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ABSTRACT

Previous studies have shown that nonlinear atmospheric interactions between ENSO and the warm pool

annual cycle generates a combination mode (C-mode), which is responsible for the termination of strong

El Niño events and the development of the anomalous anticyclone over the western North Pacific (WNP).

However, the C-mode has experienced a remarkable decadal change in its characteristics around the early

2000s. The C-mode in both pre- and post-2000 exhibits its characteristic anomalous atmospheric circulation

meridional asymmetry but with somewhat different spatial structures and time scales. During 1979–99, the

C-mode pattern featured prominent westerly surface wind anomalies in the southeastern tropical Pacific and

anticyclonic anomalies over the WNP. In contrast, the C-mode-associated westerly anomalies were shifted

farther westward to the central Pacific and the WNP anticyclone was farther westward extended and weaker

after 2000. These different C-mode patterns were accompanied by distinct climate impacts over the Indo-

Pacific region. The decadal differences of the C-mode are tightly connected with the ENSO regime shift

around 2000; that is, the occurrence of central Pacific (CP) El Niño events with quasi-biennial and decadal

periodicities increased while the occurrence of eastern Pacific (EP) El Niño events with quasi-quadrennial

periodicity decreased. The associated near-annual combination tone periodicities of the C-mode also changed

in accordance with these changes in the dominant ENSO frequency between the two time periods. Numerical

model experiments further confirm the impacts of the ENSO regime shift on the C-mode characteristics.

These results have important implications for understanding the C-mode dynamics and improving predictions

of its climate impacts.

1. Introduction

El Niño–Southern Oscillation (ENSO), arising from

coupled air–sea interactions in the tropical Pacific, has

been extensively studied due to its profound global

climate impacts (e.g., van Loon and Madden 1981;

Rasmusson and Carpenter 1982; Ropelewski and

Halpert 1987; Neelin et al. 1998; Wallace et al. 1998;

Trenberth and Caron 2000; McPhaden et al. 2006;

Timmermann et al. 2018). During the past few decades,

great progress has been made in understanding ENSO

dynamics and its predictability (e.g., Bjerknes 1969;

Wyrtki 1975; Cane and Zebiak 1985; Jin 1997; Neelin

et al. 1998; Wallace et al. 1998; Capotondi et al. 2015).

One of its prominent characteristics is that ENSO is

synchronized with the annual cycle, manifesting in its

strong tendency to peak during boreal winter (e.g.,

Rasmusson and Carpenter 1982; Jin et al. 1994; Tziperman

et al. 1994; Larkin and Harrison 2002; An and Jin 2011;

Stein et al. 2011, 2014). At the end of the calendar year,Corresponding author: Dr. Wenjun Zhang, zhangwj@nuist.edu.cn
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the southward shift of ENSO-related equatorial zonal

wind anomalies contributes to the rapid demise of

ENSO events in the following months (e.g., Harrison

1987; Vecchi and Harrison 2006; McGregor et al.

2012). This southward wind shift leads to weakened

westerly anomalies on the equator, which allows the

equatorial thermocline to return to its normal state by

generating upwelling oceanic Kelvin waves in the

equatorial eastern Pacific (EP) and discharging equa-

torial heat content toward the off-equatorial Pacific

(e.g., Harrison and Vecchi 1999; Kug et al. 2003;

McGregor et al. 2012).

Recent studies have shown that this meridional wind

shift can be well captured by the second empirical or-

thogonal function (EOF) mode (EOF2) of the tropical

Pacific (108S–108N, 1008E–808W) surface wind anoma-

lies (McGregor et al. 2012; Stuecker et al. 2013), which

is also referred to as the so-called combination mode

(C-mode) (Stuecker et al. 2013, 2015). This C-mode

emerges from nonlinear interactions between the

warm pool annual cycle and ENSO variability (Stuecker

et al. 2013). The ENSO mode (captured by EOF1,

27.1% of the total variance) exhibits equatorially quasi-

symmetric westerly anomalies over the central and

eastern Pacific, thus representing the direct atmospheric

response to ENSO (Fig. 1a). In contrast, the EOF2

(C-mode, 16.4% of the total variance) pattern is char-

acterized by pronounced meridional atmospheric asym-

metry with an anomalous anticyclone over the western

North Pacific (WNP) and southward-shifted westerly

anomalies over the central tropical Pacific (Fig. 1b).

