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Abstract
A profound westward shift in atmosphere–ocean variability in the tropical Pacific is observed when 2000–2017 is compared 
to 1979–1999. This westward displacement is associated with changes in oceanic Kelvin wave activity along the equator, 
especially a remarkable reduction in the eastern Pacific (175°–145°W). This coincides with a weakening of low-level westerly 
winds in this region, and a westward shift of low-level easterly winds in the central and eastern tropical Pacific, as well as 
decreased variability of vertical entrainment, vertical diffusion in the ocean mixed-layer in the eastern Pacific. The observed 
enhancement of the zonal contrast of the mean state across the tropical Pacific seems to be associated with the westward 
shift of climate variability along the equator. This systematically westward shift of the atmosphere–ocean variability in the 
tropical Pacific alters the impact of the tropical Pacific on extra-tropical climate.
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1 Introduction

The El Niño–Southern Oscillation (ENSO) is a major player 
for interseasonal to interannual time scale climate variabil-
ity and predictability (National Research Council 2010; 
Chiodi and Harrison 2015; Wang et al. 2016). Therefore, 
understanding ENSO is crucial for successful forecasting 
of extratropical climate anomalies in many regions. While 
model development and observing systems have progressed 
in recent decades, the prediction skill of ENSO has not 
shown steady improvement, and in fact has declined (Wang 
et al. 2010; Barnston et al. 2012). This decline in prediction 
skill may be mainly due to changes in the characteristics of 
ENSO.

One of most significant changes is the decrease of ENSO 
variability since 1999/2000 (McPhaden 2012; Hu et al. 
2013, 2017a), which also coincides with a suppression of 
subsurface ocean temperature variability and a weakening 
of atmosphere–ocean coupling in the tropical Pacific (Kumar 

and Hu 2014; Hu et al. 2016). The decline of ENSO predic-
tion skill may also be associated with a so-called breakdown 
of the relationship between the warm water volume (WWV) 
integrated along the equatorial Pacific and sea surface tem-
perature (SST) anomalies (SSTAs) of ENSO (McPhaden 
2012; Horii et al. 2012; Kumar and Hu 2014; Wen et al. 
2014; Hu et al. 2017a), as well as the increased occurrence 
of so-called central Pacific (CP) ENSO (Yeh et al. 2009; Yu 
et al. 2011; Ren and Jin 2011; Capotondi et al. 2015). In the 
period prior to 1999/2000, WWV anomalies would occur 
6–8 months before an ENSO event; since 2000, this lead 
time has been on the order of 2–3 months (McPhaden 2012). 
Both McPhaden (2012) and Horii et al. (2012) speculated 
that this breakdown may be associated with the contempo-
raneous shift towards more CP versus eastern Pacific (EP) 
El Niño events, and may also affect the relative importance 
of feedback mechanisms associated with ENSO variability.

Recently, Hu et al. (2017a, b) documented that the short-
ening of lead time is in fact due to frequency increases in 
both WWV variability and ENSO. The dominant frequen-
cies were 1.5–3.5 years for both the Niño3.4 and WWV indi-
ces during 1979–1999. In contrast, both indices displayed a 
relatively flatter spectrum, similar to a white noise process, 
with a smaller peak of power spectrum at time scales shorter 
than 2.0 years during 2000–2016. Hu et al. (2017b) further 
argued that the frequency changes of ENSO and WWV are 
linked to a westward shift of the location of the wind-SST 
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interaction region. According to An and Wang (2000), zonal 
location shift of the atmosphere–ocean coupling affects 
ENSO frequency through zonal advection feedback that 
changes the period and growth of coupled instability.

