
Regional Patterns of Sea Surface Temperature Change: A Source of Uncertainty
in Future Projections of Precipitation and Atmospheric Circulation*

JIAN MA

Department of Meteorology, School of Ocean and Earth Science and Technology, University of Hawaii at Manoa,
Honolulu, Hawaii

SHANG -PING XIE

Department of Meteorology, and International PaciÞc Research Center, School of Ocean and Earth Science
and Technology, University of Hawaii at Manoa, Honolulu, Hawaii

(Manuscript received 22 May 2012, in Þnal form 20 August 2012)

ABSTRACT

Precipitation change in response to global warming has profound impacts on environment for life but is
highly uncertain. Effects of sea surface temperature (SST) warming on the response of rainfall and atmo-
spheric overturning circulation are investigated using Coupled Model Intercomparison Project simulations.
The SST warming is decomposed into a spatially uniform SST increase (SUSI) and deviations from it. The
SST pattern effect is found to be important in explaining both the multimodel ensemble mean distribution and
intermodel variability of rainfall change over tropical oceans. In the ensemble mean, the annual rainfall
change follows a ÔÔwarmer-get-wetterÕÕ pattern, increasing where the SST warming exceeds the tropical mean,
and vice versa. Two SST patterns stand out both in the ensemble mean and intermodel variability: an
equatorial peak anchoring a local precipitation increase and a meridional dipole mode with increased rainfall
and weakened trade winds over the warmer hemisphere. These two modes of intermodel variability in SST
account for one-third of intermodel spread in rainfall projection.

The SST patterns can explain up to four-Þfths of the intermodel variability in intensity changes of over-
turning circulations. SUSI causes both the Hadley and Walker circulations to slow down, as articulated by
previous studies. The weakening of the Walker circulation is robust across models as the SST pattern effect is
weak. The Hadley circulation change, by contrast, is signiÞcantly affected by SST warming patterns. As
a result, near and south of the equator, the Hadley circulation strength change is weak in the multimodel
ensemble mean and subject to large intermodel variability due to the differences in SST warming patterns.

1. Introduction

Human societies formed where fresh water was readily
available. In many parts of the world, population increase
and economic development have stretched water re-
sources to near the breaking point, rendering societies
ever more vulnerable to rainfall variability and change.

The looming global warming is almost certain to change
the distribution of water resources (Zhang et al. 2007;
Held et al. 2005; Seager et al. 2007), posing serious so-
cioeconomic and security challenges that have profound
impacts on the environment for life on Earth. Whereas
the effects of the slow changes in precipitation patterns
are obvious, their causes are illusive, uncertain, and
poorly understood because of short observations and
large natural variability.

The enormity of the problem calls for investigations
into fundamental dynamics governing such changes,
especially those in response to increasing greenhouse
gases (GHGs). For this we analyze general circulation
model (GCM) simulations (Table 1) in the World Cli-
mate Research ProgramÕs (WCRPÕs) Coupled Model
Intercomparison Project (CMIP) phases 3 and 5 (Meehl
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et al. 2007). In model projections for climate change
during the twenty-Þrst century, global-mean rainfall in-
creases at a much slower rate (2%Ð3% per degree
of surface warming) (Held and Soden 2006) than at-
mospheric moisture content (7% K2 1). This difference
implies a slowing down of tropical circulation (Vecchi
and Soden 2007a), a prediction conÞrmed for the Walker
cell (Vecchi et al. 2006), although satellite-based mi-
crowave measurements question this slower increase
rate (Wentz et al. 2007). Recent observational studies

suggest a strengthening of the PaciÞc Walker circulation
during the last two decades (Sohn and Park 2010;
MerriÞeld 2011), which may be associated with natural
variability, with SST warming in the centralÐwestern
and cooling in the eastern PaciÞc. The GHG-induced
slowdown of tropical circulation can also be interpreted
as due to the mean advection of stratiÞcation change
(MASC) effect (Ma et al. 2012), which causes anoma-
lous cold (warm) advection in climatological ascending
(descending) regions, as a result of increased dry stability.

TABLE 1. The WCRP CMIP3 models used in this study. Monthly output is directly adopted except for the listed variables converted
from daily data, including zonal wind U, meridional wind V, and surface windsUsfcandVsfc. All changes are scaled by tropical mean (208SÐ
208N) SST changes for the speciÞc models.

