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Patterns of the seasonal response of tropical
rainfall to global warming
Ping Huang1*, Shang-Ping Xie2,3,4*, Kaiming Hu1, Gang Huang5 and Ronghui Huang1

Tropical convection is an important factor in regional climate
variability and change around the globe1,2. The response
of regional precipitation to global warming is spatially
variable, and state-of-the-art model projections suffer large
uncertainties in the geographic distribution of precipitation
changes3–5. Two views exist regarding tropical rainfall change:
one predicts increased rainfall in presently rainy regions
(wet-get-wetter)6–8, and the other suggests increased rainfall
where the rise in sea surface temperature exceeds the mean
surface warming in the tropics (warmer-get-wetter)9–12. Here
we analyse simulations with 18 models from the Coupled Model
Intercomparison Project (CMIP5), and present a unifying view
for seasonal rainfall change. We find that the pattern of ocean
warming induces ascending atmospheric flow at the Equator
and subsidence on the flanks, anchoring a band of annual mean
rainfall increase near the Equator that reflects the warmer-
get-wetter view. However, this climatological ascending motion
marches back and forth across the Equator with the Sun,
pumping moisture upwards from the boundary layer and
causing seasonal rainfall anomalies to follow a wet-get-wetter
pattern. The seasonal mean rainfall, which is the sum of
the annual mean and seasonal anomalies, thus combines
the wet-get-wetter and warmer-get-wetter trends. Given that
precipitation climatology is well observed whereas the pattern
of ocean surface warming is poorly constrained13,14, our results
suggest that projections of tropical seasonal mean rainfall are
more reliable than the annual mean.

The increase in atmospheric water vapour is a robust change
under global warming as relative humidity remains relatively
unchanged. The resultant intensification of the vertical moisture
gradient, advected by the mean vertical motion, causes rainfall
to increase where net water flux at the surface (P–E) is positive,
and vice versa (wet-get-wetter)7. The enhanced lateral advection
calls for reduced precipitation on the margins of a climatological
rain band (upped-ante)6,8. The wet-get-wetter and upped-ante
mechanisms do not emphasize the spatial variations in sea surface
temperature (SST) warming. In Coupled Model Intercomparison
Project (CMIP) models, the spatial distribution of tropical rainfall
response is highly correlated with the overlooked SST pattern5. As
tropospheric temperature is flattened by fast equatorial waves and
set by the tropical mean SST (refs 10,15), local change in convective
instability and hence rainfall is determined by relative SST defined
as the deviation from the tropical mean (warmer-get-wetter,
WaGW)9,15. We show that both the WaGW and wet-get-wetter
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(WeGW) mechanisms are important for tropical rainfall change,
dominating the annual mean and seasonal anomalies, respectively.
The result has implications for constraining rainfall projection.

The historical simulation and the representative concentration
pathway 4.5 (RCP 4.5) experiment from 18 CMIP5 models (see
Methods) are used to represent the present and future climates,
respectively16. Figure 1 shows multi-model ensemble (MME) and
zonal mean change in precipitation (P) and SST. The WeGW
effect is obvious as 1P moves back and forth across the Equator
following the seasonal cycle of P̄ (refs 17,18). (The overbar and
1 denote the present climatology and change in future climate,
respectively.) The ocean warming (1SST) peaks on the Equator
and shows a weak seasonal cycle9,19. (Seasonal variations of 1SST
are only 6% of the annual-mean, spatial variations.) On close
inspection, the deviations from the WeGW pattern are apparent:
precipitation increase (1P) exhibits smaller meridional excursions
than P̄ , with the maximum displaced on the equatorward flank of
the climatological rain band. The peak rainfall is larger in March
than September for 1P but the opposite is true for P̄ . We will
show that these deviations from WeGW are 1SST effects. (The
upped-ante mechanism calls for rainfall reduction on both margins
of the mean convergence zone, and does not explain the consistent
equatorward displacement of1P relative to P̄ .)