On the basis of knowing the westward shift of the tropical 
Pacific climate variability since 1999/2000 (e.g., Hu et al. 
2017a, b), this work focuses on possible factors leading to 
the shift. These factors include Kelvin wave activity, low-
level wind, and zonal gradient across the equatorial Pacific. 
The spatial change of the tropical Pacific climate variability 
after 2000 is first examined, through analyzing the variabili-
ties of SST, deep convection, and ocean thermocline depth 
anomalies. We then discuss the possible association of the 
spatial change of the variabilities with oceanic Kelvin wave 
activity, surface westerly/easterly wind, the heat budget of 
the oceanic mixed-layer, and zonal gradient of climate across 
the tropical Pacific, as well as the possible influence of the 
spatial change of tropical Pacific climate variability on the 
extra-tropics. The data used in the analysis are described in 
Sect. 2; Sect. 3 presents the results. A summary and some 
discussion are given in Sect. 4.

2  Data and methods

The ocean dataset analyzed in this work is from the Global 
Ocean Data Assimilation System (GODAS, Behringer 
2007). Ocean temperature and the depth of 20 °C isotherm 
(D20) from GODAS are analyzed. Using data from GODAS, 
the oceanic Kelvin wave index was calculated. The oceanic 
Kelvin wave index is defined as standardized projections of 
GODAS pentad (5-day) mean ocean temperature anoma-
lies (OTAs) onto the first mode of an extended empiri-
cal orthogonal function (eEOF) that is computed using 
OTAs of the upper 300 meters along the equator between 
135.5°E–94.5°W for each 14 contiguous pentad (5-days) 
means (Seo and Xue 2005). There are total 14 patterns in 
1st eEOF mode, which represent 14 contiguous pentads 
and approximate the propagation of the Kelvin wave. The 
projections onto each of the 14 patterns are assigned to the 
longitude location of that pattern’s longitude with maxi-
mum loading. The eEOF pattern can be found at http://origi 
n.cpc.ncep.noaa.gov/produ cts/GODAS /ocean _briefi ng_new/
eeve_1.gif. The oceanic Kelvin wave index is routinely mon-
itored at NOAA Climate Prediction Center (http://www.cpc.
ncep.noaa.gov/produ cts/peopl e/yxue/ocean _briefi ng_new/
OKV_index .gif).

According to Huang et  al. (2010), the tendency of 
monthly mean temperature of the ocean mixed layer is 
defined as:

(1)
�T

�t
= Qu + Qv + Qw + Qzz + Qq + R

where �T∕�t is the tendency of the mixed layer ocean tem-
perature. Qu , Qv, Qw, Qzz , and Qq are zonal advection, 
meridional advection, vertical entrainment, vertical diffu-
sion, and adjusted surface heat flux, respectively (Huang 
et al. 2010). The residual term R represents the effect of hor-
izontal heat diffusion and the contributions of sub-monthly 
processes, such as diurnal variations and tropical instability 
waves (Huang et al. 2010). The heat budget of the ocean 
mixed layer is calculated based on the GODAS data (Huang 
et al. 2010).

To examine the strength of atmosphere–ocean coupling, 
the regression of monthly mean zonal wind stress anomalies 
onto the Niño3 index is computed, and then used to meas-
ure the surface wind-SST interaction (Li et al. 2019), which 
is also called Bjerknes feedback by Lloyd et al. (2009) or 
atmospheric Bjerknes feedback by Bellenger et al. (2014). 
The Niño3 index is the average of SSTA in (5°S–5°N, 
150°W–90°W). Monthly mean zonal wind stress at the sur-
face and 6 hourly mean zonal wind at 1000 hPa are from the 
NCEP–DOE reanalysis on 1° longitude by 1° latitude grid 
(Kanamitsu et al. 2002). Monthly mean outgoing long-wave 
radiation (OLR) data on a 2.5° longitude × 2.5° latitude 
grid from Liebmann and Smith (1996) and SST on a 2° lon-
gitude × 2° latitude grid of ERSST version 5 (ERSSTv5) 
from Huang et al. (2017) are also analyzed. OLR is used as 
a proxy for deep convective activity over the tropical oceans. 
All the data used in this work are from January 1979 to 
December 2017. The referred monthly climatologies were 
calculated using data in January 1979–December 2017.

