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Abstract
Previous studies have found that under global warming, El Niño/Southern Oscillation (ENSO)-related rainfall variability 
will become enhanced over the tropical central-eastern Pacific and weakened over the western Pacific. The climatological 
sea surface temperature (SST) warming pattern exhibits a warming center in the equatorial eastern Pacific in projections. 
How this pattern contributes to projected changes in ENSO-driven rainfall variability has not been fully addressed. Here, we 
use “time-slice” experiments to investigate the response of interannual variability in tropical Pacific rainfall in boreal winter 
to a warming background SST and associated physical mechanisms. A high-resolution Atmosphere General Circulation 
Model is driven by the detrended observational SST (1979–2003) plus a warming pattern from the coupled model under the 
A1B emission scenario (2075–2099). The results show that precipitation interannual variability over the tropical central-
eastern Pacific will be enhanced more than the surrounding regions under warming, which is mostly contributed by a faster 
increase in rainfall amount during the El Niño year relative to non-El Niño years. Based on a moisture budget analysis, both 
the dynamic and thermodynamic components in the vertical advection of climatological specific humidity contribute to the 
enhancement of El Niño-induced precipitation anomalies in the tropical central-eastern Pacific where the dynamic effect 
is dominant. Moist static energy budget analysis further illustrates that vertical velocity is enhanced due to the increased 
transport of moist static energy from the lower troposphere into the middle-upper troposphere and the intensified warming 
effect of cloud longwave radiation caused by the increase of high cloud amount and altitude.
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1 Introduction

Under a warming climate, projected changes in the interan-
nual variability in precipitation have substantial impacts on 
global ecosystems, agriculture and the economy. Changes 
in precipitation variability are particularly impact-relevant 
since these changes strongly affect the extremes that are 
more difficult for society to adapt to. Changes in precipita-
tion interannual variability under global warming have been 
a hot topic in recent years (Power et al. 2013; Chung et al. 
2014; Watanabe et al. 2014; Huang and Xie 2015; Huang 
2016; Pendergrass et al. 2017; He and Li 2019). In the Sixth 
Assessment Report of the Intergovernmental Panel on Cli-
mate Change (IPCC), a new chapter will focus on this topic. 
Under global warming, global precipitation interannual vari-
ability is projected to increase with maxima in the tropical 
Pacific Ocean and monsoon region (Rind et al. 1989; Tsonis 
1996; Räisänen 2002; Giorgi and Bi 2005; Pendergrass et al. 
2017; He and Li 2019). An increase in global precipitation 
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interannual variability is contributed by an increase in 
moisture and a decrease in circulation (Pendergrass et al. 
2017; He and Li 2019). Essentially, changes in circulation 
are region-dependent, and these changes are projected to 
be weakened almost everywhere except over the equatorial 
Pacific (He and Li 2019).

For the maxima of increasing precipitation interannual 
variability over the tropical Pacific, most work has recently 
focused on ENSO-driven rainfall variability (Power et al. 
2013; Chung et al. 2014; Huang and Xie 2015; Huang 2016). 
ENSO-driven rainfall variability is projected to be reinforced 
over the tropical central-eastern Pacific and weakened over 
the western Pacific (Müller and Roeckner 2008; Watanabe 
et al. 2012; Power et al. 2013; Cai et al. 2015; Huang and 
Xie 2015; Huang 2016). The intensification of the ENSO-
induced tropical central-eastern Pacific is contributed by cli-
matological SST warming patterns, amplitude changes in 
ENSO-related SST variability, structural changes in ENSO-
related SST variability, and increases in mean-state mois-
ture content (Huang and Xie 2015; Huang 2016). Among 
these patterns, the climatological surface warming pattern 
is the dominant dynamic contributor to enhanced precipita-
tion anomalies in the tropical central-eastern Pacific (Power 
et al. 2013), in which SST warming pattern play a more 
important role relative to uniform warming (Zheng et al. 
2016). However, previous studies have not demonstrated the 
physical mechanism by which climatological SST warming 
influences the enhanced ENSO-driven rainfall variability. 
The response of climatological SST over the tropical Pacific 
to greenhouse gas forcing in most coupled models is char-
acterized by faster warming on the central-eastern Pacific 
compared to surrounding regions (Xie et al. 2010; Toki-
naga et al. 2012), although La Niña-like warming pattern is 
also seen in few models (Kohyama et al. 2017; Seager et al. 
2019). It is necessary to investigate the physical mechanism 
of enhanced ENSO-driven rainfall variability in response to 
a robust background SST warming.

To isolate the effect of climatological SST warming, we 
use the Atmosphere General Circulation Model (AGCM) 
driven by SST boundary conditions with unchanged interan-
nual variability to investigate how background SST warm-
ing contributes to the tropical Pacific rainfall interannual 
variability. The following questions will be addressed in 
this study: (1) How will precipitation interannual variabil-
ity over the tropical Pacific change under global warming 
based on the premise of unchanged ENSO variability? (2) 
Is the precipitation interannual variability over the tropical 
Pacific region dominated by El Niño-induced precipitation 
variability? (3) Which physical processes play a major role 
in the changes in precipitation interannual variability over 
the tropical central-eastern Pacific?