To isolate the1SST effect, we also analyse a pair of additional at-
mospheric experiments in CMIP5, forced respectively by a spatially
uniform SST increase (SUSI) of 4 K and by the spatially patterned
SST increase (SPSI) derived from MME CMIP3 quadruple CO2
(1%to4×) simulations16,20,21. The observed SST climatology is used
for both runs. The SST warming pattern used in the SPSI run is
very similar to1SST in RCP 4.5, both with an equatorial peak and
a weak seasonal cycle (Supplementary Fig. S1). The SPSI results are
scaled by its tropical mean SST increase, so the SPSI minus SUSI
difference represents the SST pattern effect under the assumption
that the nonlinear dependency on1SST amplitude is small.

A band of increased precipitation in SUSI marches across the
Equator following P̄ , and the peak of 1P coincides with that of
P̄ (Fig. 2a). This validates the WeGW mechanism. Precipitation
change in SPSI is similar to that in RCP 4.5 runs (Figs 2b and 1a)
but deviates markedly from SUSI runs. Compared with SUSI, the
anomalous rain band in SPSI features small meridional swings and
rainfall increase is enhanced near the Equator. The SPSI minus
SUSI difference shows only a weak seasonal cycle and is tightly
trapped on the Equator, consistent with the 1SST structure. The
1SST effect is stronger in the first than in the second half of
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Figure 1 | Seasonal cycle of precipitation and SST change. a–c, Precipitation change (a), the precipitation climatology (b) and SST change (c) in RCP 4.5,
all in zonal and MME mean. In a, the red curve marks the latitude of the maximum in mean precipitation.

the year because the seasonal development of equatorial upwelling
suppresses the SST warming9.

Vertical velocity change (1ω), overlooked in the WeGW
hypothesis, proves important for rainfall change. In SUSI, 1ω
broadly represents a weakening of tropical circulation (Fig. 2d) as
required by a muted response of global precipitation8,14. In SPSI,
1ω is greatly enhanced near the Equator owing largely to the SST
effect (Fig. 2e). The SST-induced change in 1ω closely resembles
that in1P (Fig. 2f,c). The1SST peak anchors the anomalous rising
motion near the Equator and compensating subsidence on the
flanks. Even the weak seasonal cycle is mutually consistent among
1SST, 1ω and 1P , modulated to some degree by convective
feedback22. The time–latitude evolution of 1ω is similar between
SPSI and RCP 4.5 runs (Figs 2e and 3a). The 1SST effect on 1ω
can alternatively be understood from amoist instability argument9.
1SST and surface1q dominate the regional distribution of convec-
tive instability change because of the flattened upper tropospheric
temperature change9,10. Specifically on the Equator where 1SST
peaks, the enhanced convective instability anchors a maximum in
precipitation increase and anomalous upwardmotion.

The water vapour budget can decompose tropical rain-
fall change into

1P ∼1ω ·q̄+ ω̄ ·1q (1)

where q denotes surface specific humidity,ω is the pressure velocity
at 500 hPa, and lateral advection has been neglected, a good
approximation for the tropics7. Figure 3 shows the decomposition
results for RCP 4.5 runs. Equation (1) reproduces1P well from full
models (Figs 1a and 3d). (The calculation using the full vertical-
integrated budget yields nearly identical results.) As both q̄ and
1q have broad structures that peak in the climatological rain band
(Supplementary Fig. S2), both terms in equation (1) are dominated
by vertical velocity in meridional structure (Fig. 3), although the
poleward moisture decrease reduces the effect of vertical motion
on precipitation away from the deep tropics. The thermodynamic
component ω̄ ·1q represents the WeGW effect, with the upward
motion in the climatological rain band pumping up the moisture
increase near the surface. The dynamic component 1ω · q̄ causes
rainfall to increase (decrease) near (off) the Equator, consistent with
the vertical circulation change induced by the equatorial peak in SST
warming. We have repeated the decomposition for SUSI and SPSI

runs (Supplementary Fig. S3). The results confirm that the dynamic
component is due to the SST effect following the WaGW pattern.
Remarkably, the thermodynamic component is nearly identical
between SUSI and SPSI runs, illustrating that the seasonal cycle in
precipitation change is dominated by theWeGWmechanism.

