels
in CCSMA4. In comparison with CCSM3, CCSM4 has significantly improved representations and parameteriza-
tions for atmospheric deep convection, sea ice thermodynamics, land water storage, surface ocean currents,
and deep ocean overflows. In particular, CCSM4 is able to well simulate the spatial and temporal patterns of
ENSO. The ENSO spectrum of CCSM4 contains significantly more power at low frequency and is much closer
to observations, compared to CCSM3 [Deser et al., 2012].

Sixteen experiments with different pCO, have been carried out. The pCO, values are set to 35, 70, 140, 286,572,
1144, 2288, and 4576 ppmv in CCSM3, and to 17.5, 35, 70, 140, 286, 572, 1144, and 2288 ppmv in CCSM4. The
pCO, for each model is the only parameter varied between the simulations. The equatorial Pacific in CCSM4
is generally approximately 2°C warmer than that of CCSM3 for the same level of pCO, (Figures 1c and 1d)
and closer to observations [see Gent et al., 2011]. For this reason, we use the different pCO, sequences for the
two models, in order to compensate for the difference in equatorial mean state temperature. Other green-
house gases in all simulations are fixed at their preindustrial levels, namely, 805.6 ppbv for CH,, 276.7 ppbv for
N,O, and no CFCs. Solar constant, orbital parameters, land-sea distribution, surface topography, and ocean
bathymetry are all maintained at their present-day conditions.

All of the experiments have been initialized from a preindustrial climate state by abruptly decreasing or
increasing pCO,. For the experiments with 286 ppmv of CO,, the integration of the model has been contin-
ued for 700 years in order to reach a new statistical equilibrium; each of the other simulations is integrated
for 1200-2000 years. The last 100 year characterization of the new equilibrium is employed as basis for
analysis. In calculating the linear trends of variables (such as SST) for each doubling of CO, concentration,
we first compute the averages of the 100 year data set for each CO, experiment and then compute the lin-
ear trends among different CO, concentration experiments. In the experiments with the highest pCO, (such
as the 2288 ppmv CO, experiment in CCSM4), the deep ocean has yet reached statistical equilibrium during
the integration, which nevertheless has only a small effect on the ocean stratification (see Figure 10f and fol-
lowing text). Note that even in the lowest CO, cases, the sea ice edge never enters the tropics, so that sea ice
cannot be expected to have any direct effect on the equatorial SSTs to be discussed in what follows. In order
to obtain a globally ice-covered snowball state, a further decrease of the solar constant by 5-6%, in addition
to the marked reduction in pCO, would be required [Yang et al., 2012a, 2012b].

3. Results

3.1. Sea Surface Temperature Response

As atmospheric pCO, is gradually increased from a very low level (35 ppmv in CCSM3 or 17.5 ppmv in CCSM4)
to a very high level (4576 ppmv in CCSM3 or 2288 ppmv in CCSM4), surface temperatures increase due to the
increasing strength of the greenhouse effect (Figures 1a and 1b), but the changes of SST along the equato-
rial Pacific are variable as a function of longitude (Figures 1c and 1d). In CCSM3, the warming in the central
and eastern Pacific is greater than that in the western Pacific, and the zonal SST gradient decreases but only
to the west of the date line (Figure 2a). This linear pattern of CCSM3 is similar to that of the multimodel
mean response to CO, doubling in the World Climate Research Program Coupled Model Intercomparison
Project phase-3 data set (CMIP3) [Dinezio et al., 2009]. In CCSM4, the zonal SST gradient exhibits a signifi-
cantly decreasing trend across the entire deep tropical Pacific Ocean, with the maximum warming occurring
around the center of the cold tongue (Figure 2b). When the west-east SST contrast is defined by the SST
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Figure 1. (a, b) Annual- and zonal-mean surface air temperature (Ts); (¢, d) annual-mean sea surface temperature (SST)
along the equatorial Pacific (5°S—5°N); (e, f) west-east SST contrast. The west-east SST contrast is defined by the
maximum minus the minimum (red dots), the difference between [5°S to 5°N, 150°E to 170°E] and [5°S to 5°N, 115°W
to 95°W] (black dots), or the difference between [10°S to 10°N, 150°E to 170°E] and [10°S to 10°N, 115°W to 95°W]
(blue dots). Left column is for CCSM3 and right column for CCSM4. The CO, concentrations in CCSM3 are from 35 to
4576 ppmv and in CCSM4 from 17.5 to 2288 ppmv.