The C-mode contributes to the rapid termination of

strong El Niño events and is crucial to the development

of the anomalous anticyclone over the WNP during

the El Niño mature and decay phases (Stuecker et al.

2013, 2015). The C-mode usually enters its peak

phase during early boreal spring, approximately one

to three months after ENSO peaks, which plays an

important role for precipitation over Indo-Pacific

region (Stuecker et al. 2013; Zhang et al. 2015b, 2016a;

Jiang et al. 2019).

Besides, a new type of El Niño event has occurred

frequently over the central Pacific (CP) in recent de-

cades, differing dramatically from conventional El Niño
events, which has its sea surface temperature (SST)

anomaly (SSTA) center in the eastern Pacific (e.g.,

Larkin andHarrison 2005; Ashok et al. 2007;Weng et al.

2007; Kao and Yu 2009; Kug et al. 2009; Yeh et al. 2009;

Ren and Jin 2011). Since the early 2000s, CP El Niño has

occurred more often while EP El Niño has become less

common compared to the pre-2000 period, in which El

Niño is dominated by the EP type (e.g., Yeh et al. 2009;

Horii et al. 2012; McPhaden 2012; Zhang et al. 2014). A

similar decadal change in the zonal location of SSTAs

cannot be easily detected for La Niña events, although

La Niña can also be separated into two types based

on its spatial structure and associated climate impacts

(e.g., Cai and Cowan 2009; Zhang et al. 2015a, 2019).

Accompanied by this decadal regime change of the El

Niño spatial structure, El Niño intensity has weakened

and its main periodicity shifted from quasi-quadrennial

(QQ) to quasi-biennial (QB) and decadal (e.g., Yeh

et al. 2009; McPhaden et al. 2011; Hu et al. 2013; Ren

et al. 2013; Xiang et al. 2013; Sullivan et al. 2016). This

decadal shift in El Niño characteristics around 2000 has

been documented in many previous studies as an ENSO

FIG. 1. (a),(b) Leading two EOF spatial patterns of tropical surface wind anomalies (vectors; m s21) during 1979–

2018. Pink and blue shadings in (a) and (b) indicate statistically significant westerly and easterly anomalies ex-

ceeding the 99% confidence level, respectively. (c) Normalized time coefficients of EOF1 (shading) and EOF2

(orange line). The EOF spatial patterns are obtained by linear regression of the wind anomalies on the corre-

sponding normalized time coefficients.
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regime shift (e.g., Horii et al. 2012; McPhaden 2012; Hu

et al. 2013; Zhang et al. 2014).

It is natural to expect that the ENSO-associated

C-mode also exhibits a decadal change along with the

ENSO regime shift. However, thus far it is not clear to

what extent the ENSO-related C-mode characteristics

as well as its climate impacts have changed. Here we

proceed to document these changes. Our analyses of

both the observations and targeted modeling experi-

ments document that an observed decadal change of

C-mode characteristics can be attributed to the ENSO

regime shift. In this study, we investigate this decadal

change of C-mode characteristics and its associated

climate impacts. The data and methodology are in-

troduced in section 2. In section 3, the characteristics

of the C-mode before and after 2000 are investigated

and compared. Then the results from targeted nu-

merical model simulations to further confirm the im-

pacts of the ENSO regime shift on the C-mode are

documented in section 4. In section 5, we document

the climate impacts associated with the C-mode in

different periods. Finally, a summary and discussion

are provided in section 6.

2. Data and methodology

a. Observations

The global sea ice and SST analysis (1979–2018) from

the Hadley Centre (HadISST) provided by the Met

Office Hadley Centre (Rayner et al. 2003) is used in this

study. The precipitation data from the global precipi-

tation product from the Climate Prediction Center

Merged Analysis of Precipitation (CMAP; 1979–2018)

are utilized to investigate ENSO-related precipitation

impacts. To examine the variation of ENSO-related

wind anomalies, we use monthly 10-m winds (1979–

2018) from the National Centers for Environmental

Prediction–National Center for Atmospheric Research

(NCEP–NCAR) reanalysis dataset (Kalnay et al. 1996).

The horizonal resolution is 18 3 18 for the SST datasets

and 2.58 3 2.58 for the wind and precipitation datasets.