Model name Country
Atmospheric

resolution
Oceanic

resolution
Converted
variables

1. Bjerknes Centre for Climate Research (BCCR)
Climate Model version 2.0 (BCM2.0)

Norway T63 L31 2.48 3 2.48(0.88) s24

2. Canadian Centre for Climate Modelling and Analysis
(CCCma) Coupled General Circulation Model
version 3.1, T47 resolution (CGCM3.1 T47)

Canada T47 L31 1.858 3 1.858L29

3. CGCM version 3.1, T63 resolution (CGCM3.1 T63) Canada T63 L31 1.48 3 0.948L29
4. Centre National de Recherches M�et�eorologiques

Coupled Global Climate Model, version 3 (CNRM
CM3)

France T63 L45 28 3 0.58L31

5. Commonwealth ScientiÞc and Industrial Research
Organisation (CSIRO) Mark version 3.0 (CSIRO
Mk3.0)

Australia T63 L18 1.8758 3 0.848L31 Usfc, Vsfc

6. CSIRO Mark version 3.5 (CSIRO Mk3.5) Australia T63 L18 1.8758 3 0.848L31
7. Geophysical Fluid Dynamics Laboratory (GFDL)

Climate Model version 2.0 (GFDL CM2.0)
United States 2.58 3 28L24 18 3 18(1/38) L50

8. GFDL Climate Model version 2.1 (GFDL CM2.1) United States 2.5 8 3 28L24 18 3 18(1/38) L50
9. Goddard Institute for Space Studies (GISS)

AtmosphereÐOcean Model (GISS-AOM)
United States 48 3 38L12 48 3 38L16

10. GISS Model E-H (GISS EH) United States 58 3 48L20 28 3 28L16
11. GISS Model E-R (GISS ER) United States 58 3 48L20 58 3 48L13
12. Institute of Atmospheric Physics Flexible Global

OceanÐAtmosphereÐLand System Model (IAP
FGOALS)

China T42 L26 18 3 18L33

13. Istituto Nazionale di GeoÞsica e Vulcanologia
Model SXG (INGV SXG)

Italy T106 L19 28 3 28(18) L31 Usfc, Vsfc

14. Institute of Numerical Mathematics Coupled Model,
version 3.0 (INM-CM3.0)

Russia 58 3 48L21 2.58 3 28L33

15. LÕInstitut Pierre-Simon Laplace Coupled Model,
version 4 (IPSL CM4)

France 2.58 3 3.758L19 28 3 18L31

16. Model for Interdisciplinary Research on Climate 3.2,
high-resolution [MIROC3.1(hires)]

Japan T106 L56 0.288 3 0.198L47

17. MIROC3.2, medium resolution [MIROC3.1(medres)] Japan T42 L20 1.48 3 0.58L43
18. ECHAM and the global Hamburg Ocean Primitive

Equation [Meteorological Institute of the University
of Bonn (MIUB) ECHO-G]

Germany/South
Korea

T30 L19 2.88 3 2.88L20 Ta, U, V, q

19. Max Planck Institute ECHAM5 (MPI ECHAM5) Germany T63 L31 1.5 8 3 1.58L40
20. Meteorological Research Institute Coupled General

Circulation Model, version 2.3 (MRI CGCM2.3)
Japan T42 L30 2.58 3 0.58L23

21. Third climate conÞguration of the Met OfÞce UniÞed
Model (UKMO HadCM3)

United Kingdom 3.758 3 2.58L19 1.258 3 1.258L30

22. Met OfÞce Hadley Centre Global Environmental
Model version 1 (UKMO HadGEM1)

United Kingdom 1.8758 3 1.258L38 18 3 18(1/38) L40
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However, the difference in the robustness of the Walker
(Vecchi and Soden 2007a) and Hadley (Ma et al. 2012)
circulation changes calls for research into the source of
uncertainty.