average of the western Pacific (5°S-5°N, 145°E-165°E) minus the SST average of the eastern Pacific (5°S-5°N,
120°W-100°W), it is found that the west-east SST contrast is a nearly monotonically decreasing function of
pCO, in both CCSM3 and CCSM4 (Figures 1e and 1f). For each doubling of pCO,, the decrease of the contrast
is between 0.1 and 1.0°C. The use of slightly different definitions leads to a rather similar decreasing trend of
the gradient although the magnitudes differ somewhat (Figures 1e and 1f).

3.2. Cloud Responses

Cloud responses act to decrease the zonal SST gradient in both CCSM3 and CCSM4, as shown in Figure 3.
On the basis of the experiments covering a wide range of pCO,, it is clear that the cloud feedback has a cool-
ing effect on the surface over the western Pacific but a warming effect over the eastern Pacific (Figures 3m and
3n). This west-east asymmetric change in clouds promotes a weaker zonal SST gradient as pCO, is increased.
The different cloud feedbacks over the western and eastern Pacific is due to the fact that the former is in a
deep convection regime while the latter is in large-scale subsidence regime [Meeh/ and Washington, 1996]. For
each doubling of pCO,, the change of net (shortwave plus longwave) cloud radiative effect is on the order of

YANG ET AL.

ZONAL SST GRADIENT 4



@AG U Journal of Geophysical Research: Atmospheres 10.1002/2016JD025231

(a) CCSM3

—
;.."J¢llllllt\\\xw~o11['//
sew bbb L
F T T S O O O S U S O O S A R
]
v

5N

Latitude (°)

‘
i
[}
NESA I A AV o A A W R R
\’ffffff FIETLIP ettt e ey
ss TTTIIIIIITTIrtrrvr'f»\\x
S PHrt o=y
SO

150E 180 1 sow 1 20W 90w
e -
0 1.2 2.4
(b) CCSM4

AABRRRRRREEEEN /j[ll*'om

...... IREREEEE SN /“1
SN L {H““
> Coec o T e INRRRY
g 1 U A L RN
2 N [ b
E RN RN RN NN NN E VYIS i
3 EEEEERRRARERRRRRRRREE D |
SRR U T U U U U T O R W B T B R
S v AR AARAANARAA NN sy, -
T T T T T I I I '
150E 180 150W 120W 90w
e .
0 1.2 2.4

Figure 2. Linear trends of deep tropical sea surface temperatures (K, shading) and surface wind stresses (0.01 N m~2
vectors) for each doubling of CO, concentration in (a) CCSM3 and (b) CCSM4.

1to 10 W m~2, which is comparable to the change of CO, greenhouse effect (~3.7 W m~2 at the tropopause
[Boucher et al., 2001]; note that there is a significant uncertainty in this number [see Collins et al., 2006b,
Figure 4]).

As the climate warms, atmospheric water vapor content increases, generally following the Clausius-Clapeyron
relation. The significant increase of water vapor content results in the supply of more moisture for the forma-
tion of clouds especially in the deep convection region of the western Pacific (Figures 3g and 3h). Meanwhile,
cloud coverage increases especially for high- and middle-level clouds above the level of 700 hPa (Figures 3c
and 3f). Both effects increase the optical depth of the clouds over the western Pacific, reflecting more solar
radiation back to the space and suppressing the warming of the surface in this region. The cloud longwave
radiative effect also increases (Figures 3k and 3l), mainly due to the increase of high-level cloud coverage
above the level of 400 hPa (Figures 3e and 3f). The high-level clouds absorb longwave radiation from the
warmer (relative to cloud temperature) surface but emit longwave energy to the space and to the surface at
the cloud temperature, so that they have a warming effect on the surface. The low-level cloud coverage below
the level of 700 hPa exhibits a small increasing trend in the western and central Pacific and a small decreasing
trend in the eastern Pacific (Figures 3a and 3b), so the low-level cloud coverage trend also has a net effect of
decreasing the zonal SST gradient, but its magnitude is much smaller than the changes of cloud water content
and high- and middle-level cloud coverage.

