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ABSTRACT
El Niño–Southern Oscillation (ENSO) is one of the most important drivers of climatic variability on the
global scale. Much of this variability arises in response to ENSO-driven changes in tropical Pacific rainfall.
Previous research has shown that the ENSO-driven tropical Pacific rainfall variability can shift east and
intensify in response to global warming, even if ENSO-related SST variability remains unchanged. Here, the
twenty-first century changes in ENSO-driven tropical Pacific rainfall variability in 32 CMIP5 models forced
under the representative concentration pathway 8.5 (RCP8.5) scenario are examined, revealing that the
pattern of changes in ENSO-driven rainfall is not only gradually enhanced but also shifts steadily eastward
along with the global-mean temperature increase. Using a recently developed moisture budget decomposition
method, it is shown that the projected changes in ENSO-driven rainfall variability in the tropical Pacific can be
primarily attributed to a projected increase in both mean-state surface moisture and spatially relative changes
in mean-state SST, defined as the departure of local SST changes from the tropical mean. The enhanced
moisture increase enlarges the thermodynamic component of ENSO rainfall changes. The enhanced El Niño–
like changes in mean-state SST steadily move the dynamic component of changes in ENSO-driven rainfall
variability to the central-eastern Pacific, along with increasing global-mean temperature.

1. Introduction
El Niño–Southern Oscillation (ENSO) is a natural
interannual fluctuation of the tropical Pacific characterized by anomalies in sea surface temperature (SST)
and sea surface air pressure. ENSO leads to severe climatic disasters worldwide, with considerable impacts on
ecosystems, agriculture, and economies (e.g., Philander
1990; Neelin et al. 1998; McPhaden et al. 2006; Deser
et al. 2010). The response of ENSO to surface warming
induced by increased greenhouse gases has attracted
a wide level of attention for decades because it implies changes in global extremes under global warming
(Meehl et al. 2007; Yeh et al. 2009; Collins et al. 2010;
Vecchi and Wittenberg 2010; Christensen et al. 2013; Cai
et al. 2015a; Huang and Xie 2015). However, the
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projected changes in ENSO-related SST in current
state-of-the-art models contain large intermodel uncertainties, under a delicate balance among the impacts
of the changes in multiple mean-state variables with
complex mechanisms (Timmermann et al. 1999; Van
Oldenborgh et al. 2005; Collins et al. 2010; Vecchi and
Wittenberg 2010; DiNezio et al. 2012; Stevenson 2012;
Watanabe et al. 2012; Kim et al. 2014; Cai et al. 2015a;
Ham and Kug 2016).
Recently, some robust changes in ENSO-driven rainfall variability (ENSO rainfall) over the tropical Pacific
have been identified in the state-of-the-art models participating in phases 3 and 5 of CMIP (CMIP3 and CMIP5;
Power et al. 2013; Cai et al. 2014; Chung and Power 2014;
Chung et al. 2014; Bonfils et al. 2015; Cai et al. 2015b).
Specifically, ENSO rainfall is projected to intensify over
the central-eastern Pacific but weaken over the western
Pacific under global warming (Power et al. 2013; Cai et al.
2014; Huang and Xie 2015). This robustness in ENSO
rainfall changes has been found despite the presence of
large model-to-model and scenario-to-scenario differences
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FIG. 1. Diagram showing the decomposition of changes in ENSO-driven rainfall variability. Gray-shaded boxes
represent unchanged historical terms. Blue-shaded boxes represent terms with steadily increasing ENSO rainfall.
Yellow-shaded boxes represent terms with steadily decreasing ENSO rainfall. Yellow–blue-shaded boxes represent
terms with decreasing ENSO rainfall over the western Pacific but enhancing rainfall over the central-eastern Pacific.
Dashed-line boxes represent terms where ENSO rainfall changes shift steadily eastward. The terms marked in the
boxes are explicitly defined in the main text.

in the projected changes in ENSO-related SST variability
(ENSO SST; Power et al. 2013). These robust changes in
ENSO rainfall have considerable implications for changes
beyond the Pacific because the convection and rainfall
anomalies over the tropical Pacific influence remote climate systems (Lau and Nath 1996; Klein et al. 1999;
Alexander et al. 2002). For example, a number of previous
studies have suggested that the ENSO teleconnection over
the North Pacific and North America will move eastward
under global warming in response to the eastward shift in
ENSO rainfall in the tropical Pacific (Kug et al. 2010; Zhou
et al. 2014; Bonfils et al. 2015).
A number of mechanisms have been proposed to explain how changes in ENSO rainfall could be robust
despite the considerable model uncertainty in changes in
ENSO SST (Power et al. 2013; Cai et al. 2014; Chung
et al. 2014; Huang and Xie 2015). For instance, the absolute increase in mean-state SST could enhance the
surface moisture and rainfall response to ENSO SST
(Power et al. 2013; Chung et al. 2014). On the other
hand, the El Niño–like pattern of changes in mean-state