Anomalies for all variables are computed by removing

the monthly mean climatology (1979–2018). The linear

trends are removed from all datasets to avoid possible

influences associated with global warming, and a 6-

month low-pass Butterworth filter is applied to ex-

clude possible impacts from subseasonal variability. We

emphasize that the qualitative conclusions remain the

same when we use unfiltered data. The Niño-3.4 index,

calculated as the area-averaged SSTAs in the Niño-3.4
region (58S–58N, 1208–1708W), is used to characterize

ENSO. El Niño events are identified according to the

Climate Prediction Center’s definition: If the 3-month

running mean of the Niño-3.4 index is larger than 0.58C
for five consecutive months, this year will be categorized

as an El Niño year. With this method we identify 10 El

Niño events in the time period of the study. We further

identify four EP (1982, 1991, 1997, 2015) and six CP

(1986, 1994, 2002, 2004, 2006, 2009) El Niño events

based on the Niño-3 and Niño-4 indices, which are cal-

culated as the area-averaged SSTAs in the Niño-3 (58S–
58N, 908–1508W) and Niño-4 (58S–58N, 1208–1708W)

region, respectively. El Niño events with Niño-3 greater
than Niño-4 in winter (December–February) are de-

fined as EP El Niño events while those with Niño-4
greater than Niño-3 are identified as CP El Niño events.

Limited ENSO samples are accepted for composites

and other statistical analyses due to the relatively high

SST anomaly pattern stability associated with different

ENSO events (e.g., Weng et al. 2007; McGregor et al.

2013; Zhang et al. 2015a, 2016b). All statistical signifi-

cance tests are performed using a two-tailed Student’s

t test (Wilks 2006).

b. Model experiments

The numerical model used here is the Geophysical

FluidDynamicsLaboratory (GFDL) globalAtmospheric

Model, version 2.1 (AM2.1), with a horizontal resolution

of 2.58 longitude 3 28 latitude. To further confirm the

observed differences in C-mode characteristics related

to EP and CP ENSO-dominated regimes, four sensitiv-

ity experiments (EX-2yr-EP, EX-4yr-EP, EX-2yr-CP,

and EX-4yr-CP) were performed by using an idealized

sinusoidal EP and CP ENSO forcing with 2- and 4-yr

periodicities, respectively. Composited EP El Niño
SSTAs during period 1 (1979–99, P1 hereafter) and CP

El Niño composites during period 2 (2000–18, P2 here-

after) over the tropical Pacific (208S–208N, 1508E–908W)

were used to derive the idealized SSTA forcing patterns

for the EX-EP (EX-2yr-EP, EX-4yr-EP) and EX-CP

(EX-2yr-CP and EX-4yr-CP) experiments, respectively.

The qualitative conclusions remain the same when

using composited EP and CP El Niño events for the

entire period instead. SSTAs outside the forcing area

are set to zero and only the positive loading in the

forcing region is used. Then these ENSO patterns are

multiplied by idealized sinusoidal time series to derive

the time evolution of the EP and CP ENSO-related

SSTAs. We force the model with repeated sinusoidal

2-yr periodicity SSTAs in the EX-2yr-EP and EX-2yr-

CP experiments and with a sinusoidal 4-yr periodicity

in the EX-4yr-EP and EX-4yr-CP experiments, re-

spectively. With these idealized 2- and 4-yr periodic-

ities, all ENSO peak phases will occur aligned with

boreal winter. The simulations are integrated for
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20 years in the repeating 2-yr forcing runs and for

40 years in the repeating 4-yr forcing experiments,

yielding 10 idealized EP and CP ENSO cycles for each

simulation.