The remainder of this paper is arranged as follows. In 
Sect. 2, the data and analysis methods used in this study are 

described. In Sect. 3, the model performance is evaluated 
for the tropical Pacific. Changes in precipitation interannual 
variability and associated physical mechanisms are shown 
in Sects. 4, 5. A summary and discussion are presented in 
Sect. 6.

2  Data and methods

a. Observational and reanalysis data
 Monthly precipitation from the Global Precipitation 

Climatology Project (GPCP; Adler et  al. 2003) and 
monthly meridional and zonal winds at 850 hPa from 
the European Centre for Medium-Range Weather Fore-
casts (ECMWF) interim reanalysis (ERA-Interim; Dee 
et al. 2011) are used in this paper to evaluate model 
performance over the tropical Pacific. All datasets cover 
the 1979–2003 period.

b. Model and experiments
a) MRI-AGCM3.1H
 MRI-AGCM3.1H is a high-resolution version of MRI-

AGCM3.1, developed by the Japan Meteorological 
Agency (JMA) and Meteorological Research Institute 
(MRI; Mizuta et al. 2006). The horizontal resolution 
is 60 km, which is 0.56° × 0.56°. There are 60 model 
levels in the vertical direction (up to 0.1 hPa). The 
dynamic core, which is a full primitive equation sys-
tem (Kanamitsu et al. 1983), is implemented. A spec-
tral transform method of spherical harmonics is used in 
the model. The vertical coordinate is a sigma-pressure 
hybrid coordinate. The cumulus convection scheme in 
MRI-AGCM3.1H is proposed by Arakawa and Schubert 
(1974). The horizontal and vertical advection schemes 
are conservative semi-Lagrangian schemes and standard 
semi-Lagrangian schemes (with conserved mass, water 
vapor and cloud water), respectively.

  The experimental design includes a present-day cli-
mate simulation and future climate simulation. Figure 1 
shows the decomposition of forced boundary SST in 
both experiments. These two experiments are forced 
by the same SST interannual variability spatial pattern 
(Fig. 1a, b). The present-day climate simulation is a typi-
cal Atmospheric Model Intercomparison Project (AMIP) 
run from 1979 to 2003 (HP) driven by the observed SST 
and sea ice data of HadISST1 (Rayner et al. 2003). This 
simulation is used as a control run. The future climate 
simulation is a “time-slice” run from 2075 to 2099 
(HF). The boundary SST of future experiments com-
prises observational detrended observed SST anomalies 
(1979–2003; Fig. 1b) and a warming pattern obtained 
from the Coupled Model Intercomparison Project phase 
3 (CMIP3) multi- model mean under the A1B emission 
scenario (2075–2099; Fig. 1c). It is noted that the future 
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SST also has a linear trend during 2075–2099 from the 
CMIP3 multi-model mean (Mizuta 2008). More details 
are described in Mizuta (2008). The design is suitable to 
investigate the response of the interannual variability in 
tropical Pacific rainfall to climatological SST warming 
without changes in SST variability.

b) AMIP models in CMIP5
  Monthly mean precipitation, zonal wind at 850 hPa 

(U850) and meridional wind at 850 hPa (V850) from 
24 Atmospheric Model Intercomparison Project (AMIP) 
outputs of CMIP5 (Taylor et al. 2012) are also used to 
examine model performance. More details about the 24 
AMIP models are shown in Table 1. A common period 
of 1979–2003 is chosen in the study.

  In this study, a 25-year linear trend is removed prior 
to conducting the interannual variability analyses in 
both observations and models. The Niño-3.4 index is 
defined as the area-averaged SSTA over the region 5° 
N–5° S, 120°–170° W. The selection of El Niño events 
is based on the threshold of one-half standard deviation 
of December–January–February (DJF) mean Niño-3.4 
index.

c. Analytical methods

1. Moisture budget analysis
  A moisture budget analysis (Trenberth and Guillemot 

1995; Seager et al. 2010; Chou and Lan 2012; Chou 
et al. 2013) is used on the interannual time scale to 
understand the mechanisms responsible for precipitation 
anomalies. The vertically integrated moisture equation 
is written as follows:

  
where primes denote the monthly anomaly; overbars 
denote the monthly mean; angle brackets denote verti-
cal integration from the surface to the top of the atmos-
phere (TOA); subscript h represents the horizontal direc-
tion; subscript p represents pressure; q denotes specific 
humidity; ⇀u denotes horizontal wind; � denotes vertical 
pressure velocity; P and E represent precipitation and 
evaporation, respectively; and NL represents all non-
linear terms.