SST, with more warming in the tropical central-eastern
Pacific (Xie et al. 2010; Huang and Ying 2015; Ying et al.
2016), could shift the ENSO-induced rainfall pattern to
the equatorial eastern Pacific (Power et al. 2013; Cai
et al. 2014), owing to the nonlinear relationship between
tropical SST and rainfall (Graham and Barnett 1987;
Johnson and Xie 2010).
Huang and Xie (2015, hereafter HX15) proposed a
framework based on moisture budget decomposition to
disentangle the nonlinear process involved in the formation of robust changes in ENSO rainfall (summarized
in Fig. 1). It encompasses multiple terms related to
moisture and vertical circulation and can ultimately be
attributed to the absolute increase in mean-state SST,
the spatial pattern of mean-state SST warming, and the
changes in ENSO SST. The pattern of changes in
ENSO rainfall is dominated by the thermodynamic and
dynamic components induced by the increases in
mean-state moisture and the changes in ENSO-driven
circulation variability, respectively. The increase in
mean-state moisture with the thermodynamic component
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is induced by the absolute increase in mean-state SST.
The changes in ENSO-driven circulation variability with
the dynamic component are mainly induced by the
changes in the amplitude of ENSO SST, the changes in
the structure of ENSO SST, and the pattern of meanstate SST changes.
Although the projected changes in ENSO rainfall
show a robust eastward shift under different scenarios
(Power et al. 2013), the eastward shift by the end of the
twenty-first century is more pronounced under the
18.5 W m22 for representative concentration pathway
8.5 (RCP8.5) than under RCP4.5. As we know, the increase in global temperature by the end of the twentyfirst century under RCP8.5 simulations is larger than
under the RCP4.5 scenario. However, it is unclear
whether the scenarios and global temperature increase
influence the degree of the eastward shift of ENSO
rainfall and if so, how.
The present study uses the moisture budget decomposition developed in HX15 to investigate the evolution
of ENSO rainfall changes from 2006 to 2100, based on
the historical and RCP8.5 outputs of 32 CMIP5 models.
The reporting of the study is divided into two parts. In
this paper (Part I), the results from investigating the
characteristics of ENSO rainfall changes in the multimodel ensemble (MME) mean of the 32 CMIP5 models
are reported. Unless stated otherwise, all the results
presented herein are based on the MME from the
RCP8.5 simulations of the 32 CMIP5 models. In Huang
(2016, manuscript submitted to J. Climate, hereafter
Part II), the results from examining the intermodel uncertainty of ENSO rainfall changes in the RCP8.5 simulations of the 32 CMIP5 models are reported.
In this first part, it is shown that the eastward shift of
ENSO rainfall is steadily developing along with increasing global-mean temperature and that the timevarying ENSO rainfall changes can be attributed to two
major factors: the steadily increased mean-state moisture and the El Niño–like changes in mean-state SST.
The models and methods used are described in section 2.
The formation mechanism in the projection is discussed
in section 3. Conclusions are summarized in section 4.

2. Models and methods
a. Models
This study uses the outputs of 32 models of CMIP5 in
historical runs from 1971 to 2010 and RCP8.5 runs from
2006 to 2100 (Taylor et al. 2012). A list of the 32 models
is provided in Table 1. All outputs of the models are
interpolated into a 2.58 3 2.58 grid before analysis. The
variables of SST, precipitation, air specific humidity at

the surface, and vertical pressure velocity at 500 hPa are
used. The MME is defined as the simple average of
all models.

b. Definition of the climatology and ENSO-related
variability
The 1971–2000 mean in historical runs defines the
historical climatology. The period 2006–2100 in the
RCP8.5 runs is divided into 30-yr segments starting from
2006 with a 5-yr leap (i.e., 2006–35, 2011–40, 2016–45, . . . ,
2071–2100). In previous studies (e.g., Power et al. 2013;
HX15), longer (e.g., 40 yr) segments have often been
used, but here, 30-yr segments are selected in order to
decrease the overlap between adjacent segments and to
enhance the separation of the segments. The length of
30 yr is sufficient to study ENSO variability with a typical period of 2–8 yr. Consequently, a 30-yr period of
1971–2000 is also selected in the historical runs. The
conclusions are not dependent on this selection. The
mean in one segment defines the climatology in this
segment, and the difference from the historical climatology represents the mean-state change in the corresponding period. For the historical runs and each
segment in the RCP8.5 runs, the annual cycle based on
the 30-yr mean is first removed to define the interannual
anomaly, and then a 13-yr running mean, including the
decadal-scale variations, is removed to focus on the interannual variability (Power et al. 2013; Huang and
Xie 2015).
As in HX15, EOF and regression analyses are performed on the interannual anomalies of SST and other
variables to define ENSO SST and ENSO rainfall, circulation, and moisture. For the segment in the historical
runs and each segment in the RCP8.5 runs, the first EOF
mode is calculated and scaled by the standard deviation
of the corresponding principal components (PCs) to
define the ENSO SST pattern in this segment. The
scaling of the EOF mode makes the defined ENSO SST
contain information on both amplitude and structural
changes in ENSO variability. The first PCs in each segment are standardized and regressed onto the interannual anomalies of precipitation, surface specific
humidity, and 500-hPa vertical pressure velocity. The
regression patterns define the ENSO-driven variability
of these variables. The changes in ENSO-related variability in each segment of the RCP8.5 runs are defined
by the differences between the variability in this segment and in the historical runs.