3  Results

3.1  Evidence of spatial change of variability

Consistent with previous work (McPhaden 2012; Hu et al. 
2012, 2013, 2016, 2017a), Fig. 1a shows that SSTA vari-
ability in the eastern equatorial Pacific is weaker during 
2000–2017 compared with that during 1979–1999. The 
maximum center of SSTA variability is near the South 
American coast in 1979–1999 (bars in Fig. 1a), while it is 
a broad peak spanning much of the central-eastern Pacific 
in 2000–2017 (line in Fig. 1a). The (relative) peak around 
 90oW in both periods might be associated with the large 
variability of strong upwelling over the region (https ://www.
njwea ther.org/conte nt/what-weak-la-ni%C3%B1a-event 
-might -have-store -new-jerse y-winte r; see Fig. 1 for the lon-
gitude zone of equatorial upwelling). The notable variability 
of upwelling may be related to the fact that there are multiple 
islands in this region. The significance of the change of the 
variance at each longitude grid is assessed based on 1000 
Monte-Carlo resamples; significance is shown at the 95% 
level, using the F-test. The variance is slightly increased in 

http://origin.cpc.ncep.noaa.gov/products/GODAS/ocean_briefing_new/eeve_1.gif
http://origin.cpc.ncep.noaa.gov/products/GODAS/ocean_briefing_new/eeve_1.gif
http://origin.cpc.ncep.noaa.gov/products/GODAS/ocean_briefing_new/eeve_1.gif
http://www.cpc.ncep.noaa.gov/products/people/yxue/ocean_briefing_new/OKV_index.gif
http://www.cpc.ncep.noaa.gov/products/people/yxue/ocean_briefing_new/OKV_index.gif
http://www.cpc.ncep.noaa.gov/products/people/yxue/ocean_briefing_new/OKV_index.gif
https://www.njweather.org/content/what-weak-la-ni%C3%B1a-event-might-have-store-new-jersey-winter
https://www.njweather.org/content/what-weak-la-ni%C3%B1a-event-might-have-store-new-jersey-winter
https://www.njweather.org/content/what-weak-la-ni%C3%B1a-event-might-have-store-new-jersey-winter
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160°E–170°W and significantly reduced in 130°W–80°W, 
indicating a westward shift of the maximum variability of 
SSTA or suppression of the variability in the eastern Pacific.

Consistently, the variability of equatorial deep con-
vection, represented by OLR variance, is also displaced 
westward and reduced in the eastern Pacific, due to the 
statistically significant suppression of deep convection 

(OLR variability) in the eastern Pacific (160°–80°W; 
Fig. 1b). For D20 anomaly (Fig. 1c), in addition to sig-
nificant decrease of the variability in the eastern Pacific, 
similar to that of SST and OLR (Fig. 1a, b), its variability 
also significantly decreases in the central Pacific (Fig. 1c). 
The variability decrease of D20 anomaly in the central 
and eastern equatorial Pacific may be associated with 

(a)

(b)

(c)

Fig. 1  Longitude-dependent variance of monthly mean a SSTA, b 
OLR, and c D20 anomalies averaged in 5°S–5°N in January 1979–
December 1999 (bar) and in January 2000–December 2017 (curve). 
The units are (°C)2, (w/m2)2, and  m2, respectively. The curve with 

circles indicates when the change of the variance is significant at the 
95% significance level using an F-test based on 1000 Monte-Carlo 
resamples
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suppression of Kelvin wave activity. That will be discussed 
in next subsection.