Precipitation change is highly uneven in space. Its
spatial variability is greater than the global mean by
a factor of 4 (Table 2). Research into patterns of pre-
cipitation change starts from a ÔÔwet-get-wetterÕÕ view.
This predicts that rainfall increases in the core of exist-
ing rainy regions and decreases on their margins and in
current dry areas, based on an argument of intensiÞed
moisture advection due to atmospheric warming (Neelin
et al. 2003; Chou and Neelin 2004; Chou et al. 2009; Held
and Soden 2006; Seager et al. 2010). A spatially uniform
sea surface temperature (SST) increase (SUSI) is im-
plicitly assumed, neglecting spatial variations in surface
warming and the associated wind change.

The SST warming displays considerable variations in
space (Xie et al. 2010) with robust and coherent sea-
sonal variability (Sobel and Camargo 2011). A ÔÔwarmer-
get-wetterÕÕ paradigm emerges, casting the relative SST
warming T* , deÞned as deviations from the tropical
mean SST increase, as important for regional changes in
tropical cyclone activity (Vecchi and Soden 2007b),
precipitation (Xie et al. 2010; Sobel and Camargo 2011),
and atmospheric circulation (Ma et al. 2012; Gastineau
et al. 2009). Upper tropospheric warming is nearly spa-
tially uniform in the tropics because of fast wave actions
(Sobel and Bretherton 2000; Sobel et al. 2002), so con-
vective instability is largely determined by spatial vari-
ations in SST warming and related low-level moisture
change (Johnson and Xie 2010). Complementary anal-
yses based on moist energy (Chou et al. 2009) and moisture
(Seager et al. 2010) budgets show the importance of
atmospheric circulation for precipitation change.

This SST pattern control on rainfall reorganization
can be illustrated by a comparison of two CMIP3 model
simulations forced with the Intergovernmental Panel on
Climate Change (IPCC) Special Report on Emissions
Scenarios (SRES) scenario A1B. Figure 1 shows that

oceanic rainfall changes are quite different between
the Geophysical Fluid Dynamics Laboratory (GFDL)
CM2.0 and the Met OfÞce (UKMO) HadCM3 (note
that all CMIP3 model names are expanded in Table 1).
Over the tropical PaciÞc, the CM2.0 features a pro-
nounced increase in rainfall on the equator (especially
the western side) and drastic reduction on the sides. By
contrast, the HadCM3 rainfall change is characterized
by an interhemispheric asymmetry with increased rain-
fall north of the equator. Spatial correlation r in trop-
ical (208SÐ208N) rainfall change between the two models
is only 2 0.03. Remarkably, the disparity in rainfall re-
sponse to the A1B scenario can be explained by the
intermodel difference in SST warming (Fig. 1c). Positive
SST difference (CM2.0 minus HadCM3) is found collo-
cated with enhanced rainfall in all three tropical oceans.
Indeed, the spatial correlation between SST and rainfall
differences reaches 0.56, illustrating the importance of
SST warming pattern.

The present study investigates the effects of SST
warming pattern on changes in tropical precipitation
and circulation. It extends previous studies by analyzing
a large number of coupled model simulations in the
CMIP database and by using atmospheric SUSI simu-
lations to isolate SST pattern effects. We show that the
warmer-get-wetter mechanism accounts for much of the
spatial variations in tropical rainfall response to GHG
forcing as represented by the multimodel ensemble
mean. As Fig. 1 illustrates, rainfall projection varies
greatly among models, and the causes of this uncertainty
have not been fully explored. We show that the differ-
ences in spatial patterns of SST warming are an impor-
tant source of intermodel diversity in tropical rainfall
projection, highlighting the need to study SST warming
pattern as an oceanÐatmosphere interaction problem.
Finally, we examine the response of atmospheric over-
turning circulation to global warming and again identify
SST pattern as an important cause of variability among
models, especially for the Hadley circulation change.

The rest of the paper is arranged as follows. Section 2
describes the data and methods. Section 3 examines the
relationship among change patterns of SST, precipita-
tion, and atmospheric circulation in the CMIP3 ensem-
ble mean. Section 4 investigates the SST effect on the
intermodel variations in precipitation change. Inßuences
of SST warming on overturning circulation changes are
discussed in section 5. Section 6 gives conclusions with
discussion.