c. Moisture budget decomposition
The moisture budget decomposition method is often
used to investigate the formation mechanism of changes
in mean state and variability in tropical rainfall (Held
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TABLE 1. List of the 32 CMIP5 models used in the present study. See http://cmip-pcmdi.llnl.gov/cmip5/availability.html for details.
(Additional acronym expansions are available online at http://www.ametsoc.org/PubsAcronymList.)
Model
ACCESS1.0
ACCESS1.3
BCC_CSM1.1
BCC_CSM1.1(m)
BNU-ESM
CanESM2
CCSM4
CESM1(BGC)
CESM1(CAM5)
CMCC-CESM
CMCC-CM
CMCC-CMS
CNRM-CM5
CSIRO Mk3.6.0
FGOALS-g2
GFDL CM3
GFDL-ESM2G
GFDL-ESM2M
GISS-E2-H
GISS-E2-R
HadGEM2-ES
IPSL-CM5A-LR
IPSL-CM5A-MR
IPSL-CM5B-LR
MIROC5
MIROC-ESM
MIROC-ESM-CHEM
MPI-ESM-LR
MPI-ESM-MR
MRI-CGCM3
NorESM1-M
NorESM1-ME

Institute
Commonwealth Scientific and Industrial Research Organisation (CSIRO) and Bureau of
Meteorology, Australia
Beijing Climate Center, China Meteorological Administration, China
College of Global Change and Earth System Science, Beijing Normal University, China
Canadian Centre for Climate Modelling and Analysis, Canada
National Center for Atmospheric Research (NCAR), United States
National Science Foundation (NSF), U.S. Department of Energy, and NCAR, United States
Centro Euro-Mediterraneo per I Cambiamenti Climatici, Italy

Centre National de Recherches Météorologiques, France
CSIRO in collaboration with the Queensland Climate Change Centre of Excellence, Australia
State Key Laboratory of Numerical Modeling for Atmospheric Sciences and Geophysical Fluid
Dynamics, Institute of Atmospheric Physics, Chinese Academy of Sciences, China
NOAA/Geophysical Fluid Dynamics Laboratory (GFDL), United States

NASA Goddard Institute for Space Studies, United States
Met Office Hadley Centre, United Kingdom
L’Institut Pierre-Simon Laplace, France

The University of Tokyo, National Institute for Environmental Studies, and Japan Agency for
Marine-Earth Science and Technology, Japan
Max Planck Institute for Meteorology, Germany
Meteorological Research Institute, Japan
Norwegian Climate Centre, Norway

and Soden 2006; Chou et al. 2009; Seager et al. 2010;
Seager et al. 2012; Huang et al. 2013; Chung et al. 2014;
Huang and Xie 2015). A simplified moisture budget
decomposition developed in Huang et al. (2013) and
Huang (2014) can efficiently describe the spatial pattern
and seasonal cycle of mean-state change in tropical
rainfall: DP ; 2(qDv 1 Dqv), where P is tropical rainfall; v is pressure velocity at 500 hPa, representing vertical motion (negative v indicates upward flow); q is
surface specific humidity; and D denotes future change.
In the simplified moisture budget decomposition, the
constant coefficient is omitted, which does not influence
the conclusions on the spatial pattern of tropical rainfall
change. Similar to the simplification for mean-state
rainfall change, HX15 simplified the decomposition for
change in the interannual variability of tropical rainfall
used in some previous studies (Seager et al. 2012; Chung
et al. 2014) as follows:
DP0 ; 2(Dqv0 1 qDv0 1 Dvq0 1 vDq0 ) ,

(1)

where the prime denotes interannual variability. Figure 1
summarizes this moisture budget decomposition.
HX15 further illustrated that the moisture variability
relative to mean-state moisture is much smaller than the
ratio of circulation variability to mean-state circulation
(q0 /q  v0 /v), and the changes in moisture variability
are also small. This result indicates that the two terms
associated with the moisture variability, Dvq0 and vDq0 ,
are negligible relative to the other two terms, and Eq. (1)
can be further approximated as
DP0 ; 2(Dqv0 1 qDv0 ) ,

(2)

where the Dqv0 due to mean-state moisture change Dq is
defined as the thermodynamic component and the qDv0
due to change in ENSO circulation Dv0 is defined as the
dynamic component. It should be noted that the present
terminology regarding dynamic and thermodynamic
components is different from that used in some previous
studies (Power et al. 2013; Chung et al. 2014), in which
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the dynamic component corresponds to Dqv0 1 qDv0
and the thermodynamic component to Dvq0 1 vDq0 . A
detailed comparison of terminologies can be found in
the supplementary material of HX15.