Monthly mean 1P is significantly correlated with both P̄
and 1SST at 0.67 and 0.60, respectively (Fig. 4), indicating that
the WeGW and WaGW mechanisms are both important. The
correlation is taken for the seasonal cycle within 10◦ S–10◦N, a
latitudinal band that pronounced precipitation change is confined
to (Fig. 1a). To illustrate the combined WeGW–WaGW effect, we
construct a multi-variant regression

1P = aP̄+b(1SST− c) (2)

for latitude–seasonal variations of zonal and MME means within
10◦ S and 10◦N for 12months.With a=0.11, b=2.23 and c=1.76,
the regression correlates with 1P from CMIP5 models at 0.89,
significantly higher than the correlation with either P̄ or 1SST for
the MME analysis. A similar multi-variant regression analysis is
performed for each model. The coefficient a≈ β ·〈1SST〉, where
the angle brackets denote the tropical mean and β = 0.07K−1 is
the Clausius–Clapeyron coefficient, represents the thermodynamic
effect on 1P , whereas the coefficient c ≈ 〈1SST〉 relates the
change in the SST threshold for atmospheric convection to the
tropical mean SST warming10 (Supplementary Fig. S4). We use a
non-dimensional ratio α= (b ·σ (1SST− c)/a ·σ (P̄)) to measure
the relative importance of the WaGW to WeGW effect, where
σ denotes the standard deviation. For MME, α= 0.9, indicating
that the WeGW and WaGW effects contribute nearly equally
to 1P . MME average generally underestimates the SST pattern
and its effect on rainfall. Indeed the same regression analysis for
individual models yields α> 0.9 for 13 out of 18 models (Fig. 4d).
(Results are not shown for FGOALS-s2 and MIROC5, in which the
1SST pattern effect is so strong that 1P is negatively correlated
with P̄ .) The ratio α is significantly correlated with the standard
deviation of SST pattern at 0.55 among models, indicating that
the stronger the SST pattern is, the greater its relative importance
for precipitation change.

In summary, we show that the seasonal precipitation response to
global warming is a hybrid of WeGW and WaGW effects (WeWa).

358 NATURE GEOSCIENCE | VOL 6 | MAY 2013 | www.nature.com/naturegeoscience

http://www.nature.com/doifinder/10.1038/ngeo1792
http://www.nature.com/naturegeoscience