2. Data and methods

This study uses CMIP3 and CMIP5 output, and at-
mospheric GCM (AGCM) experiments (Table 3) to

TABLE 2. Ensemble means of spatial mean (Mx,y) and variability
(s x,y) of changes in air temperature at 2 m and precipitation in the
22 CMIP3 models. Changes are deÞned as the annual mean of
2091Ð2100 minus that of 2001Ð10, normalized by the tropical mean
SST warming. The calculations are limited to nearly ice-free re-
gions (608SÐ608N).

(608SÐ608N)

Air temperature
at 2 m (K)

Precipitation
(mm month2 1)

Global Ocean Land Global Ocean Land

Mx,y 1.16 0.98 1.53 1.43 1.70 0.86
s x,y 0.45 0.34 0.39 6.95 7.43 5.56
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investigate the response of precipitation and atmo-
spheric circulation to global warming.

a. CMIP3 models

We analyze CMIP3 model simulations (Table 1) forced
with the IPCC SRES A1B scenario representing the
emission of a few climatically important trace gases (e.g.,
carbon dioxide and ozone). Based on certain socioeco-
nomic development paths for the twenty-Þrst century,
this scenario projects a rough doubling of atmospheric
CO2 for the century as well as a recovery of the Southern
Hemisphere ÔÔozone holeÕÕ by approximately 2050. (Details
of the models can be found at http://www-pcmdi.llnl.gov/
ipcc/model_documentation/ipcc_model_documentation.
php, and the output at https://esg.llnl.gov:8443/index.
jsp.) A total of 22 models are included with one reali-
zation for each model. Monthly output is used. When
monthly means are unavailable, we either compute from
daily output or convert from other variables. See details
in Table 1.

To extract robust anthropogenic global warming sig-
nals, changes are computed for the twenty-Þrst century
between two 10-yr periods: 2001Ð10 and 2091Ð2100.
Then, they are normalized by the tropical (208SÐ208N)
mean SST warming in each model before calculating the
ensemble averages and the deviations from the ensem-
ble mean.

The SUSI experiments advocated by the Cloud Feed-
back Model Intercomparison Project (CFMIP; Ringer
et al. 2006) are used for zonal mean comparisons with
the A1B simulations [only GFDL AM2.1 (i.e. the atmo-
spheric component of CM2.1), MPI ECHAM5, and
NCAR CAM3.1 are available].

b. CMIP5 data

The CMIP5 output under the representative con-
centration pathway 4.5 (RCP4.5) is available for 22
models. Our preliminary analyses of RCP4.5 data gen-
erally support the A1B results of CMIP3 to be pre-
sented here. We only include a brief discussion on

FIG . 1. Comparison of annual mean rainfall changes (color shading, mm month2 1) between
(a) GFDL CM2.0 and (b) HadCM3 in the CMIP3 ensemble under the SRES A1B emission
scenario. (c) Their difference along SST difference in contours [contour interval (CI): 0.2 K;
0 K contour omitted].
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RCP4.5 results, as the detailed comparison will be re-
ported elsewhere.

We use the CFMIP2 simulations as part of CMIP5
(Table 3) to isolate the mechanisms for changes of the
overturning circulations:

d Coupled models: CO2 concentration increases at
1% yr2 1 until quadrupling ( ; 140 yr);

d Direct radiative (RAD) (CFMIP2): Quadrupling
CO2 concentration while holding SST at the current
climate;

d SUSI (CFMIP2): SST is spatially uniformly warmed
by 4 K (Cess et al. 1990);

d T* : Effect of SST warming patterns is calculated as
residual [coupled models2 (RAD 1 SUSI)].

Note that some of the SST patterns are due to the great
ocean inertia, such as the reduced warming over the
Southern Ocean and subpolar North Atlantic (Manabe
and Stouffer 1988). All results are normalized by their
tropical (208SÐ208N) mean SST increases. Currently,
Þve models are available: the Canadian Earth System
Model version 2 with atmospheric model version 4
(CanESM2/AM4); the Centre National de Recherches
M �et�eorologiques Coupled Global Climate Model,
version 5 (CNRM-CM5); the Hadley Centre Global
Environmental Model versions 2-ES and 2-A (HadGEM2-
ES/-A); LÕInstitut Pierre-Simon Laplace Coupled Model,
version 5a, low resolution (IPSL-CM5A-LR); and the
Model for Interdisciplin ary Research on Climate,
version 5 (MIROC5).

c. AGCM simulations

To test the atmospheric response to multiple compo-
nents of the SST warming, we perform a sensitivity study
using the National Center for Atmospheric Research
(NCAR) Community Atmosphere Model (CAM), ver-
sion 3.1. CAM is a global AGCM developed by the
climate research communities in collaboration with
NCAR (Collins et al. 2006). Coupled with a land model
and a thermodynamic sea ice model, it is suitable for
examining the response of the atmospheric circulation
and rainfall to changes in SST.