d. Decomposition of changes in ENSO circulation
and ENSO SST
The changes in ENSO circulation Dv0 , as one of the
most important components in DP0 , are decomposed into
several parts in HX15. First, the Dv0 is divided into amplitude and structural changes: Dv0 5 Dv0a 1 Dv0s . The
amplitude changes Dva0 are obtained by projecting the
total Dv0 onto the historical v0 , and thus the Dva0 is proportional to the historical v0 . The residual is defined as
the structural changes Dvs0 , which are spatially independent of the historical v0 . Similarly, the total changes in
ENSO SST are decomposed as DT 0 5 DTa0 1 DTs0 , to investigate their roles in Dva0 and Dvs0 .
The structural changes in ENSO circulation Dvs0 can
be attributed to the structural changes in ENSO SST
DTs0 and the pattern of mean-state SST changes (Cai et al.
2014; Huang and Xie 2015). To distinguish the roles of
DTs0 and the pattern of mean-state SST changes, HX15
used a statistical method to estimate the contribution of
DTs0 in the MME on Dvs0 . This method is briefly introduced here, but further details can be found in HX15.
The method is based on the linear relationship between
Dvs0 and DTs0 and the intermodel diversity of DTs0 and
Dvs0 in multiple models. Single-field principal component analysis (SFPCA) is first performed on the intermodel diversity of DTs0 and Dvs0 in the 32 models
(Bretherton et al. 1992; Huang and Xie 2015; Huang
and Ying 2015). The SFPCA method involves first
performing principal component analysis (PCA) on the
DTs0 in multiple models and then obtaining a group of
orthogonal modes of DTs0 and corresponding PCs. Next,
the Dvs0 in multiple models are regressed onto these PCs
one by one. Because of the connection of the PCs, each
regression pattern of Dvs0 can be understood as the Dvs0
driven by the respective DTs0 mode. The MME DTs0 can
then be represented by a set of expansion coefficients
with the orthogonal modes of DTs0 by projecting the
MME DTs0 on each orthogonal mode of DTs0 . Finally, the
Dvs0 driven by the MME DTs0 can be reconstructed by
these expansion coefficients and the regression patterns
of Dvs0 . In the reconstruction, the first eight modes are
truncated in the present study—the same as that in
HX15. The estimated Dvs0 driven by the MME DTs0 is
0
0
, whereas the residual of Dvs1
is written
written as Dvs1
0
: Dv0s2 5 Dv0s 2 Dv0s1 .
as Dvs2
With the decomposition of ENSO circulation change,
the moisture budget equation for ENSO rainfall change
can be written into four parts:

DP0 ; 2[Dqv0 1 q(Dv0a 1 Dv0s1 1 Dv0s2 )] ,

(3)

where Dqv0 is the thermodynamic component, qDv0a
represents the amplitude changes in the dynamic component, and qDv0s1 and qDv0s2 are the two parts of the
structural changes in the dynamic component. The decomposition is summarized in Fig. 1.

3. Results
Figures 2a,b show the historical ENSO SST and
ENSO rainfall based on the data of 1971–2000 in the
MME from the CMIP5 models. The result based on the
30-yr period is consistent with that based on the 40-yr
period (1961–2000) in HX15, indicating that the results
are insensitive to the period length. The historical
ENSO SST and ENSO rainfall are apparently located
farther west than in the observation, as revealed in
previous studies (Guilyardi et al. 2009; Collins et al.
2010; Vecchi and Wittenberg 2010; Christensen et al.
2013; Capotondi et al. 2015). This system bias possibly
influences the projection of ENSO rainfall changes
(Power et al. 2013), but it does not influence the discussion on the pattern formation of ENSO rainfall
changes (Power et al. 2013; HX15). The implications of
the model biases are discussed in the final section.
Figures 2c–f show the MME changes in ENSO SST
and ENSO rainfall in the early and late periods of the
twenty-first century. The ENSO SST changes in the two
periods are completely different—a weak enhancement
in 2011–40 but a decrease in 2071–2100. The timevarying ENSO SST changes are consistent with the
results in Kim et al. (2014) based on the RCP8.5 simulations of some high-performance models. Kim et al.
(2014) attributed the time-varying changes in ENSO
SST to a varying zonal different rate of surface warming
over the Indo-Pacific basin. The ENSO rainfall changes
in the two periods also show some discrepancies
(Figs. 2d,f); there are apparent negative changes occurring over the western Pacific in 2071–2100 (Fig. 2f), and
the positive changes shift farther east in 2071–2100
compared to 2011–40. The farther eastward shift of
ENSO rainfall in 2071–2100 compared to 2011–40 implies that the ENSO rainfall changes will move farther
east in a more warming climate, which is consistent with
the farther eastward shift in RCP8.5 simulations compared to RCP4.5 simulations (Power et al. 2013). Comparing the changes in ENSO SST and rainfall in the two
periods, it is found that the enhancement and eastward
shift of ENSO rainfall changes are basically independent
of the variations of the changes in ENSO SST.
The formation mechanism of ENSO rainfall changes and
the relationship with ENSO SST changes are investigated
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FIG. 2. (a) The simulated ENSO-related SST anomalies derived from the EOF analysis and (b) ENSO-driven
rainfall anomalies calculated as the regression pattern in historical runs for the period 1971–2000. Also shown are the
changes relative to those in 1971–2000 for (c),(e) ENSO SST and (d),(f) ENSO rainfall simulated in the RCP8.5 runs
over (c),(d) 2011–40 and (e),(f) 2071–2100.