The westward shifts of the variability of these individual 
fields/variables collectively suggest an overall westward 
shift of the whole atmosphere–ocean climate system in the 
tropical Pacific. This is also consistent with spatial changes 
of the wind-SST interaction from 1979–1999 to 2000–2017 
(Fig. 2). Compared to the earlier period (Fig. 2a), the posi-
tive wind-SST interaction in the western and central tropical 

and northwestern Pacific strengthens, while the negative 
feedback strengthens as well in the southeastern Pacific 
during 2000–2017 (Fig. 2b, c). The enhanced interaction 
in the western and central tropical Pacific is consistent 
with the enhanced variability of SSTA along the equa-
tor in 155°E–175°W shown in Fig. 1a. Such changes in 
the regression patterns mean a northwestward shift of the 
atmosphere–ocean coupling (Hu et al. 2017b). This west-
ward shift matches the post—1999/2000 tendency toward 

(a)

(b)

(c)

Fig. 2  Simultaneous regressions of zonal wind stress anomalies onto 
the Niño3 index in a January 1979–December 1999, and b January 
2000–December 2017, which was referred to as the wind-SST inter-

action. c Difference of b and  a. The unit is N/(103  m2 °C) and the 
contour interval is 3 in a, b, and 2 in c 
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more CP vs EP El Niño events (Yeh et al. 2009; Yu et al. 
2011; McPhaden 2012; Horii et al. 2012). In addition, both 
the maxima of mean wind-SST interaction and the change 
(Fig. 2) present in 2–3°S instead of at the equator may sug-
gest that some other feedbacks (such as the wind-evapora-
tion-SST feedback; Xie and Philander 1994) may also play 
a role to some extent.

3.2  Possible factors associated with spatial change 
of the variability

Earlier work has suggested that the variability suppression of 
SST, OLR and D20 anomalies in the eastern tropical Pacific 
after 2000 is affected by the enhancement of the west-east 
contrast of the mean state across the tropical Pacific (e.g., Hu 
et al. 2013). Nevertheless, the factors resulting in the zonal 
migration of the variability are ambiguous. It is speculated 
here that the zonal migration may be associated with the 
statistical feature change of some high-frequency variability 
as well as the mean state change.

One of these associated high-frequency variabilities is 
oceanic Kelvin wave activity along the equator. Here, the 
oceanic Kelvin wave is measured by the standardized pro-
jections of GODAS pentad mean OTAs onto the first mode 
of eEOF of OTAs for each of 14 contiguous pentad means 
along the equator. Through calculating variances of the 
projection at different longitudes and its temporal evolu-
tion averaged in 1979–1999 and 2000–2017, respectively, 
the intensity and propagation of oceanic Kelvin waves and 
their differences can be identified. It is noted that the mean 
variance of the oceanic Kelvin wave has clear seasonality: 
large in cold months and small in warm months of Northern 
Hemisphere (contours in Fig. 3b, for mean in 1979–1999). 
Moreover, it varies with longitude. That might be suggested 
that the method used to isolate oceanic Kelvin wave captures 
not pure oceanic Kelvin wave.

Compared to the relatively constant intensity of oceanic 
Kelvin wave activity in the central and eastern equatorial 
Pacific during 1979–1999 (bars in Fig. 3a), the overall inten-
sity weakens during 2000–2017 (line in Fig. 3a), in agree-
ment with an overall weakening of tropical Pacific climate 
variability (Hu et al. 2013, 2016, 2017a). Furthermore, the 
reduction of oceanic Kelvin wave variance shows a longitu-
dinal dependence during 2000–2017. The reduction during 
the later period is most remarkable in the 175°–145°W and 
120°–110°W regions (significant at 95% level), and less pro-
nounced in 165°E–175°E and 135°–125°W (Fig. 3a). Such 
longitude-dependent reduction of Kelvin wave variance 
shown in Fig. 3a seems mainly occurred in boreal winter, 
the peak phase of ENSO (shading in Fig. 3b). The possible 
reasons leading to the longitude dependence deserve further 
investigation. During the other months, the overall reduction 
may imply a weakening of Kevin wave activity during the 

initiate and development phases of ENSO. The significant 
weakening of oceanic Kelvin wave activity in the central and 
eastern equatorial Pacific (175°–145°W) may suggest that 
zonal transport of oceanic heat from the warm pool in the 
western tropical Pacific to the central and eastern equato-
rial Pacific via oceanic Kelvin waves (Kessler et al. 1995) 
decreased, leading to a westward shift of the ENSO-associ-
ated atmosphere–ocean variability in the equatorial Pacific.