We run the model for 20 years with triangular trun-
cation at T42 (equivalent grid spacing of 2.888) and 26
vertical levels. The CAM experiments are forced with
the observed monthly mean SST climatology plus changes
(except the control run) derived from the CMIP3 en-
semble and annual mean SST warming, which is de-
composed into SUSI and patterns. SpeciÞcally, they
include the following cases (Table 3):

d CAM_A1B: SST increases as the CMIP3 ensemble
mean;

d CAM_SUSI: SST is spatially uniformly warmed by
2 K;

d CAM_ T* : Only spatial patterns of SST change (i.e.,
T* ) are applied, deÞned as the deviations of the
CMIP3 warming from the tropical (20 8SÐ208N) mean,
equivalent to CAM_A1B minus CAM_SUSI;

d CAM_NEP: The equatorial peak of T* (Fig. 2) is
eliminated by applying a Gaussian weight in the merid-
ional direction;

d CAM_EP: Equatorial peak effect only, calculated as
CAM_ T* minus CAM_NEP.

d. Moisture budget analysis

We perform a moisture budget analysis to decompose
the atmospheric dynamic and thermodynamic contri-
butions to rainfall change over ocean (Seager et al. 2010).
Once the atmospheric moisture equation is vertically
integrated, one obtains

P 2 E 52 h$ � (Vq)i 1 Eddy, (1)

where P is precipitation, E is evaporation, the angle
bracketsh�i represent column mass integration throughout
the troposphere (approximated as 200Ð1000 hPa), and the
overbar denotes the monthly average. TheV denotes
three-dimensional atmospheric velocity, but here we use
two-dimensional Þelds to include more models, assum-
ing that pressure velocity is small at the tropopause and
ocean surface. The eddy term is due to submonthly
variability and calculated as residual.

TABLE 3. Data and experiments analyzed in this study.

Model Experiment Description

CMIP3 A1B Changes are calculated as
2091Ð2100 minus 2001Ð10

SUSI Spatially uniform SST warming
by 2 K

CMIP5ÐCFMIP2 Coupled
models

CO2 increases at 1% yr2 1

until quadrupling
(; 140 yr)

RAD Quadrupling CO 2 while holding
SST at current climate

SUSI SST is spatially uniformly
warmed by 4 K

T* Calculated as residual [Coupled
models 2 (RAD 1 SUSI)]

AGCM CAM_A1B SST increases as the CMIP3
ensemble mean

CAM_SUSI SST is spatially uniformly
warmed by 2 K

CAM_ T* Only spatial patterns of SST
change are applied

CAM_NEP Equatorial peak of T* is
eliminated

CAM_EP Equatorial peak effect only
(CAM_ T* 2 CAM_NEP)
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In global warming, the perturbation of P 2 E can be
linearly decomposed as

d(P 2 E) 5 2 h$ � (dVq)i 2 h$ � (Vdq)i 1 dEddy, (2)

where the Þrst term on the right-hand side represents the
contribution of circulation change (dynamic effect) and
the second term represents moisture content change
(thermodynamic effect).

e. Statistical methods

Empirical orthogonal function (EOF) and singular
value decomposition (SVD) analyses are applied to the
CMIP3 ensemble to investigate the intermodel vari-
ability of SST change patterns and its contributions to
changes in other variables.