by decomposing ENSO rainfall changes into several
components, as in Eqs. (1)–(3). The climatologies and
ENSO-driven anomalies in surface moisture and 500-hPa
vertical pressure velocity are shown in Fig. 3 along
with their changes in Fig. 4 [note that negative v means
upward flow associated with positive rainfall, and thus
the same color (blue) is used to present negative v and
positive rainfall]. The pattern of q0 (Fig. 3c) is similar to
the pattern of ENSO SST (Fig. 2a), indicating the
dominant role of SST variability in the variability of
surface specific humidity. The pattern of v0 (Fig. 3d) is
similar to the pattern of ENSO rainfall (Fig. 2b), indicating the consistent variability of vertical motion
and convective precipitation. The root-mean-square is
calculated for each variable in Figs. 3 and 4 to compare
the magnitudes of these variables in Eq. (1). The
changes in moisture variability Dq0 are small and have
no apparent difference in the two periods. The small
Dq0 demonstrates that the simplification from Eq. (1) to
Eq. (2) is reasonable not only for a specific period
in HX15 but also for different warming stages. The

changes in mean-state moisture Dq and circulation
Dv are noticeably enhanced in a warmer climate but
with a similar spatial structure in the two periods, respectively (Figs. 4a,b,e,f). The Dq is positive everywhere, whereas the Dv exhibits a pattern of being
negative over the equatorial central-eastern Pacific and
positive over other regions.
Figure 5 shows the thermodynamic and dynamic
components of ENSO rainfall changes. The sum of the
two components accurately describes the pattern of
ENSO rainfall changes in the two periods (Figs. 5e,f),
implying the simplified moisture budget decomposition
is a good approximation for the pattern of change in
ENSO rainfall variability in both periods. The thermodynamic components Dqv0 (Figs. 5a,b) in the two
periods are both dominated by the historical ENSO
circulation v0 (Fig. 3d) because the spatial gradients of
v0 are much larger than those of Dq. The thermodynamic component in 2071–2100 is much stronger than
that in 2011–40 as a result of the enhanced moisture
increase (Figs. 4a,e) with warmer surface temperature
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FIG. 3. (a),(b) The climatologies and (c),(d) ENSO-driven anomalies in (a),(c) surface specific humidity and
(b),(d) 500-hPa vertical pressure velocity in historical runs (1971–2000). The regional root-mean-square is
shown in the upper-right corner of each panel to represent the magnitude.

owing to the Clausius–Clapeyron relationship (Fig. 6;
Held and Soden 2006; Christensen et al. 2013). With a
similar reason for the pattern of the thermodynamic
components, the patterns of the dynamic components
qDv0 (Figs. 5c,d) are dominated by the ENSO circulation change Dv0 (Figs. 4d,h). Comparing the thermodynamic and dynamic components, it is possible to
state that the eastward shifts of ENSO rainfall changes
in 2071–2100, relative to those in 2011–40 (Figs. 5e,f),
are mainly contributed by the dynamic components
(Figs. 5c,d).
To investigate the formation of Dv0 , the total Dv0 is
decomposed into the amplitude changes and structural
changes: Dv0 5 Dv0a 1 Dv0s . In HX15, the percentages
of the amplitude changes in ENSO circulation Dva0
relative to the historical v0 , Dv0a /v0 , are highly correlated with the percentages of the amplitude changes
in ENSO SST DTa0 relative to the historical T 0 , DTa0 /T 0 ,
among the models. Figure 7 shows the relationship between Dv0a /v0 and among the models in four
periods. The linear relationship of Dva0 /v0 and DTa0 /T 0
gradually increases and becomes significant from the
period 2031–60, indicating a gradually enhanced role
of DTa0 in Dva0 along with the global-mean temperature
increase.
In both 2011–14 and 2071–2100 periods, the MME DTs0
shows a robust pattern with increased variability over
the central Pacific and decreased variability over the
western Pacific, implying more frequent central Pacific
El Niño in a warming climate (Yeh et al. 2009). The
structural changes in ENSO circulation induced by