Besides the changes of clouds in the deep tropics, clouds in the subtropics also change. In general, the cloud
albedo decreases in the subtropics around 30°S(N), and the net (shortwave plus longwave) cloud effect is
positive there (figure not shown), which has a warming effect on the atmosphere and the surface and thereby
decreases the meridional SST gradient. Through the wind-driven oceanic subtropical-tropical cells (STCs), this
cloud response would have a potential effect of increasing the SSTs in the cold tongue region and thereby
would decrease the zonal SST gradient along the equator, as the mechanism first proposed by Barreiro and
Philander [2008].
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Figure 3. Linear trends of clouds for each doubling of CO, concentration. Linear trends of (a, b) low-level (below

700 hPa) cloud coverage, (c, d) middle-level (between 700 and 400 hPa) cloud coverage, (e, f) high-level (above 400 hPa)
cloud coverage, (g, h) vertically integrated cloud water (liquid plus ice) content, (i, j) cloud shortwave radiative effect at
the top of the atmosphere (TOA), (k, I) TOA cloud longwave radiative effect, and (m, n) TOA cloud net radiative effect.
The unit of cloud coverage is percent, cloud water content g m~2, and cloud radiative effect W m~2. Left column is for
CCSM3 and right column for CCSM4.

3.3. Changes in Surface Energy Fluxes
In equilibrium, surface temperature is determined by surface energy balance, and the surface energy budget
can be expressed as

SW + LW + LH + SH = Qo (M

where SW is all-sky net shortwave flux (downward plus upward), LW is all-sky net longwave flux, LH is surface
latent heat flux, SH is surface sensible heat flux, and Q,, is heat flux into the ocean, which should be balanced
by the divergence of ocean heat transport through horizontal and vertical advection and diffusion. Since the
diffusion terms are not stored as a part of model output at run time, we can only infer the values of Q,, as
a residual term in the balance term of equation (1). All the fluxes and their trends are defined as downward
positive and upward negative.
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Figure 4. Linear trends of surface (a, b) sensible heat flux, (c, d) latent heat flux, (e, f) all-sky net (downward minus
upward) shortwave flux, (g, h) all-sky net longwave flux, (i, j) clear-sky net shortwave flux, (k, I) clear-sky net longwave
flux, and (m, n) all-sky net heat flux into the ocean, for each doubling of CO, concentration. The contour interval is

1 W m~2 in all the panels. Left column is for CCSM3 and right for CCSM4. Positive values imply heating of the ocean
surface.

Figure 4 shows the trends of surface energy fluxes, including all-sky SW, all-sky LW, LH, SH, clear-sky SW,
clear-sky LW, and all-sky Q,., for each doubling of pCO.,. It is found that

1. the trend of SH is much smaller than other energy fluxes (Figures 4a and 4b), so it has a negligible effect on
the surface temperature and on the zonal SST gradient;

2. the trend of LH is significant, but there is no significant asymmetry between the western equatorial Pacific
and the eastern equatorial Pacific (Figures 4c and 4d), so that the evaporative cooling mechanism proposed
by Hartmann and Michelsen [1993] and Knutson and Manabe [1995] is not very significant in our simulations;

3. the trend of all-sky SW is the most pronounced, and the magnitude of the decrease in the western Pacific
is much larger than that in the eastern Pacific (Figures 4e and 4f); the main contribution is from the change
of the cloud shortwave radiation effect (see Figures 3i and 3j);

4. the trend of all-sky LW shows an asymmetry between the west and the east in CCSM3 (Figure 49), but its
magnitude is much smaller than that of all-sky SW. In CCSM4, the trend of all-sky LW shows an equatorially
enhanced pattern and no significant asymmetry between the west and the east (Figure 4h).