3. Ensemble mean change patterns

This section examines tropical rainfall change under
global warming and relates it to SST warming pattern.
We start with an analysis of the CMIP3 ensemble
mean, followed with a water vapor budget and AGCM
experiments.

a. SST, rainfall, and surface winds

To highlight the effect of spatial variations in SST
warming, we compare the CMIP3 model projections

under the SRES A1B emission scenario and simulations
with their atmospheric components in response to
a SUSI of 2 K, with the latter available through the
CFMIP (Ringer et al. 2006). Figure 2 presents the zonal
mean rainfall changes over ocean in these model en-
sembles, with climatologicalprecipitation and SST change
for reference. Rainfall change in SUSI runs (Fig. 2a)
resembles the climatology (Fig. 2b). They share an
equatorial minimum sandwiched by double peaks on
either side, with r 5 0.67 in 208SÐ208N. A maximum of
intermodel variations anchoring the Northern Hemi-
spheric peak appears consistently in both Þelds. This
relationship in SUSI is consistent with the wet-get-
wetter mechanism (Xie et al. 2010).

The SST change develops patterns in space, here
measured byT* , the deviations of SST warming from its
tropical (208SÐ208N) mean increase. In the zonal mean
(Fig. 2b), major features of these patterns include an
equatorial peak (Liu et al. 2005) and south-to-north
gradients (Xie et al. 2010). The mean rainfall change of
the A1B ensemble (Fig. 2a) shows little correlation with
SUSI (r 5 0.18). Instead of an equatorial minimum in
SUSI, A1B precipitation features a broad equatorial
increase with some intermodel spread, apparently forced
by the equatorial maximum in T* , which also shows
considerable spread. The subtropical reduction in A1B
precipitation seems to Þt the ÔÔdry-get-drierÕÕ pattern but
is actually associated with reduced SST warming (T* ,
0), especially in the Southern Hemisphere. In A1B
simulations, the ensemble mean precipitation change
and relative SST warming are highly correlated at r 5
0.80. This relation illustrates the dominance of the
warmer-get-wetter mechanism in the coupled models.
Oceanic feedback due to changes in surface heat ßux
is discussed in Chou et al. (2009).

Figures 3a and 3b compare percentage precipitation
change with relative SST warming in the 22 CMIP3
models under A1B scenario (Table 1). A clear corre-
lation ( r 5 0.68) in space emerges in the ensemble
mean, with increasing dP/P generally collocated with
positive T* , and vice versa. In particular, the equatorial
maximum in T* anchors a large precipitation increase
in the equatorial PaciÞc; whereas precipitation gener-
ally decreases in the subtropical Southern Hemisphere
where SST warming is subdued (T* , 0). The reduced
SST warming is associated with the intensiÞed south-
easterly trade winds (Fig. 3c), suggestive of windÐ
evaporationÐSST (WES) feedback (Xie and Philander
1994). Reduced warming and suppressed rainfall are
also found over the subtropical North Atlantic, a result
of enhanced evaporative damping rate (Leloup and
Clement 2009) and ocean circulation change (Xie et al.
2010).

FIG . 2. Comparison of annual and zonal mean oceanic rainfall
changes between A1B and SUSI simulations, in relation to the
climatological precipitation and relative SST warming. The en-
semble means are shown for (a) A1B (solid) and SUSI (dashed)
rainfall changes dP (mm day2 1) normalized by tropical (208SÐ
208N)-mean SST warming, and (b) normalized A1B SST warming
patterns T* (K; solid) and rainfall climatology P (20 mm day2 1;
dashed), with intermodel spreads (ensemble mean6 1 standard
deviation) marked by the shaded ranges. The model ensemble in-
cludes GFDL CM2.1, MPI ECHAM5, and NCAR CCSM3.
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SST change patterns are robust for the equatorial
peak and Southern Hemispheric minima (Fig. 3a). The
robustness of rainfall change there (Fig. 3b) is an SST
effect. Moderate uncertainty in rainfall change for the
central equatorial PaciÞc may be due to differences in
the model physics/coupling scheme (e.g., the intensity of
the climatological equatorial cold tongue).