0
, are estimated by the
the MME DTs0 , written as Dvs1
aforementioned method and shown in Figs. 8c,g. The
0
are closely related to the DTs0 ,
estimated patterns of Dvs1
with enhanced ENSO circulation located over enhanced
0
in 2071–2100 is much stronger
ENSO SST. The Dvs1
than that in 2011–40 because of stronger DTs0 during
2071–2100 in the western Pacific with frequent convection, in which the convection anomaly is sensitive to the
SST anomaly.
0
subtracted from the total ENSO
The residual of Dvs1
circulation change Dvs0 , Dv0s2 5 Dv0s 2 Dv0s1, is shown in
0
occur over the
Figs. 8d,h. Upward changes of Dvs2
central-eastern Pacific in the two periods, and the
changes are stronger and shift farther east in 2071–2100
(Fig. 8h). The spatially relative changes in mean-state
SST (contours in Figs. 8d,h) are defined as the tropicalmean-removed mean-state SST changes to illustrate
the spatial pattern of mean-state SST changes. The relative changes in mean-state SST have been suggested
0
(Cai et al. 2014; Huang
to be a dominant factor in Dvs2
and Xie 2015). The spatial gradients of mean-state SST
changes are larger in a more warming climate (Fig. 8h).
The pattern of relative changes in mean-state SST cou0
, demonstrating the
ples well with the patterns of Dvs2
dominant effect of the relative changes in mean-state
0
.
SST on Dvs2
The decomposition of Dvs0 in Fig. 8 suggests that
both the structural changes in ENSO SST DTs0 and the
relative changes in mean-state SST have a stronger
effect on ENSO circulation changes in a more warming climate, but only the relative changes in mean-state
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FIG. 4. Changes in (a),(b),(e),(f) climatology and (c),(d),(g),(h) ENSO-driven anomalies of (left) surface specific
humidity and (right) 500-hPa vertical pressure velocity simulated in RCP8.5 runs for 2011–40 in (a)–(d) and 2071–
2100 in (e)–(h).

SST can move the ENSO circulation farther east. To
illustrate the zonal shift of Dvs0 more clearly, the equa0
,
torial (2.58S–2.58N mean) DT 0 , DTa0 , DTs0 , Dvs0 , Dvs1
0
are shown in Fig. 9. The nonunidirectional
and Dvs2
changes in the amplitude of ENSO SST are clear in
Fig. 9b, contributing a large portion of the nonunidirectional changes in total ENSO SST (Fig. 9a;
Kim et al. 2014). The structural changes in ENSO
SST DTs0 gradually increase with the global-mean
temperature increase, and a pronounced pattern
with increased variability over the central Pacific and
decreased variability over the western and eastern

Pacific occurs from the period 2021–50 (Fig. 9c), in0
(Fig. 9e).
ducing stronger Dvs1
0
is
Although HX15 and Figs. 8d,h show that the Dvs2
closely correlated with the relative changes in meanstate SST, the evolution of equatorial relative changes in
0
.
mean-state SST apparently differs from that of the Dvs2
With the global-mean temperature increase, the gradients of mean-state SST changes gradually increase, but
the demarcation between positive and negative relative
changes in mean-state SST does not show an apparent
zonal shift (contours in Fig. 9f). On the other hand, the
0
gradually increases from 2006 to
strength of Dvs2
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FIG. 5. (a),(b) The thermodynamic and (c),(d) dynamic components and (e),(f) their sum of ENSO rainfall changes
for 2011–40 in (a),(c),(e) and for 2071–2100 in (b),(d),(f). Contours in (e),(f) are the changes in ENSO rainfall
(contour interval is 0.05 mm day–1, and negative contours are dashed).

2041–70 but remains unchanged after then, whereas the
0
shifts steadily
positive–negative demarcation of Dvs2
eastward from 1508E to 1808 at the end of the twenty0
first century. The positive–negative demarcation of Dvs2
at the end of the twenty-first century in the present
analysis, based on the MME from the RCP8.5 runs, is
farther east than that in HX15, based on the MME from
RCP4.5 runs, which is around 1658E.
0
and the relative changes in
The evolutions of Dvs2
mean-state SST exhibit a characteristic of the impacts
0
: when
of relative changes in mean-state SST on Dvs2
the relative SST increase over the equatorial centraleastern Pacific reaches a threshold, it only moves the
0
response to SST anomalies; it does
position of the Dvs2
0
. This result
not linearly modify the strength of Dvs2
could be attributable to the nonlinear relationship between tropical convection and/or precipitation and
SST (Graham and Barnett 1987; Waliser et al. 1993;
Johnson and Xie 2010): 1) in the tropics, convection is
insensitive to SST anomalies when the mean-state SST
is less than a lower threshold, which is dependent on the
tropical mean surface temperature—around 268C in