YANG ET AL.

ZONAL SST GRADIENT 7



@AG U Journal of Geophysical Research: Atmospheres 10.1002/2016JD025231

(a) Difference in Specified Q. (b) Difference in Resulted Tg
5N 5N @
0] 0]
55 55
T T T T T T T T T ham T T T T T T T T
150E 180 150W 120W 90w 150E 180 150W 120W 90W
|l | |l |
-60 -30 0 30 60 15 -0.75 0 0.75 1.5

Figure 5. (a) Difference in the specified surface heat flux into the ocean (Q,er, W m~2) and (b) difference in the resulted
surface temperature (T, K), simulated by the atmospheric component of CCSM3, which is CAM3, coupled to a 50 m slab
ocean. The CO, concentration is 4576 ppmv in both experiments.

In clear-sky radiative transfer calculations (i.e., the calculations of radiative fluxes using the same surface tem-
perature, temperature profile, CO, concentration, water vapor content, but without cloud radiative effects),
SW also decreases, but with a much smaller magnitude than that of all-sky SW, and it has a nearly uniform
spatial pattern (Figures 4i and 4j). The change of clear-sky SW is due to the fact that water vapor concentra-
tion in the air increases as the climate warms, which leads to the absorption of more shortwave radiation and
allows less shortwave radiation to reach the surface. The clear-sky LW shows a zonally asymmetry pattern,
in which the central Pacific has a stronger trend than the western Pacific (Figures 4k and 4l), which implies
that the increase of clear-sky greenhouse effect due to the increase of water vapor concentration and to the
adjustment of temperature profile is larger in the central Pacific than in the western Pacific. This promotes a
decrease of the zonal SST gradient to the west of 180°W, but its magnitude is only about 25% of the change
of all-sky SW.

Figures 4m and 4n show the trend of all-sky Q. for each doubling of pCO,. It is found that Q,, decreases in
the western and central Pacific, increases in the northeast Pacific, and decreases in the southeast Pacific; the
maximum decrease of Q. is in the warm pool region rather than in the cold tongue region in both models.
In order to know how the change of Q,, affects the zonal SST gradient, two further experiments are run. We
employ the atmospheric component of CCSM3, which is CAM3, coupled to a uniform 50 m slab ocean. In the
two experiments, the model setup is the same (such as a 4576 ppmv CO,) except that one is with the Q,,
of the CCSM3 experiment with 286 ppmv CO,, and the other one is with the Q,, of the CCSM3 experiment
with 4576 ppmv CO,. The difference in deep tropical surface temperatures is shown in Figure 5b, and the
differencein the specified Q, . is shown in Figure 5a. These experiments enable us to conclude that the change
of Q,; can have a moderate effect on
the zonal surface temperature gradi-
ent. As Q,, decreases in the western
equatorial Pacific, SSTs increase there
and the zonal SST gradient exhibits an
increase in the local region.
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40 In summary, based on the analyses of
the trends of surface energy fluxes, we
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ated with the changes of the zonal
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% % 7 are shortwave radiation (SW; mostly
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Figure 6. Relationship between west-east (SW-Q¢) contrast and ocean adjustment. Figure 6 illustrates
west-east SST contrast. SW is aII-skY surface net shortwave flux, and Q¢ is the relationship between SW-Q, ., and
net heat flux into the ocean (equation (1)). Blue dots are for CCSM3 and

red dots for CCSM4. The lines are corresponding line regressions. The the zonal SST contrast. In general, a
west-east contrast is defined by the difference between [5°S to 5°N, 150°E  larger SW-Q,, contrast between the
to 170°E] and [5°S to 5°N, 115°W to 95°W]. western Pacific and the eastern Pacific
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Figure 7. Atmospheric vertical velocity as a function of pressure and longitude at the deep tropics (meridional mean
between 5°S and 5°N) of the Pacific Ocean, with negative values representing updrafts, for CO, concentrations of 35 to
4576 ppmv in (left column) CCSM3 and of 17.5 to 2288 ppmv in (right column) CCSM4. The unit is Pa s~'.
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Figure 8. (a, b) Differences in sea level pressure (SLP, units: Pa) between the eastern Pacific (115°W-95°W, and 5°S-5°N
or 10°S-10°N) and the western Pacific (150°E-170°E and 5°S—5°N or 10°S-10°N). (c, d) Linear trend of SLP of the
Pacific for each doubling of CO, concentration. (e, f) Linear trend of atmospheric water (vapor, liquid, plus ice;