3. C-mode spatiotemporal characteristics in the
different time periods

Observations show that tropical Pacific SST variabil-

ity was dominated by EP El Niño events in the pre-2000

period and by the CP El Niño in the post-2000 period

(see introduction). To investigate possible decadal

changes of C-mode characteristics due to this ENSO

regime shift, we separate the entire time period of this

study into two periods (P1 and P2). EOF analyses are

then conducted on the monthly tropical surface wind

anomalies for P1 (Figs. 2a–c) and P2 (Figs. 2d–f), re-

spectively. EOF1 in P1 (EOF1_P1) and P2 (EOF1_P2)

account for 29.6% and 27.6% of the total variance, re-

spectively. The leading normalized time coefficients

(also often referred to as principal components) of

EOF1 have high correlation coefficients (;0.92) with

the Niño-3.4 indices in these two periods (Figs. 2c,d),

capturing ENSO variability well. The corresponding

spatial patterns for P1 (Fig. 2b) and P2 (Fig. 2d) feature

similar equatorially quasi-symmetric westerly anomalies

over the tropical Pacific, both resembling the EOF1

pattern obtained over the entire period (Fig. 1a) despite

some differences in the zonal location. During P1, strong

equatorial westerly anomalies prevail from 1508E to

1208W, while these are shifted farther westward during

P2 (Figs. 2a,d). These different wind patterns are

FIG. 2. Leading two EOF spatial patterns of tropical surface wind anomalies (vectors; m s21) during (a),(b) P1

and (d),(e) P2. Pink and blue shadings in (a), (b), (d), and (e) indicate statistically significant westerly and easterly

anomalies exceeding the 99% confidence level, respectively. The corresponding normalized time coefficients of

EOF1 (shading) and EOF2 (orange line) are shown during (c) P1 and (f) P2.
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consistent with more frequent occurrences of CP El

Niño events (and decrease of EP El Niño event occur-

rences) during the last two decades (e.g., McPhaden

2012; Xiang et al. 2013), considering that CP El Niño
events are accompanied by a farther westward-shifted

air–sea action center compared to EP El Niño events.

Interestingly, large differences can be detected when

comparing the EOF2 patterns in P1 (Fig. 2b) and P2

(Fig. 2e). EOF2 in P1 (EOF2_P1) and P2 (EOF2_P2)

account for 20.3% and 15.2% of the total variance, re-

spectively. During P1 (Fig. 2b), the EOF2 pattern shows

pronounced westerly anomalies in the southeastern

tropical Pacific and low-level anticyclonic circulation

anomalies over the WNP, which is similar to the EOF2

pattern for the entire period (Fig. 1b) and corresponds

to the typical C-mode pattern (Stuecker et al. 2013). The

EOF2 during P2 also captures the C-mode main fea-

tures: the southward shift of westerly anomalies and

the WNP anticyclonic anomalies. In comparison to P1,

the EOF2 in P2 exhibits westward-shifted westerly

anomalies south of the equator (by ;308 of longitude)
and farther zonally extended easterly anomalies north of

the equator. In addition, it shows a farther westward-

extended WNP anticyclone compared to the EOF2 of

P1 (Fig. 2b). The observed difference between the

EOF2 patterns during P1 and P2 can also be seen in the

wind anomaly difference between February–April

(FMA)-mean composites during El Niño events in P1

and P2 (Fig. 3). The FMA period is chosen because the

C-mode typically displays large amplitude during early

boreal spring (Fig. 4).

Previous studies have shown that the southward shift

of equatorial westerly anomalies and the associated

WNP anticyclonic circulation appear mainly during EP

El Niño events based on EOF analyses for the entire

period (Zhang et al. 2015b, 2016a). The EOF results for

P2 (Figs. 2e,f) indicate that the CP El Niño–dominated

regime is also accompanied by a southward shift of

westerly anomalies and a development of the WNP

anticyclone but with different spatial patterns. The

C-mode reaches its peak usually about one to three

months after the EP El Niño peak (Fig. 4a). For EP El

Niño events, the time coefficient of EOF1 (describing

temporal ENSO evolution) starts developing from bo-

real spring and peaks in winter, leading that of EOF2 by

approximately one to three months. A similar relation-

ship between EOF1 and EOF2 can also be seen during

CP El Niño events in P2. The composited time coeffi-

cient of EOF1_P2 (Fig. 4b) exhibits an analogous tem-

poral evolution as that of EOF1_P1 (Fig. 4a) with a

small difference in amplitude. Correspondingly, the

composited time coefficients of EOF2_P2 reverses its

sign abruptly from negative to positive during late win-

ter and enters its peak phase around February of the

El Niño decaying phase, similar to the time coefficient

of EOF2_P1. This EOF2 time evolution describes

the abrupt southward shift of tropical Pacific westerly

anomalies during the CP El Niño–dominated P2.