  According to Eq. (1), the changes in precipitation 
anomalies between future and present-day can be deter-
mined as follows:

(1)
P� ≈ E� −

⟨

⇀̄

u ⋅ ∇hq
�

⟩

−

⟨

⇀

u
�

⋅ ∇hq̄

⟩
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⟨

�̄� ⋅ 𝜕pq
�
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−
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Fig. 1  a DJF mean Nino 3.4 
index. b Spatial distribution 
of boreal winter SST anoma-
lies during El Niño years in 
the present-day experiment 
(shaded, unit: K) and future 
experiment (contour, unit: K) of 
MRI-AGCM3.1H. c Climato-
logical DJF mean SST warming 
patterns projected by CMIP3 
MME which is used as a SST 
boundary condition to drive 
MRI-AGCM3.1H. The gray bar 
and red line in (a) indicate the 
results of the present and future 
runs (a linear trend during the 
period is removed), respectively

(a)

(b)

(c)
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where the Δ denote changes between the future and 
present day. Each term on the right side of the equa-
tion, except for the evaporation term, can be further 
divided into two parts, which are caused by changes in 
the dynamic ( Δ⇀̄

u , Δ⇀

u
�

 , Δ�̄� , Δ�� ) and thermodynamic 
( Δq̄ , Δq� ) components, respectively. Therefore, Eq. (2) 
can be further transformed to the following expression:
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2. Moist static energy budget
  In the tropics and subtropical monsoon regions, ver-

tical motion is largely constrained by the moist static 
energy (MSE) budget (Neelin and Held 1987; Neelin 
2007), which can be expressed as follows:

  
where MSE is represented by h = cpT + Lvq + � ; cp and 
Lv denote specific heat at constant pressure and latent 
heat of vaporization, respectively; T represents air tem-
perature; s = cpT + Lvq represents moist enthalpy; � 
denotes geopotential; and Fnet is the net MSE flux com-
ing into an atmospheric column (Wu et al. 2017):

  
where the right 9 terms of Eq. (5) are downward short-
wave radiative flux at the TOA, upward shortwave 

(4)
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Table 1  Description of the CMIP5 stand-alone atmospheric general circulation models used in the paper

Model Institute/country Resolution (lati-
tude × longitude, 
level)

ACCESS1.0 CSIRO–BOM/Australia 145 × 192, L38
BCC_CSM1.1 BCC–China Meteorological Administration (CMA)/China 64 × 128, L26
BCC_CSM1.1(m) BCC–CMA/China 160 × 320, L26
BNU-ESM Beijing Normal University/China 64 × 128, L26
CanAM4 CCCma/Canada 64 × 128, L35
CCSM4 NSF–DOE–NCAR/USA 192 × 288, L27
CESM1(CAM5) NSF–DOE–NCAR/USA 192 × 288, L27
CNRM-CM5 Centre National de Recherches Météorologiques—CERFACS/France 128 × 256, L31
CSIRO Mk3.6.0 CSIRO–QCCCE/Australia 96 × 192, L18
FGOALS-g2 LASG–Center for Earth System Science/China 60 × 128, L26
FGOALS-s2 LASG–IAP/China 64 × 128, L26
GFDL CM3 NOAA–GFDL/USA 90 × 144, L48
GISS-E2/R NASA–GISS/USA 89 × 144, L40
HadGEM2-A UKMO Hadley Centre/UK 144 × 192, L60
INM-CM4 Institute of Numerical Mathematics/Russia 120 × 180, L21
IPSL-CM5A-LR IPSL/France 96 × 96, L39
IPSL-CM5A-MR IPSL/France 143 × 144, L39
IPSL-CM5B-LR IPSL/France 96 × 96, L39
MIROC5 MIROC/Japan 128 × 256, L40
MPI-ESM-LR MPI–Meteorology/Germany 96 × 192, L47
MPI-ESM-MR MPI–Meteorology/Germany 96 × 192, L96
MRI-AGCM3-2H Meteorological Research Institute/Japan 320 × 640, L64
MRI-CGCM3 Meteorological Research Institute/Japan 160 × 320, L48
NorESM1-M Norwegian Climate Centre (NCC)–Norwegian Meteorological Institute (NMI)/Nor-

way
96 × 144, L26
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radiative flux at the TOA, upward longwave radiative 
flux at the TOA, and upward shortwave radiative flux at 
the surface, downward shortwave radiative flux at the 
surface, upward longwave radiative flux at the surface, 
downward longwave radiative flux at the surface, latent 
heat (LH) flux and sensible heat (SH) flux. The four 
solar radiation terms and three longwave radiation terms 
were merged together and are known as the changes in 
net solar radiation flux ( ΔS� ) and net longwave radiation 
flux ( ΔR� ), respectively. The net longwave radiative flux 
anomalies are separated into cloud-related ( ΔR�

cloud
 ) and 

clear-sky components ( ΔR�
clearsky

 ). Finally, Eq. (5) is sim-
plified as follows:

  Since the time tendency term [first term in Eq. (4)] 
is much smaller than the other terms on the interannual 

(6)
ΔF�

net
= ΔR�

cloud
+ ΔR�

clearsky
+ ΔS� + ΔLH� + ΔSH�.

time scale, this term is negligible. The MSE equation 
can be transformed as follows:

  Similar to the moisture equation, each term on the 
right side of the equation except the evaporation term 
can be further divided into two dynamic ( Δ⇀̄

u , Δ⇀

u
�

 , 
Δ�̄� , Δ�� ) and thermodynamic components ( Δh̄ , Δh� , 
Δ
(
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)

 , Δ
(
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)� ), respectively. Equa-

tion (7) can be transformed as follows:
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Fig. 2  a Distribution of boreal 
winter climatological precipita-
tion (shaded, unit: mm/day) and 
850-hPa winds (vectors, unit: 
m/s) in the observation. b Same 
as in (a) but for the present-day 
simulation of MRI-AGCM3.1H. 
c Same as in (a) but for the dif-
ferences between the observa-
tion and present-day simulation 
of MRI-AGCM3.1H
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(8)
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3  Basic evaluation of MRI‑AGCM3.1H 
in the tropical Pacific

3.1  Mean state

The mean state of precipitation and circulations in the 
tropical Pacific in boreal winter are evaluated. Compared 
with the GPCP and ERA-Interim data, MRI-AGCM3.1H 
reasonably reproduces the climatological precipitation and 
low-level wind field (Fig. 2a, b). In detail, two significant 
precipitation centers, the Intertropical Convergence Zone 
(ITCZ) and the South Pacific Convergence Zone (SPCZ), 
are well captured but with larger magnitudes, especially 
for the tropical Northeast Pacific region (Fig. 2c) which 
is an chronic bias also seen in the previous model version 

(a) (b)

(d)(c)

Fig. 3  Taylor diagram of boreal winter mean precipitation (unit: mm/day) (a), mean U850 (unit: m/s) (b), mean V850 (unit: m/s) (c), and pre-
cipitation standard deviation (unit: mm/day) (d). Label 1 indicates MRI-AGCM 3.1H and label 2-25 indicates 24 AMIP outputs of CMIP5
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(Kitoh and Arakawa 1999). The low-level trades are also 
reasonably reproduced by MRI-AGCM3.1H. The near-
equatorial low-level wind is stronger, especially for the 
Northeast Pacific region.

To quantitatively evaluate the model performance, a 
Taylor diagram is drawn in Fig. 3a–c. The radial distance 
indicates the model spatial variability in precipitation and 
low-level winds with respect to the observation. The azi-
muthal location indicates the pattern correlation between 
the model simulation and observation. The root mean 
square difference is related to the above two quantities. 
The ratio of standard deviation and pattern correlation of 
mean state precipitation are 1.31 and 0.84, respectively 
(Fig.  3a). The model simulations of low-level winds 
(U850, V850) agree with the observations better than 
precipitation (Fig. 3b, c). The ratio of standard deviation 

and pattern correlation of climatological U850 (V850) are 
1.10 (1.02) and 0.92 (0.84), respectively. The performance 
of MRI-AGCM3.1H in climatological precipitation and 
low-level wind is better than half of the AMIP models 
in CMIP5. Therefore, MRI-AGCM3.1H has a good per-
formance in simulating climatological rainfall and low-
level winds. In addition, previous studies also illustrate 
that MRI_AGCM3.1H reasonably reproduce the East 
Asia monsoon precipitation and tropical cyclones (Sugi 
et al. 2009; Murakami and Sugi 2010; Kusunoki et al. 
2011; Mizuta et al. 2011). The intensity and position of 
summer precipitation over East Asia is well captured by 
MRI_AGCM3.1H (Kusunoki et al. 2011). The mean-state 
and interannual variations of tropical cyclone genesis 
number are reasonably reproduced by MRI_AGCM3.1H, 
especially for Western North Pacific, North Atlantic and 

Fig. 4  a Distribution of the 
standard deviation of tropi-
cal central-east Pacific winter 
rainfall (unit: mm/day) in the 
observation. b Same as in (a) 
but for the present-day simula-
tion of MRI-AGCM3.1H. c 
Same as in (a) but for the differ-
ences between the observation 
and present-day simulation of 
MRI-AGCM3.1H. d Same as in 
(a) but for the changes between 
the future and present-day simu-
lations of MRI-AGCM3.1H. 
The black dashed lines in (d) 
indicate the region with maxi-
mal changes in the precipitation 
standard deviation

(a)

(b)

(c)

(d)
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Southern Indian Ocean (Sugi et al. 2009; Murakami and 
Sugi 2010). Besides, the spatial distribution of extratropi-
cal cyclones during boreal winter is also well simulated 
(Mizuta et al. 2011).