unit: kg m~2) content. Note that in climatology the eastern Pacific has higher SLPs than the western Pacific, and the
equivalent pressure of 10 kg m~2 water is 100 Pa.

corresponds to a greater zonal SST gradient, in both CCSM3 and CCSM4. This relationship confirms our finding
that the zonal SST gradient is mainly controlled by the combined effect of shortwave radiation and ocean
adjustment. Moreover, from Figures Te and 1f, it follows that the changes of the zonal SST gradient in the
experiments of 70 to 1144 ppmv CO, of CCSM3 and in the experiments of 572 to 2288 ppmv CO, of CCSM4 are
very small; this is due to the fact that the changes of west-east SW-Q,,, contrast are small in these experiments
(Figure 6), although the individual changes of west-east SW or Q,, contrast are much greater (figure not
shown).

3.4. Changes in Atmospheric Circulation

The experiments covering a wide range of pCO, in CCSM3 and CCSM4 clearly show that the atmospheric
circulation changes as pCO, is increased, including a weakening of atmospheric vertical subsidence in the
central and eastern Pacific, an eastward expanse of the deep convection region (Figure 7), a decrease of zonal
surface wind stresses (Figure 2), and a reduction of the zonal sea level pressure (SLP) gradient (Figure 8).
As shown in Figure 7, the large-scale subsiding motion in the central and eastern Pacific weakens as climate
warms, but the large-scale ascending motion in the western Pacific is enhanced and expands to the east. In
our simulations, therefore, the response of atmospheric circulation cannot be simply summarized as a weak-
ening of the Walker circulation, which was usually found in the experiments of doubling or quadrupling of
pCO, in previous studies [e.g., Dinezio et al., 2009].

For the surface wind stresses of the deep tropical Pacific, there are two significant trends, namely, increases in
the meridional wind stresses and decreases in the zonal wind stresses especially along the equator (Figure 2).
The increase of the meridional wind stresses may be associated with the enhanced equatorial warming
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Figure 9. Ocean potential temperature (°C) as a function of depth and longitude at the deep tropics (meridional mean
between 5°S and 5°N) of the upper Pacific Ocean, for CO, concentrations of 35 to 4576 ppmv in (left column) CCSM3
and of 17.5 to 2288 ppmv in (right column) CCSM4. The thermocline (black dots) is defined by a thin layer where the
vertical gradient of ocean potential temperature is a local maximum [Yang and Wang, 2009].
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Figure 10. Linear trends of the tropical Pacific Ocean for each doubling of CO, concentration. (a, b) Net heat flux into
the ocean, (c, d) surface ocean currents, (e, f) upper ocean temperature, and (g, h) vertical ocean temperature gradient.
The units are, respectively, W m=2,0.1 ms™', K, and 0.01 Km~"' for each doubling of CO, concentration. The black dots
in Figures 10e-10h are the thermocline of the control experiments for the preindustrial condition. Note that Figures 10a
and 10b are the same as Figures 4m and 4n, but the resolution is for the ocean grid, which is higher than that for the
atmosphere grid.

(EEW; Figure 2) and the strengthened Hadley cells (figure not shown). The EEW increases the meridional tem-
perature gradient in the deep tropics and thereby promotes stronger meridional wind stresses. The decrease
of the zonal wind stresses may be due to the combined effect of the decrease of the zonal SST gradient and
the eastward shift of the Walker cell (Figure 7). The eastward shift of the Walker cell is accompanied by an
anomaly of eastward surface wind stresses on the west side of the atmospheric ascending center.