Interestingly, there is a secondary (albeit statistically

insignificant) peak of the time coefficients of EOF2 in

the following late summer, possibly owing to the sub-

sequent phase shift from a retreating El Niño event to a

developing La Niña condition and air–sea coupling in-

duced persistence of the WNP anticyclone (Stuecker

et al. 2015).

We next illustrate the relationship of the ENSO re-

gime shift with the C-mode change based on our theo-

retical understanding of the ENSO–C-mode relationship.

The theoretical approximations for the C-mode (Stuecker

et al. 2013, 2015) are constructed in the form of

EOF1_P1(t) 3 cos(vat 2 u) for P1 and EOF1_

P2(t) 3 cos(vat 2 u) for P2, respectively. These ap-

proximations are obtained from the first-order term in

nonlinear ENSO/annual cycle interactions, where va

FIG. 3.Wind anomaly differences between FMA-mean composites for El Niño events in P1
and P2. Pink and blue shadings indicate statistically significant westerly and easterly anom-

alies exceeding the 90% confidence level, respectively.

15 JUNE 2020 J I ANG ET AL . 5243



denotes the angular frequency of the annual cycle and

u its phase. The correlation coefficients between the

theoretical C-mode indices and time coefficient of

EOF2 in P1 (Fig. 5a) and P2 (Fig. 5b) are 0.56 and 0.72,

respectively (exceeding the 99% statistical significance

level). These results indicate that the observed C-mode

variability can be regarded as the superposition of the

theoretical C-mode (i.e., a modulation of ENSO by the

annual cycle), enhanced persistence of C-mode induced

atmospheric anomalies by air–sea coupling (Stuecker

et al. 2015; Zhang et al. 2016b), and unforced internal

atmospheric variability that projects onto the C-mode

pattern.

Next, as the intrinsic ENSO time scale has changed in

association with the regime shift, we hypothesize that

the C-mode temporal characteristics should also have

changed given their close relationship. As elucidated

in Stuecker et al. (2013), the C-mode exhibits most of

its spectral variance at the ENSO/annual cycle differ-

ence (12 fe) and sum (11 fe) tones, where 1 represents

the annual cycle frequency and fe the frequency (fre-

quency band) of ENSO, which are near-annual time

scales due to the ENSO interannual time scale. The

question is, however, how detectable these C-mode

spectral characteristic changes are in the presence of

atmospheric noise.

FIG. 4. Composited monthly evolutions of normalized time coefficients of EOF1 (black) and EOF2 (blue) for

(a) EP El Niño events in P1 and (b) CP El Niño events in P2. Solid circles indicate composited values that exceed

the 90% statistical significance level.

FIG. 5. Normalized time coefficients of EOF2 (black) and theoretical C-mode index (orange) during (a) P1

and (b) P2.

5244 JOURNAL OF CL IMATE VOLUME 33



As shown in the spectral analyses in Fig. 6, ENSO

variability (the time coefficient of EOF1_P1) exhibits

pronounced QQ time scales (fe ’ 0.25 yr21) during P1,

while it (the time coefficient of EOF1_P2) displays QB

time scales (fe ’ 0.33 yr21) superimposed on decadal

low-frequency variability (;10-yr, fe ’ 0.1 yr21) during

P2. As detected in previous studies, EP El Niño shows

strong QQ periodicity while CP El Niño exhibits QB

characteristics (e.g., Weng et al. 2007; Kao and Yu 2009;

Kug et al. 2009). Besides the ENSO-dominant interan-

nual variability, CP El Niño indices also show strong

decadal variability (e.g., Ren and Jin 2013; Xiang et al.

2013; Sullivan et al. 2016). The distinct periodicities seen

in PC1 of EP-dominant P1 and CP-dominant P2 can be

attributed to the contrasts in the main periodicities as-

sociated with EP and CP El Niño. Correspondingly, the
time coefficient of EOF2_P1 exhibits statistically sig-

nificant spectral peaks at around 0.75 yr21 (;16 month)

and 1.25 yr21 (;10 month), consistent with a ;1 6 fe
shift of the ENSOQQ frequencies. In contrast, the time

coefficient of EOF2_P2 shows four different near-

annual frequency peaks, which correspond approxi-

mately to 0.67 yr21 (;18 month), 0.9 yr21 (;13 month),

1.1 yr21 (;11 month), and 1.33 yr21 (;9 month). Here,

the 1 2 fe peaks are more detectable than the 1 1 fe
peaks (the sum tones being only marginally detectable