3.2  Interannual variability

The model capability in reproducing precipitation interan-
nual variability is also evaluated (Fig. 4a–c). Here, the stand-
ard deviation of precipitation is used to represent the inten-
sity of the interannual variability. The interannual variability 
in precipitation is larger over the central Pacific than in other 
tropical Pacific regions (Fig. 4a). MRI-AGCM3.1H reason-
ably reproduced the maximal center of precipitation interan-
nual variability, although with a larger magnitude than the 
observation (Figs. 4b, c). Moreover, the maximum center of 
the precipitation interannual variability was located more 
north and east than the observation. Based on the Taylor dia-
gram, the ratios of standard deviation and pattern correlation 
of precipitation interannual variability in MRI-AGCM3.1H 
are 1.02 and 0.68, respectively (Fig. 3d). The performance 
in the spatial distribution of precipitation variability in MRI-
AGCM3.1H is better than over 60% of CMIP5 models. In 
brief, MRI-AGCM3.1H captured the observed features of 
mean-state and interannual variability in precipitation.

4  Changes in precipitation interannual 
variability related to climatological SST 
warming

Figure 4d shows the projected changes in the standard devi-
ation of precipitation between the future and present day. 
MRI-AGCM3.1H projects that precipitation interannual 
variability over the tropical central-eastern Pacific (5° S–3° 
N, 100° W–150° W) would increase more than the surround-
ing regions in a future warmer climate.

To investigate the mechanisms for precipitation interan-
nual variability intensification, the regional mean rainfall 
index is calculated over the central-eastern Pacific (5° S–3° 
N, 100° W–150° W) region (Fig. 5a). The correlation coef-
ficient between the present rainfall index and its changes 
under global warming is 0.67 (statistically significant at the 
1% level). This positive correlation indicates an intensifica-
tion of precipitation interannual variability. Specifically, in 
the present day climate, rainfall in El Niño years is more 
than that in neutral and La Niña years over the central-east-
ern Pacific. Coincidently, rainfall in El Niño years over the 
central-eastern Pacific is projected to increase more than that 
in neutral and La Niña years under global warming. There-
fore, the precipitation differences between El Niño years and 
non-El Niño years will increase under a warming climate 

(b)

(a)

Fig. 5  a DJF mean rainfall index (unit: mm/day) averaged over the 
tropical central-east Pacific (5° S–3° N, 100° W–150° W) from MRI-
AGCM3.1H. b Changes in Nino 3.4 related precipitation (unit: mm/
day) between the future (2075–2099) and present day (1979–2003) 
in MRI-AGCM3.1H. The gray bar in (a) indicates changes in the 
DJF mean rainfall index between the future and present day. The 

blue (light blue) line in (a) indicates the tropical central-east Pacific 
rainfall index in the future simulation (present-day simulation). The 
yellow shadow in (a) indicates El Niño years. The black dashed lines 
in (b) are the same as in Fig. 3c. The gray slashed line indicates the 
areas with statistical confidence at the 99% level
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and precipitation interannual variability will increase. 
Next, the spatial pattern of El Niño-induced precipitation 
anomalies in the tropical Pacific is examined in Fig. 5b. El 
Niño-induced positive precipitation anomalies in the tropi-
cal central-eastern Pacific will be strengthened under global 
warming (statistically significant at the 1% level), although 
El Niño SST anomalies are unchanged between the future 
and present-day simulations. Furthermore, we note that the 

increase in El Niño-induced positive precipitation anomalies 
over the tropical central-eastern Pacific is consistent with 
the enhancement of precipitation interannual variability. In 
short, the intensification of precipitation interannual vari-
ability over the tropical central-eastern Pacific is due to the 
faster increase in positive interannual rainfall during El Niño 
years compared with non-El Niño years. In the next section, 
we investigate the underlying physical mechanisms.

Fig. 6  a Moisture budget 
analysis of the changes in 
precipitation anomalies during 
El Niño years (green bars) and 
non-El Niño years (yellow 
bars) between the future and 
present day over the tropi-
cal central-eastern Pacific in 
MRI-AGCM3.1H. Horizontal 
distribution of changes in 
precipitation anomalies between 
present day and future, vertical 
advection of climatological 
specific humidity induced by 
changes in vertical velocity 
anomalies and vertical advec-
tion of climatological specific 
humidity induced by changes in 
climatological humidity during 
El Niño years are shown in 
(b–d), respectively. e Same as 
in (d) but for vertical advec-
tion of climatological specific 
humidity in the present multi-
plying changes in climatologi-
cal temperature. The contours 
in (b) indicate climatological 
SST change (unit: K) relative 
to tropical mean (15° N–15° S) 
and contour interval is 0.16 K. 
The unit is W m−2 in (a–e)
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5  Mechanisms for increased El Niño‑induced 
rainfall anomalies in response 
to background SST warming