A strong spatial correlation between dP/P and T* in
the A1B ensemble mean suggests an empirical relation
(Fig. 4)

dP/P 5 aT* 1 bT , (3)

where a 5 44% K2 1, b 5 2% K 2 1, and T 5 1 K K 2 1

(the tropical mean warming normalized by itself). In
SUSI, T* 5 0 and dP is proportional to P, representing
the wet-get-wetter mechanism. Also, b measures the
percentage increase in the tropical average rainfall due
to SUSI and direct radiative effects. In A1B, T* is only

a fraction of the tropical mean SST warming (Table 2),
but its effect on rainfall change [the Þrst term on the
right-hand side of Eq. (3)] is an order of magnitude
greater than the second term (Fig. 4). In Table 2, a
common rule stands out for both ocean and land. The
standard deviation of 2-m air temperature warming is
only a fraction of its global mean, whereas the spatial
variability in rainfall change is 4 times larger than the
mean. The mean land warming is 1.5 times that of the
ocean warming, but the spatial variability is similar in
magnitude. For precipitation, the mean and variability
are both smaller over land than over ocean.

The ClausiusÐClapeyron equation predicts that the
atmospheric moisture content increases at a rate ofa0 5
7% K 2 1 (Held and Soden 2006). The fact that a �
a0 indicates that besides a weak contribution from
spatial variation of moisture increase, the circulation
change is important for regional precipitation change.
Figure 3c shows that the SST pattern dominates the sea

FIG . 3. Relationship between annual mean rainfall and SST change patterns projected by the
22 CMIP3 models under the SRES A1B emission scenario. The ensemble means (color
shading) of (a) relative SST warming T* (K) and (b) percentage rainfall change dP/P (%),
along with robustness deÞned as the ratio of the ensemble mean (absolute value) to intermodel
spread (values . 0.75 mapped with grid). (c) The ensemble-mean change in surface wind
(vectors, m s2 1) and divergence (color shading, 102 7 s2 1).
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surface wind change and moisture convergence. Indeed,
convergence is generally found where precipitation in-
creases andT* . 0, indicative of a strong positive
feedback between circulation and convection that is
commonly seen in the tropics (Back and Bretherton
2006).

For individual models (Fig. 5), a varies in the range of
10%Ð70% K2 1, with a right-skewed distribution, and
b in the range of 2 1% to 5% K 2 1. Not surprisingly,
models with large a feature a high correlation (i.e., r)
between dP/P and T* (Fig. 5d). The intermodel corre-
lation is 0.62 betweenr and a.

b. Moisture budget analysis

A moisture budget analysis [Eq. (2)] helps identify
whether the SST pattern control on regional precipi-
tation is through spatial variations in water vapor in-
crease or associated with atmospheric circulation change
by quantifying the relative importance of the atmo-
spheric dynamic and thermodynamic contributions to
d(P 2 E). Figure 6 illustrates the CMIP3 ensemble-
mean results over ocean. TheP 2 E change (Fig. 6a) is
well correlated in space with the contribution by circu-
lation change (Fig. 6b), with r 5 0.736 0.10 in the mul-
timodel ensemble. Especially, the rainfall enhancement
in the equatorial PaciÞc and reduction in the south-
eastern PaciÞc are due to circulation change associated
with SST patterns. While the moisture increase (Fig. 6c)
produces the wet-get-wetter pattern, its correlation with
P 2 E is quite low (r 5 0.306 0.17). This conÞrms that

over ocean, althoughT* is only a fraction of the tropical
mean SST warming (Table 2), the near-surface atmo-
spheric circulation change induced by SST patterns
dominates the regional precipitation response to global
warming. The eddy contribution (Fig. 6d) shows a clear
poleward expansion of the Hadley cell in the PaciÞc and
Atlantic Oceans.

Both the SUSI and SST pattern effects involve ther-
modynamic and dynamic processes. In SUSI, the ther-
modynamic effect dominates, but the dynamic effect
associated with the weakening of the tropical circulation
(Held and Soden 2006) also contributes, particularly in
magnitude. With SST patterns, the dynamic effect de-
termines the spatial pattern of precipitation change, but
the thermodynamic effect also contributes to the mag-
nitude. To Þrst order, the thermodynamic component
approximately represents the wet-get-wetter view (Fig. 6c),
while the dynamic component expresses the warmer-
get-wetter view (Fig. 6b), especially in spatial pattern.

c. AGCM experiments

We perform AGCM experiments to test how different
components of SST warming, including the SUSI and
spatial pattern, inßuence the atmospheric circulation
and regional rainfall. Although implied to be the cause
of atmospheric changes in this type of experiments, SST
anomalies are determined by oceanÐatmosphere in-
teractions, which need further investigations (Lu and
Zhao 2012).