As pCO, is increased, SLP increases in both eastern and western Pacific (Figures 8c and 8d). In a warmer cli-
mate, the increase of vertically integrated water content in the atmosphere acts to increase the SLP.In the deep
tropics, the increase of water content is approximately 10 kg m~2, corresponding to an equivalent increase
of SLP by 100 Pa. The net increase of SLP, however, is less than this magnitude, thereby implying that atmo-
spheric dynamical adjustment acts to decrease SLP especially in the eastern Pacific. More importantly, the
increasing magnitude of SLP in the western Pacific is larger than that in the eastern Pacific (Figures 8c and 8d),
so that the zonal SLP gradient (east minus west) decreases (Figures 8a and 8b). The decrease of the zonal SLP
gradient is consistent with the weakening of the zonal surface wind stresses and with the slowing down of
the atmospheric circulation although it occurs only in the central and eastern Pacific in our simulations.

3.5. Ocean Adjustment

As pCO, is increased, driven by the weakened zonal wind stresses, thermocline depth decreases (Figure 9),
ocean upwelling in the eastern Pacific weakens (figure not shown), and the speed of surface ocean current
decreases especially in the western and central Pacific (Figures 10c and 10d). For instance, in the experiments
with 17.5, 286, and 2288 ppmv of CO, in CCSM4, the thermocline depth at 150°W longitude is approxi-
mately 160, 100, and 75 m, respectively (Figure 9). Furthermore, the magnitude of the shoaling in the eastern
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Figure 11. Trends of the divergences of (top row) zonal ocean heat transport (Q,), (middle row) meridional ocean heat
transport (Q,), and (bottom row) vertical ocean heat transport (Q,,) vertically integrated from the sea surface to the
depth of 75 m, in response to doubling atmospheric CO, concentration in CCSM3 (left column) and CCSM4 (right
column). Positive values imply heating of the ocean surface layer. The contour interval is 2 W m~2. The calculation
follows the method of Dinezio et al. [2009].

Pacificis much smaller than that in the central and western Pacific, so that the west-east tilt of the thermocline
decreases. Moreover, the responses of ocean dynamics are consistent with the decreasing trend of surface
net heat flux into the equatorial Pacific Ocean shown in Figures 10a and 10b.

The changes of ocean vertical thermal structure are also not uniform, a minimum warming occurs around the
thermocline at depths of about 80-180 m in the western Pacific; i.e., the warming at the sea surface and in
the region below the thermocline is greater than that around the thermocline (Figures 10e and 10f). This phe-
nomenon is very common among climate models as greenhouse gas forcing is increased; the simulations of
Vecchi and Soden [2007], Dinezio et al. [2009], Burls and Fedorov [2014b], and Luo et al. [2015] with different cli-
mate models show the same phenomenon; and it could be a result of the shoaling of the thermocline, which
brings deeper and colder waters upward [Vecchi and Soden, 2007; Dinezio et al., 2009]. Moreover, the verti-
cal temperature gradient (i.e., thermal stratification) increases in the wind-mixed upper ocean and decreases
below the thermocline (Figures 10g and 10h). These trends of ocean vertical temperature gradients in our
simulations are in qualitative agreement with that of the multimodel mean ocean response to doubling pCO,
shown in Dinezio et al. [2009] and Collins et al. [2010]. Note that Figure 10f shows that the warming of the
region below the thermocline in the western Pacific is slightly greater than that at the sea surface; this is due
to the fact that the CCSM4 experiment with the highest CO, concentration of 2288 ppmv has not reached a
final equilibrium during the integration.