in the presence of the background noise). Possible rea-

sons include difficulties to obtain a robust spectral esti-

mate from relatively short observational records,

higher-order atmospheric nonlinearities, and the red-

dening effects due to air–sea interactions (see dis-

cussions in Stuecker et al. 2013, 2015). However, in

agreement with the frequency peaks of the time coeffi-

cients of EOF1_P2 and EOF2_P2, the associated theo-

retical C-mode indices also exhibit pronounced 1 2 fe
and 1 1 fe frequency peaks in both P1 and P2 (fe 5
0.25 yr21 in P1, fe 5 0.33 and 0.1 yr21 in P2; orange lines

in Fig. 6).

4. Numerical model experiment results

The above observed analyses suggest that the C-mode

pattern and its temporal characteristics have experi-

enced significant decadal changes in accordance with the

ENSO regime shift around 2000. To further confirm our

arguments based on the observation, we conduct four

sensitivity experiments with different SSTAs (Fig. 7a in

EX-2yr-EP and EX-4yr-EP runs, Fig. 7b in EX-2yr-CP

and EX-4yr-CP runs) and periodicities (see experi-

mental designs in section 2).

We conduct EOF analyses on the monthly tropical

surface wind anomalies in these four runs. As we can see

in Fig. 8, the 2- and 4-yr idealized ENSO forcings can

derive similar C-mode dynamics, both showing signifi-

cant near-annual variability in their difference tone and

sum tone (0.5 and 1.5 yr21 for 2-yr runs, 0.75 and 1.25 for

4-yr runs). Other periodicities (e.g., 2.5, 5, and 10 years)

are tested to force themodel and similar conclusions can

be drawn.

The 2- and 4-yr period ENSO forcings also derive

similar atmospheric responses in the spatial pattern, so

only the EOF patterns in the 2-yr runs (EX-2yr-EP and

EX-2yr-CP) are shown here. These two simulations

(Fig. 9) well reproduce the observed ENSO and the

C-mode relatedwind anomaly patterns during P1 and P2

(Fig. 2). In the EX-2yr-EP run, there are strong equa-

torially quasi-symmetric westerly anomalies associated

with PC1, which prevails from 1508E to 1208W (Fig. 9a).

As to the EOF2 pattern (Fig. 9b), there are signifi-

cant meridionally asymmetric wind anomalies in the

tropical Pacific, characterized by westerly anomalies in

the southeastern Pacific and easterly anomalies in the

WNP. For the EX-2yr-CP run with weaker SSTA am-

plitude and westward-shifted zonal location (Fig. 9c),

FIG. 6. Fast Fourier transform (FFT) power spectra for time

coefficients of EOF1 (dashed thick black) and EOF2 (solid thick

black) during (a) P1 and (b) P2. The time coefficients of EOF1 are

shifted to 1 2 f (dashed blue) and 1 1 f (dashed green) and scaled

by a factor of 1/3 to illustrate the EOF2 combination tone fre-

quencies. The thin black lines indicate the 99% confidence interval

(CI) for the time coefficient of EOF2. The orange line indicates the

power spectra for theoretical C-mode index (scaled by a factor of

2). The thick gray vertical lines indicate the approximate frequency

peaks at 12 fe and 11 fe [0.75 and 1.25 yr
21 in (a) and 0.67, 0.9, 1.1,

and 1.33 yr21 in (b)].
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the strong tropical wind anomaly pattern associated with

PC1 resembles that in the observation (Fig. 2d). The

EOF2 pattern in the EX-2yr-CP run (Fig. 9d) also ex-

hibits similar equatorial meridional asymmetry of wind

anomalies compared to the observation (Fig. 2e), fea-

turing easterly anomalies north of the equator and

westerly anomalies south of the equator, which are both

confined to the central Pacific. It can be seen that the

observed spatiotemporal differences are well repro-

duced by these experiments, suggesting that the ENSO

regime shift is mainly responsible for the decadal change

in the C-mode spatiotemporal characteristics.