To investigate mechanisms leading to the distinct changes 
in rainfall anomalies during El Niño years and non-El 
Niño years over the tropical central-eastern Pacific, a 
moisture budget analysis is conducted based on Eq.  3 
(Fig. 6). Rainfall anomalies induced by El Niño increase 
whereas decrease during non-El Niño years (Fig. 6a). 
Here, the negative rainfall anomalies during non-El Niño 
years under warming indicate that rainfall increase in 
non-El Niño years is less than that in the 25-year mean 
state (Fig. 5a). Hence, faster increase in El Niño-induced 
rainfall anomalies is the dominant reason for the inten-
sification of precipitation interannual variability. There-
fore, we mainly analyze the increase in El Niño-induced 
interannual rainfall anomalies. The enhanced El Niño-
induced precipitation anomalies in the tropical central-
eastern Pacific under global warming are dominated by 
an enhanced vertical moisture advection that climatologi-
cal moisture is advected by anomalous ascending motion 
(i.e., −Δ

⟨

𝜔�
⋅ 𝜕pq̄

⟩

 ), while other terms have few contri-
butions (Fig. 6a). The −

⟨

Δ𝜔�
⋅ 𝜕pq̄

⟩

 is then divided into 
the vertical advection of climatological specific humidity 
induced by enhanced ascending anomalies ( 

⟨

−Δ𝜔�
⋅ 𝜕pq̄

⟩

 ) 
and vertical advection of enhanced climatological specific 
humidity ( −

⟨

𝜔�
⋅ 𝜕p(Δq̄)

⟩

 ). The above two terms repre-
sent changes in the dynamic component ( Δ�� ) and ther-
modynamic component ( Δq̄ ), respectively. Precipitation 
anomalies are dominated by vertical advection of climato-
logical specific humidity induced by an enhanced dynamic 
component ( −

⟨

Δ𝜔�
⋅ 𝜕pq̄

⟩

,), whereas vertical advection of 
an enhanced thermodynamic component ( −

⟨

𝜔�
⋅ 𝜕p(Δq̄)

⟩

 ) 
plays a secondary role (Fig. 6a–d). For the latter term 
above, the enhanced thermodynamic component (cli-
matological specific humidity) is caused by increased 
climatological temperature in the atmospheric column 
(Fig. 6e). In detail, the vertical advection of enhanced cli-
matological specific humidity ( −

⟨

𝜔�
⋅ 𝜕p(Δq̄)

⟩

 ) equals the 
vertical advection of enhanced climatological temperature 
and present-day specific humidity ( −

⟨

𝜔�
⋅ 𝜕p

(

q ∗ ΔT̄
)⟩

 ) 
multiplied by 7%/K (Fig. 6d, e). Namely, the climatologi-
cal column specific humidity will increase at a rate of 
7%/K, as constrained by the Clausius–Clapeyron relation 
(O’Gorman and Muller 2010; Schneider et al. 2010).

To further show how the dominant dynamic component 
changes, we examine the El Niño-induced zonal vertical 
profile of vertical velocity anomalies in the tropical central-
eastern Pacific ( −Δ�� ; Fig. 7). An anomaly center is located 
below 500 hPa in the present-day climate (Fig. 7a). In the 
future, the center is strengthened and expands to the upper 

Fig. 7  a Zonal vertical profile of anomalous vertical velocity (inverse 
pressure velocity; unit: -Pa/s) averaged over 5° S–3° N during El 
Niño years in the present-day MRI-AGCM3.1H experiment. b Same 
as in (a) but for future experiments. c Changes in anomalous vertical 
velocity during El Niño years between future and present day from 
MRI-AGCM 3.1H
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troposphere (Fig. 7b). The maximum center of enhanced El 
Niño-induced anomalous vertical velocity is located west 
of 120° W (Fig. 7c). In short, El Niño-induced anomalous 
convective activity will strengthen under global warming 
nearly throughout the troposphere.

Moreover, the shift in the convective center in the tropical 
Pacific is examined using El Niño-induced velocity potential 
anomalies and divergent wind anomalies at 200 hPa and 
850 hPa (Fig. 8). In the present-day climate, the El Niño-
induced anomalous high-level divergence (Fig. 8a) and 
low-level convergence centers (Fig. 8d) are located over 
the tropical central Pacific (nearly 170° W) and central-
eastern Pacific (nearly 140° W), respectively, indicating 
that the ascending branches of the Walker circulation move 
eastward during El Niño years. In the future, the El Niño-
induced anomalous high-level divergence center (Fig. 8b) 
and low-level convergence center (Fig. 8e) expand and are 
located at nearly 160° W and 135° W, respectively. The 
anomalous low-level convergence and high-level divergence 
centers tend to move further eastward and are strengthened 
under global warming in MRI-AGCM3.1H (Fig. 8c, f). 
The eastward-shifted and strengthened Walker circulation 
anomaly center under global warming confirms the key role 

of dynamic component in enhancement of rainfall anomaly 
during El Niño (Fig. 6a, c).