The divergences of vertically integrated ocean heat transport between the sea surface and the depth of 75 m
is shown in Figure 11 below. As CO, concentration is increased, the change of zonal heat transport diver-
gence is positive in most of the equatorial Pacific, implying a heating effect on the upper ocean. The zonal
heat transport divergence shows an enhanced equatorial band, which is due to the combined effect of weak-
ened zonal currents and decreased zonal temperature gradients. The meridional heat transport divergence
shows off-equatorial maxima in both hemispheres, which is because of the increased meridional temperature
gradients associated with enhanced equatorial warming. Both responses of the zonal and meridional heat
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transport divergences represent dynamical heating effects in the equatorial Pacific. The vertical heat trans-
port divergence shows a decreasing trend across the equatorial Pacific except in the vicinity of 90°W. This is
due to the increase of ocean thermal stratification, although the ocean upwelling becomes weaker [Dinezio
et al.,, 2009]. In the region around 90°W, the change of vertical heat transport divergence is positive, because
of that the weakened ocean upwelling exceeds the enhanced thermal stratification. Note that in these calcu-
lations, the effects of subgrid mixing and submonth variability are not considered, since they are unavailable
from model default output.

4. Discussions

This study is relevant to ongoing research concerning expectations of the variations of the zonal SST gradient
under both future and a variety of past climate conditions. The monotonic behavior of the zonal SST gradient
makes it be relatively easy to predict its trend as pCO, is changed. For the ongoing climate change due to
increases of anthropogenic greenhouse gases, our simulations suggest that a decreasing trend in the zonal
SST gradient is to be expected with high confidence, but the magnitude of the change is model dependent.
If pCO, is decreased from 286 to 140 ppmv that is somewhat lower than the value during the Last Glacial
Maximum (LGM) at 21,000 years ago, our simulations imply an increase in the zonal SST gradient by 0.5°C
in CCSM3 and by 1.0°C in CCSM4. Our simulations, however, have not included the expanded continental
ice sheets that formed during the LGM [Peltier and Solheim, 2004], which are expected to have had a further
influence on the zonal SST gradient.

In the case of 4576 ppmv of CO, in CCSM3, the climate system enters a state with a very weak zonal SST
gradient; in CCSM4, it requires a relatively lower pCO, to obtain a similar state; but, pCO, in the early Pliocene
was only 330—380 ppmv [Fedorov et al., 2013]. Our results suggest that the increased pCO, (compared to the
preindustrial level), would have contributed to the weak zonal SST gradient during the early Pliocene, but
its magnitude is much smaller than that which the geochemical proxy data have suggested. Other missing
physical processes might also have contributed to the very weak zonal SST gradient during that epoch, and
further exploration will be required to identify them.

Based on the large coverage of pCO, examined in our simulations, we find some new results that are quite
different from those of conventional investigations based on only doubling or quadrupling pCO,. In our simu-
lations, the increasing rate of global-mean atmospheric water (vapor, liquid, and ice) content is about 7% per
1 Kiincreasing in global-mean surface temperature (Figure 12a), and the increasing rate of global-mean pre-
cipitation is about 2% per 1 K of surface warming (Figure 12b). These results are consistent with those found
in other models [Held and Soden, 2006; Collins et al., 2010]. When the same calculations are performed but
only for the tropics, very similar trends in area-mean atmospheric water content and precipitation are found
(Figures 12c and 12d). This would suggest a weakening of the Walker circulation if following the proposal of
Vecchi et al. [2006]; however, we find that the weakening occurs only in the central and eastern Pacific, whereas
in the western Pacific the atmospheric circulation becomes stronger (see Figure 7). Further analyses will be
required to explain the differences.

We do not find superrotation developing at high CO, concentrations in our simulations (figure not shown).
However, this cannot be taken as a proof that the hypothesis of Tziperman and Farrell [2009] is incorrect.
The key aspect of their hypothesis is the response of convection and clouds to the warming associated with
increasing greenhouse gas concentrations. Present general circulation models are not able to well simulate
convection and clouds, so that our results cannot exclude their hypothesis. Future works with a superparam-
eterized climate model (such as Arnold et al. [2014]) or a near-global (or global) cloud-resolving model (such
as Bretherton and Khairoutdinov [2015]) will be required to further investigate this.

Besides the change of the zonal SST gradient, the meridional SST gradient also changes. In both CCSM3 and
CCSM4, the warming in the deep tropics is greater than that in the subtropics (see Figure 2), i.e., an enhanced
equatorial warming, which may be mainly associated with wind-evaporation-SST feedback [Liu et al., 2005;
Xie et al., 2010]. Moreover, the warming of the polar regions is greater than that of the tropics, so that the
equator-to-pole surface temperature difference decreases, i.e., a tendency of polar amplification.