NATURE GEOSCIENCE DOI: 10.1038/NGEO1792 LETTERS

Da

M
on

th
N

O

S

A

J

J

M

A

M

F

J

Dd

M
on

th

N

O

S

A

J

J

M

A

M

F

J

De

M
on

th

N

O

S

A

J

J

M

A

M

F

J

Df

M
on

th

N

O

S

A

J

J

M

A

M

F

J

Db

M
on

th

N

O

S

A

J

J

M

A

M

F

J

Dc

M
on

th

N

O

S

A

J

J

M

A

M

F

J
20° S 10° S 0° 10° N 20° N

¬2.0 ¬1.5 ¬1.0 ¬0.5 0.0

mm d¬1

0.5 1.0 1.5 2.0

20° S 10° S 0° 10° N 20° N 20° S 10° S 0°

Latitude Latitude Latitude

10° N 20° N

20° S 10° S 0° 10° N 20° N 20° S

¬8 ¬6 ¬4 ¬2 0

10¬3 Pa s¬1

2 4 6 8

10° S 0° 10° N 20° N 20° S 10° S 0°

Latitude Latitude Latitude

10° N 20° N

Figure 2 | Seasonal cycle of precipitation and circulation changes in SUSI and SPSI runs. a–c,1P in SUSI (a) and SPSI (b) runs, and their difference (c).
d–f, The same as in a–c but for pressure velocity1ω at 500 hPa. The solid red lines in a,b mark the latitude of the climatological precipitation maximum in
the control. The SPSI results are scaled by the 20◦ S–20◦ N mean1SST to match SUSI.
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The two effects are not mutually exclusive but complementary, and
the combined WeWa view best explains the seasonal precipitation
change in the tropics (Fig. 4c). The anomalous rain band moves
back and forth across the Equator but is consistently displaced
on the equatorward flank of the climatological rain band. The
displacement is due to the SST pattern effect. Specifically, the
peak of SST warming anchors a band of anomalous ascent and
rainfall increase near the Equator. Superimposed on this annual
mean pattern, the upwardmotion in the climatological convergence
zone sucks up the moisture increase from the boundary layer
like a vacuum cleaner, dragging the band of rainfall increase
back and forth across the Equator. We have repeated the linear
regression analysis for the annual mean, and two seasons when
the climatological rain band is farthest away from the Equator
(February–April and August–October). The ratio of the WaGW to
WeGW effect α is 1.35, 0.71 and 0.63, respectively (Supplementary
Fig. S5). Thus, the WaGW effect is more obvious in the annual
mean rainfall change whereas the WeGW effect is more dominant
for the seasonal mean.

Regional precipitation projection is important for adapta-
tion but subject to inherent uncertainty much greater than
temperature23,24. The WeGW and WaGW effects are distinct in
the nature of uncertainty regarding regional projection. If the
WeGW mechanism dominates, the well-observed climatology can
be used to constrain rainfall projection25. If the WaGWmechanism
were to dominate, on the other hand, the uncertainty would be

much greater because the SST warming pattern varies among
models5,26 and is poorly constrained by observations13,14,27. In
light of the fact that the WeGW effect contributes more to the
seasonal than the annual mean rainfall, we suggest that model
projection is more reliable for the seasonal than annual mean
rainfall in the tropics. This explains why the global monsoon
rainfall increases consistently across models28,29, a change that our
results suggest probably takes place, with great environmental and
socio-economic impacts.

Methods
CMIP5 models. We use the historical and RCP 4.5 experiments from
18 coupled general circulation models contributing to CMIP5 at
http://pcmdi9.llnl.gov/ (ref. 16). They are BCC-CSM1.1, CanESM2, CCSM4,
CNRM-CM5, CSIRO-Mk3.6.0, FGOALS-s2, GFDL-CM3, GFDL-ESM2G,
GISS-E2-R, HadGEM2-ES, INM-CM4, IPSL-CM5A-LR, IPSL-CM5A-MR,
MIROC5, MIROC-ESM, MIROC-ESM-CHEM, MRI-CGCM3 and NorESM1.
See http://cmip-pcmdi.llnl.gov/cmip5/availability.html for details. The 1981–2000
mean defines the present climatology, the 2081–2100 mean in RCP 4.5 runs
the future climatology, and their difference represents the change under global
warming. TheMME is defined as the simple average of 18models.

Output from six atmospheric models (CanAM4, CNRM-CM5, HadGEM2-A,
IPSL-CM5A-LR,MIROC5 andMRI-CGCM3) is available for a set of control, SUSI,
and SPSI runs, called amip, amip4K and amipFuture in CMIP5, respectively16,21.
In SUSI, a spatially uniform SST increase of 4 K (constant in time) is superimposed
on the observed SST whereas SPSI uses the spatially patterned SST increase derived
from the MME CMIP3 quadruple CO2 (1%to4×) simulation. The SST pattern in
SPSI is similar to that in CMIP5 RCP 4.5 runs, both with a peak on the Equator
and a weak seasonal cycle (Supplementary Fig. S1 and Fig. 1c). The climate change
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is defined as the 20-year monthly climatology for 1981–2000 in SUSI and SPSI runs
minus that in the control runs. We scaled the SPSI results so that the tropical mean
SST increase is the same as SUSI.
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