the present-day climate; 2) convection becomes sensitive to SST anomalies and increases when the meanstate SST is larger than the lower threshold and less
than a higher threshold—around 29.58C in the presentday climate; and 3) finally, the sensitivity of convection
to SST anomalies will decrease again when the meanstate SST is larger than the higher threshold (Graham
and Barnett 1987; Waliser et al. 1993; Johnson and Xie
2010). This nonlinear response of convection to SST
anomalies indicates that the high-sensitivity regions of
convection to SST anomalies should be located over
the regions with mean-state SST larger than the lower
threshold and smaller than the higher threshold, which
is the reason why the largest SST anomalies are located
over the eastern Pacific (Fig. 2a) but the largest rainfall
responses are over the western-central Pacific (Fig. 2b).
Under global warming, the changes in mean-state SST
with an El Niño–like pattern will promote the SST to
be larger than the lower threshold and increase the
sensitivity of convection to SST anomalies in the centraleastern Pacific, whereas the relative changes in meanstate SST will promote the SST in the western Pacific to
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is proportional to the historical v0 with an unchanged
spatial structure based on its definition. The qDv0a
makes a negative contribution to the ENSO rainfall
changes over the tropical Pacific from the period 2021–
50, resulting from the decreased amplitude changes in
ENSO SST DTa0 . The contributions of various parts of
the structural changes in the dynamic components qDv0s ,
qDv0s1 , and qDv0s2 are similar to the contributions of
the respective ENSO circulation changes. The qDv0s2
associated with the relative changes in mean-state SST
is the main contributor to the eastward shift of the dynamic component qDv0s and to the shift of the total
ENSO rainfall changes.

4. Summary

FIG. 6. Relationship between the mean-state moisture changes and
SST changes, with a correlation coefficient close to 1.

be larger than the higher threshold and decrease the
convection sensitivity (Ham and Kug 2012; Cai et al.
2014; Ham and Kug 2015). In other words, the El Niño–
like changes in mean-state SST will shift the regions with
high convection sensitivity eastward and, consequently,
so too the response pattern of rainfall to ENSO SST.
With the increase in global-mean temperature, the
steadily enhanced relative changes in mean-state SST
will gradually shift the regions with high convection
sensitivity eastward to low mean-state SST regions.
This mechanism can explain the effect of relative
changes in mean-state SST in the eastward shift of the
ENSO circulation changes.
Figure 10 shows all components of ENSO rainfall at
the equator. The sum of thermodynamic and dynamic
components (Fig. 10a) accurately describes the evolution of ENSO rainfall changes, exhibiting two pronounced characteristics: the increase in magnitude and
the eastward shift along with the global-mean temperature increase. The time-varying increase in ENSO
rainfall changes is mainly contributed by the thermodynamic component, whereas the eastward shift of
ENSO rainfall changes is mainly contributed by the
dynamic component (Fig. 10c).
The evolutions of the parts of the dynamic component
(Figs. 10c–f) are dominated by the respective ENSO
circulation changes (Fig. 9) because of the stronger
spatial gradients of ENSO circulation changes than
those of q. The amplitude changes in the dynamic
component qDv0a do not move zonally because the Dva0

The present study investigates the evolution of
changes in ENSO-driven tropical Pacific rainfall variability based on the multimodel ensemble mean of 32
CMIP5 models under the RCP8.5 scenario. The MME
changes in ENSO-driven rainfall variability generally
exhibit a robust pattern, with increased variability
over the central-eastern Pacific and decreased variability over the western Pacific in all warming stages,
as revealed in previous studies (Power et al. 2013;
HX15). A characteristic of the temporal evolution of
ENSO rainfall changes is reported in this study, insofar as the pattern of ENSO rainfall changes is steadily
enhanced and shifts eastward along with the increase
in global-mean surface temperature. The demarcation
point between positive and negative ENSO rainfall
changes on the equator moves from around 1508E in
the early twenty-first century to around 1808 at the
end of the twenty-first century, based on the RCP8.5
scenario.
The mechanism of the time-varying ENSO rainfall
changes is studied based on a moisture budget decomposition developed in HX15. The results illustrate
that all simplifications and decompositions in HX15
developed for the ENSO rainfall changes at the end of
the twenty-first century are practicable for the ENSO
rainfall changes in different warming stages (Fig. 1).
The ENSO rainfall changes in all periods can be accurately described by the sum of thermodynamic and
dynamic components. The thermodynamic component
Dqv0 is induced by the increase in mean-state specific
humidity, whereas the dynamic component qDv0 is
induced by the changes in ENSO-driven circulation
variability. The changes in ENSO circulation in all
periods can be described by the sum of amplitude and
structural changes. The amplitude change in ENSO
circulation is dominated by the amplitude changes
in ENSO SST, while the structural changes are

Unauthenticated | Downloaded 01/09/23 03:25 AM UTC

15 AUGUST 2016

5773

HUANG

FIG. 7. Relationship between the amplitude change percentages in ENSO circulation and ENSO SST in four periods. The
filled circles indicate the MME. The correlation coefficient is shown in the upper-right corner of each panel.