The change of the oceanic Kelvin wave activity is asso-
ciated with a change in the low-level winds. The suppres-
sion of oceanic Kelvin wave activity in the longitude belt of 
175°–145°W during 2000–2017 compared with that during 
1979–1999 (Fig. 3a) coincides with a weakening of average 
intensity (or reduction of frequency) of the low-level west-
erly winds in 170°–140°W (Fig. 4a) and a westward shift 
of the low-level easterly winds in the central and eastern 
Pacific (Fig. 4b). Hu and Fedorov (2016) (see their Fig. 1) 
noted that total westerly wind is a good approximation of 
westerly wind anomaly and a good measurement for west-
erly wind bursts. Hu et al. (2012) found that stronger and 
more eastward extended westerly winds along the equato-
rial Pacific in the early months of a year is associated with 
active atmosphere–ocean interaction over the cold tongue/
the Intertropical Convergence Zone (ITCZ) complex, as well 
as a more intense oceanic thermocline feedback, favoring 
EP El Niño development, while weaker and more westward 
confined westerly winds along the equatorial Pacific in the 
early months of a year is associated with suppressed atmos-
phere–ocean interaction over the cold tongue/the ITCZ com-
plex, as well as less intense oceanic thermocline feedback, 
favoring CP El Niño development. Chen et al. (2015) argued 
that the asymmetry, irregularity and extremes of El Niño 
may result from variations in westerly wind bursts, and prop-
erly accounting for the interplay between the canonical cycle 
and westerly wind bursts may improve El Niño prediction.

The westward shift of the atmosphere and ocean interac-
tion of tropical Pacific climate variability and change of the 
oceanic Kelvin wave activity are also consistent with the 
change of the heat budget of the oceanic mixed-layer. For 
example, compared with 1979–1999 (contours in Fig. 5), 
the variability of both vertical entrainment (Qw) , vertical 
diffusion (Qzz) , and adjusted surface heat flux (Qq) , decrease 
in the eastern Pacific (140°W–105°W), in addition to some 
increase in the far eastern Pacific and near the South Ameri-
can coast (105°W–85°W) after 2000 (shading in Fig. 5). The 
decrease is especially obvious for vertical entrainment and 
vertical diffusion, as well as the adjusted surface heat flux, in 
140°–110°W (Fig. 5c, d), while the increase in variability is 
evident in the zonal and meridional advection from 110°W 
eastward to the coast (Fig. 5a, b). That might be associated 
with variation of coastal El Niño (Hu et al. 2019). The sup-
pression of the variability of the vertical entrainment and 
vertical diffusion in 140°–110°W (Fig. 5c) is downstream 
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of the decline of westerly wind (Fig. 4a). Also, the variance 
changes for all the terms are much smaller in the central and 
western Pacific than in the eastern Pacific. All these results 
are generally consistent with Guan and McPhaden (2016). 
They noted that the thermocline feedbacks weakened from 
1980 to 1999 and into the 2000s, while the zonal advective 
feedbacks were less affected. The thermal damping weak-
ened after 2000, particularly in the Niño3 region.

In addition to its impact on the intensity of the variability, 
the zonal contrast of the mean state may also be associated 
with the westward shift of atmosphere–ocean variability in 
the tropical Pacific. Following Yang et al. (2016), the zonal 
gradient index is defined as the difference between mean 

SSTA in the western (5°S–5°N, 145°–165°E) and eastern 
(5°S–5°N, 120°–120°W) tropical Pacific (see the rectangles 
in Fig. 6b, c), which are associated with the warm pool and 
cold tongue regions, respectively (Fig. 6b). Statistically, the 
zonal gradient index and Niño3.4 indices have significantly 
negative correlations (-0.82, Fig. 6a).