To understand the enhanced anomalous vertical motion 
over the tropical central-eastern Pacific, the MSE budget is 
determined following Eq. (8). As shown in Fig. 9, anoma-
lous advection of the climatological MSE by enhanced 
ascending anomalies ( 

⟨

Δ𝜔�
⋅ 𝜕ph̄

⟩

 ) is mainly balanced by 
anomalous vertical advection of the enhanced climatological 
MSE ( −

⟨

𝜔�
⋅ 𝜕p

(

Δh̄
)⟩

 ) and positive net MSE flux anomalies 
( ΔF�

net
 ), while other terms have few contributions. The above 

two terms involve different physical processes, which are 
analyzed as follows.

First, anomalous vertical advections of enhanced clima-
tological MSE ( −

⟨

𝜔�
⋅ 𝜕p

(

Δh̄
)⟩

 ) have the largest contribu-
tion to the enhancement of anomalous ascending motion 
(Fig. 9c). The vertical structure of changes in climatologi-
cal MSE ( Δh̄ ) is shown in Fig. 10a. The low-level MSE 
is projected to increase more than those in the middle to 
upper troposphere under warming. Anomalous ascending 
motion transports warmer and wetter air (larger MSE) from 
the lower troposphere into the middle-upper troposphere. 
It is beneficial to in turn strengthening the upward motion. 
It is only during El Niño years that anomalous ascending 
motion occurs over the tropical central-eastern Pacific. 
Hence, this term explains why the precipitation anomalies in 

Fig. 8  Changes in El Niño related DJF mean 200-hPa velocity poten-
tial (shaded; unit:  105  m2  s−1) and divergent winds (vectors; unit: 
m  s−1) anomalies for present simulation (a), future simulation (b) 

and differences between future and present simulation c. d–f Same as 
(a–c) but at 850 hPa
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El Niño years over the central-eastern Pacific are projected 
to increase more than those in non-El Niño years.

The increase in MSE flux ( ΔF�
net

 ) is the second-largest 
term on the right-hand side of Eq. (8) (Fig. 9a). By decom-
posing ΔF�

net
 following Eq. (7), we find that the increase in 

ΔF�
net

 over the central-east Pacific (Fig. 9d) is dominated by 
the cloud-related net longwave radiative flux (Fig. 10b, SI 
Fig. 1). To understand the increased cloud longwave fluxes 
in El Niño years under non-uniform surface warming, the 
vertical profile of cloud cover anomalies in the central-
eastern Pacific is compared with that in non-El Niño years 
(Fig. 11a). On one hand, as expected from the Fixed Anvil 
Temperature hypothesis (Hartmann and Larson 2002), 
heights of the high cloud near the troposphere (see peak 
of the high-level cloud cover) increase from 14 to 17 km 
in both El Niño and non-El Niño years while keeping a 

constant cloud temperature around 200 K under the surface 
warming (SI Fig. 2; Zelinka and Hartmann 2010). It can 
induce larger cloud longwave forcing during El Niño years 
due to more high cloud cover than that in the non-El Niño 
years in the present day (Fig. 11a). On the other hand, high 
cloud cover in El Niño years increases evidently more than 
that in non-El Niño years whereas the low cloud increases 
by the nearly same magnitude (Fig. 11c). It can be well 
explained by the stronger convection enhancement in future 
projection throughout atmospheric column in El Niño years 
(Fig. 11b, d) since convective detrainment gives rise to the 
formation of high-level clouds (Bony et al. 2016). It indi-
cates a positive feedback between the convection and cloud 
longwave radiative effect. More high cloud amount over the 
tropical central-eastern Pacific in El Niño years caused by 
stronger convection renders the warming effect of high cloud 

Fig. 9  a Budget analysis of the 
MSE equation. b Distribution 
of vertical advections of the 
climatological MSE induced 
by changes in vertical velocity 
anomalies during El Niño years 
( 
⟨

Δ𝜔�
⋅ 𝜕ph̄

⟩

 ). c Same as in (b) 
but for vertical advections of 
enhanced climatological MSE 
induced by changes in climato-
logical MSE ( 

⟨

𝜔�
⋅ 𝜕p

(

Δh̄
)⟩

 ). d 
Same as in (b) but for changes 
in net MSE flux anomalies 
( ΔF�

net
 ) during El Niño years. 

The contours in (b) indicate cli-
matological SST change (unit: 
K) relative to tropical mean (15° 
N–15° S) and contour interval 
is 0.16 K. The unit is W m−2 
in (a–d). Variable with prime 
means the anomaly related to 
El Niño, with bar the climatol-
ogy, with delta the changes in 
warmer future relative to the 
present day
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getting larger than that in non-El Niño years. As a result of 
enhanced cloud longwave radiative fluxes, the atmospheric 
column becomes more unstable, which in turn strengthens 
the deep convection.