It would be helpful if we could separate the cause and effect between clouds and SSTs, between surface heat
fluxes and ocean heat transport, and between near-surface wind stresses and SSTs. However, this task is always
very difficult or even impossible in a fully coupled, nonlinear atmosphere-ocean system. This is because of
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Figure 12. Changes of atmospheric water (vapor, liquid, and ice) content, precipitation, and surface temperature in all
the simulations, respective to the control runs of the preindustrial condition. The blue line is CCSM3 and red CCSM4.
(a—b) For global mean and (c-d) for the tropical mean between 30°S and 30°N.

the fact that all of the processes work together to determine the final equilibrium state of the system, and
there are many tight feedback processes connecting them. For instance, in coupled models, the change of
ocean heat transport is the result of the balance between radiation, surface evaporation, ocean dynamics, and
sensible heat exchanges between atmosphere and ocean; changes of vertical and horizontal ocean advection
can influence ocean heat transport, but it is not in a uniquely identifiable manner; changes of cloud radiative
forcing can also affect the surface radiation fluxes and thereby the energy of ocean heat transport. Recently, a
“cloud locking method” [e.g., Voigt and Shaw, 2015] and a “surface wind locking method” [e.g., Koll and Abbot,
2013; Luoetal., 2015] have been employed to separate the different processes of the climate system. However,
these methods have been used in atmosphere-only or ocean-only circulation models, and further work will
be required to employ them in fully coupled atmosphere-ocean model(s).

Finally, we should note thatin model simulations of the effects of increasing anthropogenic greenhouse gases,
there are large uncertainties in projecting the trends of clouds [e.g., Bony and Dufresne, 2005] and of the tropi-
cal atmospheric circulation [e.g., Kociuba and Power, 2015], which are the key mechanisms in determining the
zonal SST gradient. Our results are not expected to be reproducible in all other climate models. Nevertheless,
we note that Cherchi et al. [2008] employed the fully coupled atmosphere-ocean model, SINTEXG, to simulate
the climates of pCO, from 353 to 5648 ppmv. They also obtained a decreasing trend of the zonal SST gradient
with increasing pCO,. Our work provides a further benchmark for future studies of the zonal SST gradient of
the equatorial Pacific.

5. Conclusion

The two fully coupled climate models, CCSM3 and CCSM4, have been employed to investigate the response
of the mean equatorial climate state to a wide range of atmospheric pCO,. We find the zonal SST gradient
along the equatorial Pacific to be an almost monotonically decreasing function of pCO, in the two models.
As illustrated schematically in Figure 13, under cold climate conditions with a very low pCO,, the zonal trade
winds become very intense, and these winds drive a strong ocean upwelling, which acts to cool the equatorial
Pacific. Under hot climate conditions with a very high pCO,, the zonal trade winds become very weak, which
serves to decouple the connection between the cool thermocline water and the warm surface water. The
present-day climate is between the end-member cold and hot states. As pCO, is gradually increased from a
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Figure 13. Schematic diagram of the time-mean characteristics of the equatorial Pacific in (a) cold, (b) modern,
and (c) hot climate states under different CO, concentrations. See text for detailed descriptions.

very low level to a very high level, both atmosphere and ocean become warmer; the thermocline becomes
shallower and flatter; sea level pressure difference between the eastern and western Pacific decreases; the
zonal SST gradient becomes weaker; motions of the atmosphere and ocean slow down, including the ocean
upwelling in the cold tongue region, surface ocean currents, zonal equatorial trade winds, and atmospheric
subsiding motion over the eastern Pacific; over the western Pacific, atmospheric ascending motion enhances
and expands eastward; meanwhile, the optical depth of clouds increase in this region and convective clouds
expand eastward. The optical depth of clouds over the western and central Pacific is much larger in the hot
climate state than in the cold climate state, which strongly cools the surface.
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