It is noted that the zonal location shift of 28 °C isothermal 
contour between the two periods is not so obvious (Fig. 6c), 
nevertheless the increase of mean zonal gradient of SST 
is evident since 2000 (Hu et al. 2013, 2017a) (Fig. 6b, c). 
To check the statistical connection of zonal location of 
maximum SSTA with zonal gradient, we extend the data 
back to 1854 by using ERSSTv5. From Fig. 7, it is seen 

(a)

(b)

Fig. 3  a Longitude-dependent variance of pentad oceanic Kelvin 
wave index averaged in January 1979–December 1999 (bars) and in 
January 2000–December 2017 (curve). The curve with circles indi-
cates when the change of the variance is significant at the 95% signif-
icance level, using an F-test based on 1000 Monte-Carlo resamples. b 

Longitude- and pentad-dependent variance of pentad oceanic Kelvin 
wave index averaged in January 1979–December 1999 (contours) and 
the differences between the means averaged in January 2000–Decem-
ber 2017 and in January 2000–December 2017 (shading). The con-
tour interval is 0.4 and shading interval is 0.3
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that maximum positive SSTA (red circles) is more likely 
present westward when the gradient increases, and maxi-
mum negative SSTA (green triangles) is more likely present 
eastward when the gradient increases. This link maintains 
both before and after 1978/79 (Fig. 7). Comparing January 
1979–December 1999 (Fig. 7a) with January 2000–Decem-
ber 2017 (Fig. 7b), the overall location of maximum SSTA 
seems further westward in the later period than in the earlier 
period. Furthermore, the connection of the zonal gradient 
of SSTA with the longitude of maximum positive/negative 
SSTA on the equatorial Pacific is more robust for larger 
amplitudes of SSTA in the Niño3.4 region (for example, 
absolute value of Niño3.4 SSTA > 0.5 °C; Fig. 8). This 

means that the zonal gradient of SSTA across the tropical 
Pacific might be partially affected by ENSO evolution.

3.3  Impact of spatial change of the tropical Pacific 
variability on the extratropics

The westward shift of atmosphere–ocean variability in the 
tropical Pacific Ocean may modulate the teleconnection 
from the tropical Pacific to the extratropics, and hence may 
impact the predictability and prediction skill of extra-tropi-
cal climate. Following Jin and Hoskins (1995), here we use 
the zonal departure of the meridional component of wind 
at 200 hPa (v200) to track the forced teleconnection from 
the tropical Pacific. From Fig. 9, it is seen that when the 

(a)

(b)

Fig. 4  Longitude-dependent total a westerly wind (u > 0.0) and b 
easterly wind (u < 0.0) energy (referred to as  u2) averaged in 5°S–5°N 
in January 1979–December 1999 (bar) and in January 2000–Decem-

ber 2017 (curve). The zonal wind refers to the 6 hourly mean zonal 
wind at 1000 hPa. The unit is (m/s)2
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atmosphere–ocean coupling shifts westward (represented 
by OLR in (5°S–5°N, 165°E–165°W); see the rectangles in 
Figs. 2b, 9b, and the contour in Fig. 9b), the tropical cent-
ers of the forced teleconnection patterns shift westward, 
compared to the coupling located in the central and east-
ern equatorial Pacific (represented by OLR in (5°S–5°N, 
175°E–155°W); see the rectangles in Figs. 2a, 9a, and the 
contour in Fig. 9a).

For correlations in the extratropics, some changes are also 
visible. For example, over the United States, the region of 
significant negative correlation shifts from the northwest to 
the southeast (Fig. 9). These changes may imply a pattern 
change of ENSO impacts on extratropical regions due to the 
westward shift of atmosphere–ocean coupling in the tropical 
Pacific. That is also consistent with the distinctive impact of 
the CP and EP El Niño on the extratropics (Hu et al. 2012; 
Garfinkel et al. 2013), and with well documented sensitivity 

of extratropical response to zonal location of the equatorial 
forcing (e.g., Ting and Sardeshmukh 1993).