In summary, because the SST anomalies ( ΔSST � ) are 
prescribed to remain unchanged in the future simulation 
(Fig. 1b), the changes in climatological MSE are modified 
by the climatological SST changes (Fig. 9b). Changes in 
climatological MSE induce an increase in deep convective 
activity anomalies during El Niño years, which contribute to 
projected changes in ENSO-driven rainfall variability.

6  Summary

A high-resolution AGCM MRI-AGCM3.1H is used to 
examine the changes in rainfall interannual variability over 
the tropical Pacific in response to only climatological SST 
warming. The observed SST variability, including ENSO, 
remains unchanged in future climate projections. The main 
results are summarized as follows.

The future climate projections of MRI-AGCM3.1H reveal 
an evident change in precipitation interannual variability in 
the tropical Pacific. Generally, precipitation interannual vari-
ability over the tropical central-eastern Pacific will increase 
more than the surrounding regions under a future warming 
climate, which is closely related to the faster increase in El 
Niño-induced positive rainfall anomalies relative to neutral 
years and La Niña years.

The mechanisms by which background SST warming 
impacts precipitation variability under warming are shown 
in a schematic diagram (Fig.  12). Based on a moisture 
budget analysis, the enhanced El Niño-induced precipita-
tion anomalies in the tropical central-eastern Pacific under 
global warming are caused by vertical advection of the 
climatological specific humidity by enhanced anomalous 
wind ( −

⟨

Δ𝜔�
⋅ 𝜕pq̄

⟩

 ). Thermodynamic component changes 
in the vertical advection of climatological specific humidity 
by anomalous wind ( −

⟨

𝜔�
⋅ 𝜕pΔq̄

⟩

 ) play a secondary role. 
For the thermodynamic component, enhanced climatological 
temperature is the dominant reason for enhanced climato-
logical specific humidity. For the dynamic component, the 
center of the anomalous vertical velocity ( �′ ) is projected 
to strengthen and expand to the upper-troposphere, which is 
consistent with the enhanced and eastward shifting El Niño-
induced anomalous Walker circulation center.

The enhanced vertical motion can be explained by two 
different physical processes based on an MSE budget analy-
sis. One is the anomalous ascending motion during El Niño 
years, which transports increased climatological MSE from 
the lower troposphere into the middle-upper troposphere. 
This motion leads to strengthening upward motion and 
increasing deep convection activity under a warming cli-
mate. This physical process also explains why the precipita-
tion in El Niño years over the central-eastern Pacific is pro-
jected to increase more than that of non-El Niño years. The 
other physical process is the positive feedback between con-
vection and cloud radiative forcing, which plays a second-
ary role. Enhanced deep convection under global warming 
increases the high cloud amount, which in turn strengthens 

Fig. 10  a Changes in the zonal 
vertical profile of climato-
logical moist static energy 
(unit: kJ kg−1) averaged over 5° 
S–3° N during El Niño years 
between future and present day. 
b Changes in longwave cloud-
radiative forcing anomalies 
(unit: W m−2) between future 
and present day
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deep convection by increasing longwave heating into the 
atmospheric column. The lift of high-cloud height under the 
Fixed Anvil Temperature hypothesis also play a role in the 
enhanced cloud longwave radiative fluxes during El Niño 
years.

Finally, we have to mention that only one member 
was involved in MRI-AGCM3.1H. We do not discuss 
the uncertainty of the enhanced precipitation variability 
driven by climatological SST warming patterns. More 
models and members are necessary for further compre-
hensive study to clarity the impacts of model responses 

and internal variability. In addition, although most cou-
pled model project El Niño-like Pacific warming pattern, 
La Niña-like Pacific warming pattern could also happen 
in warmer future. The response of rainfall interannual 
variability to La Niña-like Pacific warming pattern may 
be more uncertain because the effects of increase in 
mean-state moisture content and those of the decrease in 
dynamic factors could offset each other to some extent. It 
would be also interesting to understand the changes in the 
rainfall interannual variability over the tropical Pacific 
in response to different climatological SST warming 

(a) (b)

(c) (d)

Fig. 11  a Regional vertical profile of cloud cover (unit: %) averaged 
over 5° S–3° N, 100° W–150° W. c Changes in the regional verti-
cal profile of cloud cover averaged over 5° S–3° N, 100° W–150° W 
between future and present day. b, d Same as (a, c) but for inverse 
vertical pressure velocity (unit: -Pa  s−1; positive meaning upward 

motion). The orange, blue lines indicate the results of the average of 
El Niño years and average of non-El Niño years. The dashed (solid) 
lines in (a, b) show the results in present-day simulation (future simu-
lation)
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patterns and the associated physical mechanisms in future 
work. Finally, we hope that the results will help under-
stand the physical mechanism with respect to changes in 
rainfall interannual variability over the tropical Pacific 
and its global effects on remote regions, such as monsoon 
and high-latitude climate.
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