5. Distinct climate impacts associated with
different C-mode characteristics

To examine whether also the C-mode related climate

impacts have changed around 2000, we compare the

surface circulation and precipitation anomalies associ-

ated with the two leading EOFs during P1 (Figs. 10a,b)

and P2 (Figs. 10c,d), respectively. The direct ENSO-

related impacts (EOF1 regressions) during both P1

and P2 (Figs. 10a,c) feature quasi-symmetric surface

circulation and precipitation anomaly patterns with re-

spect to the equator, displaying the classic Gill response

to an equatorial central Pacific heating source. The only

difference is a slight westward shift in the zonal location

of the anomalies during P1 compared to P2, consistent

with the ENSO-related tropical surface wind pattern

shift (Figs. 2a,d).

For the PC2 regressions (Figs. 10b,d), the surface

circulation and precipitation anomalies are highly

meridionally asymmetric, showing the characteristic

C-mode signals over the central Pacific and WNP. Both

of them exhibit an anomalous cyclone (associated with

enhanced precipitation) over the southern central Pacific

and an anomalous anticyclone (associated with reduced

precipitation) over the WNP. However, obvious dis-

crepancies can be observed in their spatial distributions.

During P1, the positive precipitation anomaly center in

the central equatorial Pacific extends from the date line

to the South American coast (Fig. 10b). In contrast, this

positive precipitation center is located farther westward

with an absence of positive precipitation anomalies over

the eastern equatorial Pacific during P2 (Fig. 10d). Over

the Indo-Pacific region, theWNP anticyclone is stronger

FIG. 7. SSTA patterns used as boundary forcing in the (a) EX-EP and (b) EX-CP

experiments.
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during P1, leading to enhanced moisture transports

northeastward to East Asia and thus enhanced precipi-

tation along the East Asian subtropical jet (Fig. 10b). In

contrast, during P2, this anticyclonic system elongates

more zonally (extending into the Arabian Sea) with

weaker amplitude in the WNP region (Fig. 10d). The

western boundary of theWNP anticyclone in P2 extends

farther westward by ;508 compared to the western

boundary in P1. Accordingly, there are large-scale pre-

cipitation deficits in the northern tropical area from

the Bay of Bengal to the coast of South America in P2.

This zonally extended anticyclonic circulation system

transports less moisture to East Asia and is thereby

associated with reduced positive precipitation anomalies

over southern China and adjacent seas. Simultaneously,

negative precipitation anomalies are evident over the Bay

of Bengal and northern part of the Maritime Continent

(;908–1208E, 08–208N), roughly opposite to the response

in P1.

We next investigate the reconstructed precipitation

anomalies over the tropical Pacific based on the PCs of

different periods to examine their differences. Here the

boreal spring season (March–May) is our focus since the

C-mode reaches its peak amplitude usually in this sea-

son. As shown in Fig. 11a, positive precipitation anom-

alies exist over the southeastern tropical Pacific and

FIG. 9. The leading two EOF spatial patterns of the tropical surface wind anomalies (vectors; m s21) in (a),(b) EX-2yr-EP and (c),(d)

EX-2yr-CP. Pink and blue shadings indicate statistically significant westerly and easterly anomalies exceeding the 99% confidence level,

respectively.

FIG. 8. FFT power spectra for the time coefficient of EOF2 in EX-2yr-EP (solid black), EX-

2yr-EP (solid blue), EX-4yr-EP (solid red), and EX-4yr-EP (solid orange). Dashed lines

indicate the corresponding 99% confidence intervals (CI).
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negative precipitation anomalies over the WNP during

the decaying spring of EP El Niño events in P1. The

spring precipitation anomalies are reconstructed by us-

ing the time coefficients of EOF1_P2 and EOF2_P2

calculated for the entire period (Fig. 11b) and P1 only

(Fig. 11c), respectively. Both of the reconstructions can

well capture the observed precipitation anomaly pat-

tern. Similarly, we also composite CP El Niño events in

P2 (Fig. 11d), in which the precipitation anomaly pattern

shows a westward shift of both the positive and negative

precipitation anomaly centers compared to P1. The

leading two PCs for the entire period fail to reproduce

the precipitation anomalies associated with the CP El

Niño events in P2 (Fig. 11e). In contrast, the precipita-

tion anomaly pattern can be well reconstructed by us-

ing the time coefficients of EOF1_P2 and EOF2_P2

FIG. 11. Composited spring precipitation anomalies (shading; mmday21) during (a) EP El Niño events in P1 and

(d) CP El Niño events in P2. Reconstructed precipitation anomalies during EP El Niño events in P1 based on the

time coefficients of EOF1 and EOF2 for (b) the entire period and (c) P1. Reconstructed precipitation anomalies

during CP El Niño events in P2 based on the time coefficients of EOF1 and EOF2 for (e) the entire period

and (f) P2.