4  Summary and discussion

In this work, we investigate the westward shift of atmos-
phere–ocean coupling in the tropical Pacific since 2000. In 
addition to a weakening of climate variability in the eastern 
tropical Pacific, profound westward shifts in the variabil-
ity of SST, deep convection, and D20 are observed dur-
ing 2000–2017 when compared to that during 1979–1999. 
The westward shift of the climate variability in the tropical 
Pacific is also seen in the change of the wind-SST interaction 
from 1979–1999 to 2000–2017. Compared with the earlier 
period, the atmosphere–ocean coupling is shifted northwest-
ward during the later period.

(a) (b)

(c) (d)

Fig. 5  Variance of mixed-layer heat budget terms in 1979–1999 (con-
tour) and the difference of 2000–2017 minus 1979–1999 (shading) 
for a zonal advection ( Qu ), b meridional advection ( Qv ), c vertical 

entrainment (Qw) and vertical diffusion (Qzz) , and d adjusted surface 
heat flux (Qq) . The unit is (°C/Month)2
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Such westward shifts of variability are associated with 
a change in oceanic Kelvin wave activity along the equa-
tor. In addition to the overall weakening, the post-2000 
reduction of oceanic Kelvin wave variance is most pro-
nounced in the region of 175°–145°W and 120°–110°W. 
The suppression of oceanic Kelvin wave activity in 
175°–145°W coincides with a weakening of the low-level 
westerly winds in the same longitude belt and a west-
ward shift of the low-level easterly winds in the central 

and eastern tropical Pacific. Furthermore, the westward 
shift of the atmosphere–ocean interaction of the tropical 
Pacific is seen in the heat budget of the oceanic mixed-
layer. Compared to 1979–1999, the variability of both the 
dynamical (vertical entrainment and vertical diffusion) and 
thermodynamical terms decrease in the eastern Pacific in 
2000–2017. The reduction in variability is more evident 
in the vertical entrainment and vertical diffusion, as well 
as the adjusted surface heat flux, in the longitude band 

(a)

(b)

(c)

Fig. 6  a The Nino3.4 (line) and zonal gradient (shading) indices in 
January 1979-December 2017. The zonal gradient index is defined 
as the difference of averaged SSTAs between the western (5°S–5°N, 
145°–165°E) and eastern (5°S–5°N, 120°–10°W) tropical Pacific [see 
the green rectangles in b, c, following Yang et al. (2016)]. The cor-

relation between the two indices is − 0.82. b Correlations of SSTAs 
with the gradient index in January 1979–December 2017. c is the 
mean of SST in January 1981–December 2010 (contour), and dif-
ferences of SST between January 2000–December 2017 and January 
1979–December 1999 (shading) (unit: °C)
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140°–110°W, which is in the downstream of the weaken-
ing of the low-level westerly winds. The westward shift 
of the atmosphere–ocean coupling in the tropical Pacific 
may be also associated with an interdecadal change of 
the mean state in the tropical Pacific (L’Heureux et al. 
2013). With observed enhancement of zonal contrast of 
the mean state across the tropical Pacific, the location of 

maximum positive SSTA on the equator is more likely 
shifted westward.

The connection of the westward shift of the atmos-
phere–ocean coupling in the tropical Pacific with an inter-
decadal change of the mean state in the tropical Pacific is 
consistent with previous work. For example, Bunge and 
Clarke (2014) argued that both pre-1973 and post-1998 

(c
)

(b
)

(a
)