influenced by the effect of the structural changes in
ENSO SST and the effect of relative changes in meanstate SST.
In the MME from 32 CMIP5 model RCP8.5 simulations, the thermodynamic component Dqv0 contributes to the steady enhancement of ENSO rainfall
changes; the amplitude changes in the dynamic component qDv0a play a negative role in ENSO rainfall
changes because of the decreased amplitude of ENSO
SST; the structural changes in the dynamic component
induced by the structural changes in ENSO SST qDv0s1
contribute part of the increase in ENSO rainfall over
the central Pacific; and only the structural changes in
the dynamic component induced by the relative
changes in mean-state SST qDv0s2 show a pronounced

eastward shift. The eastward shift of ENSO rainfall
changes induced by the relative changes in mean-state
SST can be explained by the nonlinear relationship
between tropical convection and SST (Graham and
Barnett 1987; Waliser et al. 1993; Johnson and Xie
2010). As suggested in previous studies (Power et al.
2013; Cai et al. 2014), the El Niño–like pattern of the
mean-state SST changes will increase (decrease) the
sensitivity of the convection response to SST anomalies
over the central-eastern (western) Pacific. With globalmean temperature increasing, the spatial gradients of
the El Niño–like changes in mean-state SST are
steadily enhanced, and thus the evolution of changes in
mean-state SST will gradually shift the ENSO rainfall
pattern eastward. The roles of the factors involved in

Unauthenticated | Downloaded 01/09/23 03:25 AM UTC

5774

JOURNAL OF CLIMATE

VOLUME 29

FIG. 8. The (a),(e) structural changes in ENSO SST (DTs0 ), (b),(f) total structural changes in ENSO circulation
0
(Dvs0 ), (c),(g) estimated structural changes in ENSO circulation driven by the structural changes in ENSO SST (Dvs1
),
0
0
in Dvs0 (Dvs2
) for 2011–40 in (a)–(d) and for 2071–2100 in (e)–(h). Contours in (d),(h) are
and (d),(h) residual of Dvs1
the relative changes in mean-state SST (contour interval is 0.058C, and negative contours are dashed).

the evolution of ENSO rainfall changes are also summarized in Fig. 1, in which different colors are used to
represent the changes in the terms and dashed boxes
as well as solid boxes to represent shift (or not) of
the terms.
The present projection of ENSO rainfall changes is
based on the MME result from 32 CMIP5 model RCP8.5
simulations. The projected characteristics of the evolution of ENSO rainfall changes are quite robust among
the models, but some apparent intermodel differences
still exist, which are clear to see in Figs. 6 and 7. The
projected ENSO rainfall changes will also possibly differ

from the results based on the simulations under other
scenarios (Power et al. 2013). However, the simplification and decomposition, developed in HX15 and practicable in all warming periods, are reasonable for all
models. This method provides a useful tool to further
investigate the source of intermodel differences in
ENSO rainfall changes, which will be reported on in a
future study.
The mechanism of ENSO rainfall changes shows that
the present projection of ENSO rainfall changes is
dependent on the pattern of historical ENSO circulation and ENSO circulation changes simulated in the
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0
0
FIG. 9. Evolution of (a) DT 0 , (b) DTa0 , (c) DTs0 , (d) Dvs0 , (e) Dvs1
and (f) Dvs2
at the equator (2.58S–2.58N mean). The
red-dashed arrow in (d),(f) illustrates the eastward shift of the negative–positive demarcation. Contours in (f) are the
relative changes in mean-state SST (contour interval is 0.058C, and negative contours are dashed).

models. It has been widely demonstrated that there are
apparent biases in the simulation of historical ENSO
circulation associated with ENSO SST in current
models (Guilyardi et al. 2009; Collins et al. 2010;
Vecchi and Wittenberg 2010; Christensen et al. 2013;
Capotondi et al. 2015). The historical ENSO circulation and ENSO SST could extend excessively westward
relative to observations (Fig. 2). Power et al. (2013) has
illustrated that the ENSO rainfall changes should shift

farther east than the projections in current CMIP5
models when the bias of historical ENSO SST is corrected. Additionally, some previous studies suggest
that the relative changes in mean-state SST should be
closer to an El Niño–like pattern than the MME projection from CMIP5 models because of the common
bias of historical mean-state SST simulations (Huang
and Ying 2015; Ying and Huang 2016). This result implies that the ENSO rainfall changes could shift farther
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FIG. 10. Evolution of the components of ENSO rainfall changes at the equator (2.58S–2.58N mean). The red-dashed
arrow in (a),(c),(e),(f) illustrates the eastward shift of the negative–positive demarcation. Contours in (a) are the
changes in rainfall anomalies (contour interval is 0.1 mm day21, and negative contours are dashed).

east than the current MME projection because of the role
of mean-state SST changes in the ENSO circulation
changes. Removing the biases of historical ENSO SST
and historical mean-state SST could both lead to a farther
eastward shift of ENSO rainfall changes than the MME
projection from CMIP5 models. The implications of this
should be verified using upgraded models in future.
The temporal evolution of the ENSO-driven tropical
Pacific rainfall changes has some important implications for the changes in the teleconnection patterns
driven by ENSO, such as the patterns over the North
Pacific and North America (Kug et al. 2010; Zhou et al.
2014; Bonfils et al. 2015). As the variation of ENSO

rainfall changes, the ENSO-driven changes in these
teleconnection patterns are likely to gradually enhance
and shift steadily eastward along with the increasing
global-mean temperature.
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