Figure 7 evaluates the ability of CAM3.1 to simulate
the ensemble mean change in the CMIP3 models. With
r 5 0.62 in 208SÐ208N, the CAM_A1B experiment
(Fig. 7a) can reproduce the regional precipitation change
in Fig. 3b quite well, including the strong equatorial en-
hancement and the reduction in the southeastern PaciÞc,
subtropical Atlantic, and Indian Ocean. Surface wind
change is also well simulated, with the enhanced south-
easterly trades in the southeastern PaciÞc and weakening
of the Walker circulation.

The CAM_SUSI experiment (Fig. 7b) shows that the
tropical mean SST warming contributes to the rainfall
reduction in the northeastern PaciÞc and the Mediter-
ranean Sea. Besides, the SUSI causes cyclonic circula-
tion in major subtropical ocean basins, which corresponds
to the slowdown of surface winds. SpeciÞcally, this is
consistent with the weakening of the Walker circulation.

Figures 7c and 7d compare the effect ofT* evaluated
with different methods as the difference between the
CAM_A1B and CAM_SUSI runs, and the atmospheric
response toT* . Basically, the rainfall and surface wind
change patterns are very similar between the two
methods. In fact, the major features in Fig. 7a are largely
reproduced by both methods, illustrating the importance

FIG . 4. Scatterplot between the percentage change of tropical
(208SÐ208N) rainfall and relative SST warming in the ensemble
mean of CMIP3 models under the A1B scenario. Also marked are
the spatial correlation (r), standard deviation (s ) of rainfall changes,
growth rate (a), and intercept (b) of the linear Þt.
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of SST patterns in reorganizing regional precipitation in
a changing climate.

Without the equatorial peak in T* (CAM_NEP), it
becomes clear that the south-to-north gradient of SST
warming (Fig. 7e) is associated with a basin-scale WES
feedback in the PaciÞc and Atlantic (Xie and Philander
1994), with enhanced (reduced) trades collocating with
weaker (stronger) SST warming in the southeastern
(northeastern) PaciÞc. Note (see Figs. 7d,e) that the
high-pressure center is displaced southwest of the SST
minimum in the southeastern PaciÞc, a feature that
needs further investigation. The similarity between
Figs. 7c and 7d suggests that the AGCM experiments are
linearly additive. Thus, we take the CAM_NEP experi-
ment (Fig. 7e) to separate the SST patterns into two
modes: the equatorial peak and interhemispheric asym-
metry. Calculated as CAM_T* minus CAM_NEP, the
equatorial peak effect (Fig. 7f) is accompanied by merid-
ional surface wind convergence, associated with rainfall
increase on the equator and reduction on the sides. It also
contributes to the reduction of the Walker circulation.

The above analysis shows that the CMIP3 ensemble-
mean SST warming pattern is composed of two leading
modes: the equatorial peak and south-to-north gradient.

SST patterns interact with the atmospheric circulation
and dominate rainfall reorganization.

4. Intermodel variations in precipitation change

SST and precipitation changes vary considerably
among models, and we show that their intermodel var-
iations are correlated over ocean. An intermodel EOF
analysis is performed on the SST changes among the
CMIP3 models in the tropics (208SÐ208N). Figure 8
shows the leading modes with regressions for several
variables. The Þrst mode represents intermodel vari-
ability in cross-equatorial SST gradient, with large SST
anomalies in the subtropics. Note that T* (Fig. 8a), air
temperature (Fig. 8c), and dP/P (consistent with the
low-level moisture convergence) (Fig. 8e) are all asym-
metric between the hemispheres, with a warmer and
wetter Northern Hemisphere. The surface wind (Fig. 8a)
and vertical wind shear (Fig. 8c) show consistent baro-
clinic patterns, suggestive of a basin-scale WES feed-
back, with enhanced (reduced) trades in the Southern
(Northern) Hemisphere.

The second modes are more symmetric about the
equator (Figs. 8b,d,f), with enhanced rainfall collocated

FIG . 5. Histogram of (a) a, (b) b, and (c) r for individual models. Dashed lines mark the ensemble mean values.
(d) Scatterplot between r and a; a and b are deÞned in Eq. (3), andr denotes the correlation betweendP/P and T* .
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