FIG. 10. Precipitation anomalies (shading; mmday21) and surface wind streamfunction anomalies (contours;

1.53 1025 m2 s21) regressed onto normalized time coefficients of (a) EOF1_ P1, (b) EOF2_P1, (c) EOF1_P2, and

(d) EOF2_P2.
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(Fig. 11f). As discussed in the introduction, the atmo-

spheric response is dominated by EP El Niño events

when considering the whole time period (Fig. 1). Thus,

the EP El Niño precipitation anomaly pattern is well

reconstructed based on the leading two PCs for both the

entire period and P1 (Figs. 11b,c). In contrast, CP El

Niño events occurred much more frequently in P2 and

its associated C-mode exhibits a pronounced change in

its pattern, explaining why the spring precipitation

anomaly for CP El Niño can only be reconstructed using

the PCs derived from P2 (Figs. 11e,f).

6. Summary and discussion

Previous studies have shown that the C-mode plays an

essential role in the termination of El Niño events as

well as the development of the anomalous WNP anti-

cyclone (e.g., Stuecker et al. 2013, 2015; Zhang et al.

2015b, 2016a). Here we find that due to the ENSO re-

gime shift around 2000, the C-mode has experienced

decadal changes in its spatiotemporal characteristics.

Before 2000, the C-mode pattern is characterized by

pronounced westerly surface wind anomalies in the

southeastern Pacific and anticyclonic anomalies over the

WNP. After 2000, the C-mode-associated wind anoma-

lies exhibit a different spatial structure with westward-

shifted anomalous westerlies south of the equator and

farther zonally extended anomalous easterlies north of

the equator. Concurrently, the western boundary of the

anomalous WNP anticyclone after 2000 extends farther

westward compared to pre-2000. This decadal change of

the C-mode pattern can be attributed to the ENSO re-

gime shift that occurred around 2000, manifested as the

shift of the dominant El Niño type from EP El Niño to

CP El Niño. The C-mode also exhibits different tem-

poral characteristics before and after 2000 along with

the ENSO periodicity shift from dominant QQ vari-

ability in P1 to the superposition of QQ and decadal

variability in P2 (e.g., Horii et al. 2012; McPhaden 2012;

Hu et al. 2013). During P1, the C-mode exhibits sta-

tistically significant spectral peaks at around 16 and

10 months. In contrast, during CP-dominant P2, the

C-mode spectrum exhibits four different near-annual

peaks, which are approximately at 18, 13, 11, and

9 months. These correspond to the expected 1 6 fe
combination tones resulted from QB and decadal vari-

ability. Targeted numerical model experiments further

confirm this spatiotemporal change of the C-mode due

to the ENSO regime shift.

In addition, C-mode-associated climate impacts have

also changed around 2000 due to the decadal change of

the C-mode characteristics. The C-mode response gen-

erally features low-level cyclonic anomalies (associated

with enhanced precipitation) to the south of the equator

over the central Pacific and an anomalous anticyclone

(associated with reduced precipitation) over the WNP

(Figs. 10b,d). Differences in this pattern can be observed

over the equatorial Pacific during these two periods. The

positive precipitation anomaly center in the central

Pacific during P2 was located farther westward com-

pared to P1. Over the Indo-Pacific region, the WNP

anticyclone was stronger during P1. In contrast, it was

more elongated zonally with weaker amplitude and ex-

tended farther westward during P2. This different spatial

structure of the anomalous WNP anticyclone contrib-

utes to distinct precipitation responses over the Indo-

Pacific region.

A few recent studies suggested that the frequency of

CP El Niño events might further increase under pro-

jected global warming scenarios (e.g., Yeh et al. 2009;

McPhaden et al. 2011; Cai et al. 2015). The future oc-

currence ratio of CP El Niño to EP El Niño would lead

to different C-mode impacts in a warming world.
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