Fig. 7  Scatter of the zonal gradient index (y-axis) and the longitude 
location of maximum positive (red dot) and negative (green triangle) 
SSTA between 160°E and 90°W along the equator (x-axis) in a Janu-

ary 1854–December 1978, b January 1979–December 1999, and c 
January 2000–December 2017
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periods were characterized by mean La Niña-like condi-
tions, including a westward displacement of the associated 
anomalous wind forcing. As a result, the canonical (EP) El 
Niño can’t fully develop in the eastern Pacific, and thus the 
ENSO-related tropical Pacific variability decreases. Hu et al. 
(2012) noted that, compared with CP El Niño, EP El Niño 
is associated with stronger and more eastward-extend west-
erly wind anomalies along the equatorial Pacific in the first 
half of the year (January–July), as well as stronger atmos-
phere–ocean interaction over the cold tongue/the Intertropi-
cal Convergence Zone complex and more intensive oceanic 
thermocline feedback. This agrees with the change of oce-
anic Kelvin wave activity and energy budget of the oceanic 
mixed-layer after 2000 discussed in this work. Recently, Hu 
and Fedorov (2018) argued that cross-equatorial southerly 
wind trends in the eastern tropical Pacific, which seems 
associated with a Pacific Meridional Mode-like (Chiang and 
Vimont 2004) or North Pacific mode-like (Peng et al. 2018) 
SSTA pattern in the eastern tropical Pacific and warming 
in the tropical North Atlantic Ocean, are a potential factor 
to suppress the ENSO variability and to force the atmos-
phere–ocean coupling region in the tropical Pacific moving 
westward mainly through ocean dynamical processes.

An and Wang (2000) demonstrated that the west-
ward (eastward) shift of the atmosphere–ocean coupling 

(or westerly wind stress anomaly) leads to an increase (a 
decrease) in ENSO frequency, and a reduction (an enhance-
ment) in the amplitude of ENSO events. This is consistent 
with observational evidence since 2000 (McPhaden 2012; 
Horii et al. 2012; Hu et al. 2012, 2013, 2016, 2017a, b; Xiang 
et al. 2013; Kumar and Hu 2014; Bunge and Clarke 2014; 
Lübbecke and McPhaden 2014). Also, the westward shift of 
the atmosphere–ocean coupling in the tropical Pacific may 
be a major reason leading to the shortening of the periods of 
WWV and Niño3.4 indices, as well as the reduction in the 
lead time of WWV to ENSO (Niño3.4 index) (McPhaden 
2012; Kumar and Hu 2014; Hu et al. 2017b). Likely as a 
result, ENSO prediction skill has decreased since 1999/2000 
(Wang et al. 2010; Barnston et al. 2012). Nevertheless, 
it is unclear for the impact of strength change of atmos-
phere–ocean coupling processes, such as zonal advection 
and thermocline feedbacks, on ENSO frequency.

The mean state and ENSO feature (such as spatial pat-
tern and frequency) changes may be associated with the 
tropical signature of global warming (e.g., Capotondi 
et al. 2015; Wang et al. 2016). For example, Collins et al. 
(2010) argued that in a global warming scenario the tropi-
cal easterly trade winds are expected to weaken, and zonal 
SST gradients across the Pacific are expected to become 
smaller. Such a mean state change might be a crucial factor 

(a) (b)

Fig. 8  Scatter of the zonal gradient index (y-axis) and the longitude location of maximum positive (red dot) and negative (green triangle) SSTA 
between 160°E and 90°W along the equator (x-axis) in January 1854–December 2017 for a |SSTA| ≥ 0.5 °C and b |SSTA| < 0.5 °C
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modifying the characteristics of ENSO, such as its spatial 
pattern, frequency, and intensity. However, the observed 
mean state changes from 1979 to 99 to 2000–2017 are not 
fully consistent with the consensus of model projections 
in the global warming scenario (Collins et al. 2010; Hu 
et al. 2016, 2017a). Thus, the observed mean state change 
from 1979–1999 to 2000–2017 may be also partially due 
to low-frequency variations of the atmosphere–ocean cou-
pled system itself (Wittenberg 2009; Hu et al. 2012; Wang 
et al. 2016; Yu et al. 2015). Nevertheless, caution should be 

exercised that the data period considered here may be rather 
short to deduce robust trends from observations (Harrison 
and Chiodi 2009, 2015; Ray and Giese 2012).
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