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Abstract
The interdecadal change in the relationship between the tropical easterly jet (TEJ) and the tropical sea surface temperature 
anomalies (SSTAs) in boreal summer is studied. It is found that TEJ’s relationship with the SSTAs reverses over the tropi-
cal eastern Atlantic (EA), while enhances obviously over the tropical eastern Pacific (EP) after 1981. During 1960–1980, 
an Atlantic Niño-like SSTA over the EA can weaken the TEJ through the upper westerly anomaly of the anomalous Walker 
circulation between EA and tropical Indian Ocean. In the meantime, a Pacific El Niño-like SSTA over the EP can also 
diminish the TEJ intensity via a Kelvin wave response east to the diabatic heating induced by enhanced precipitation in situ. 
Observations and model experiments show that the EA and EP SSTAs can contribute to the TEJ variability in a joint or 
independent manner. During 1981–2001, as the associated Pacific El Niño-like SSTA is enlarged in the magnitude and the 
spatial extension, it exerts a stronger impact on the TEJ variability. Different from the pre-1980 period, the SSTA over the 
EA featured by an Atlantic Niña-like instead of Niño-like pattern could weaken the TEJ, which doesn’t work without the 
co-existence of the EP SSTA. Such Atlantic Niña-like SSTA develops in the previous spring and strengthens the warm SSTA 
over the EP in summer, and then affects the TEJ indirectly. The interdecadal change of the TEJ-SST relationship is likely 
related to the changes of the variability and spatial configuration of the tropical SSTAs.
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1 Introduction

The tropical easterly jet (TEJ) is a prominent component of 
the Asian summer monsoon circulation (Krishnamurti and 
Bhalme 1976). It originates from the meridional thermal 
contrast between the Asian landmass and the Indian Ocean 
and is enhanced by the elevated heating over the Tibetan 

plateau (Koteswaram 1958). The variability of the TEJ has 
a pronounced impact on the climate variability over Asia 
and the surrounding regions (e.g., Hulme and Tosdevin 
1989; Rao et al. 2004; Das et al. 2011; Akinsanola and 
Zhou 2018). For instance, a strong TEJ is associated with 
excess Indian summer monsoon rainfall, and vice versa 
(Kanamitsu et al. 1972; Tanaka 1982; Pattanaik and Satyan 
2000). The absolute easterly wind shear corresponding to 
the TEJ is observed out-of-phase with the number of severe 
storms over the northern Indian Ocean, and a weaker TEJ 
is favorable for the formation of severe tropical storms (Rao 
et al. 2008). In addition, the TEJ variability is closely con-
nected to the South Asia high, which plays an important 
role in the prediction of drought and flood over China (Chen 
et al. 2007). Hence, it is of great importance to improve 
our knowledge on the causes of the TEJ variability and its 
prediction skill.

The variability of the TEJ can be attributed to the influence 
of the tropical sea surface temperature anomalies (SSTAs; 
Arkin 1982; Tanaka 1982; Chen and Van Loon 1987; Pat-
tanaik and Satyan 2000), monsoon rainfalls (Kanamitsu et al. 
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1972; Pattanaik and Satyan 2000; Sathiyamoorthy et al. 2007; 
Naidu et al. 2011; Rao and Srinivasan 2016), mid-latitude 
atmospheric circulation anomalies (Tanaka 1982; Lu and Ding 
1989) and et al. Among them, the forcing from the local and 
remote tropical SSTAs are important on both interannual and 
interdecadal time scales. The rapid warming of the equato-
rial Indian Ocean warms up the upper atmosphere, reduces 
the upper tropospheric meridional temperature gradient and 
results in a weak TEJ (Abish et al. 2013). The tropical east-
ern Pacific SSTA can affect the interannual variability of the 
TEJ by modulating the Walker circulation and regional Had-
ley circulation (Chen and Van Loon 1987). The TEJ tends to 
be weakened in the developing summer of an El Niño event, 
while intensified in a La Niña event (Arkin 1982; Tanaka 
1982; Pattanaik and Satyan 2000). Nevertheless, the relative 
importance of SSTAs over different regions, the coherences 
between them in their modulation on the TEJ variation, and the 
underlying processes are still not fully disclosed.

Recent studies have pointed out the relationship between 
climate systems and the tropical SSTAs is non-stationary, 
in particular, the SSTA over the EP associated with the El 
Niño-Southern Oscillation (ENSO) events (e.g., Power et al. 
1999; Chan and Zhou 2005; Zhou et al. 2007; Wang et al. 
2008b; Xie et al. 2010; Yoon and Yeh 2010; Chen et al. 
2013; Feng et al. 2014). A weakening relationship between 
the Indian summer monsoon and ENSO is found after mid-
1970s (Kumar et al. 1999), while an intensification of the 
coupling between the Asian-Australian monsoon system 
and ENSO is observed after the late 1970s (Wang et al. 
2008a). Zhu and Yang (2003) pointed out that the connec-
tion between the East Asian summer monsoon and ENSO 
events tends to be different during different phases of the 
Pacific Decadal Oscillation. It is still unknown whether the 
TEJ, a prominent component of the Asian summer monsoon 
system, experiences a decadal variation in its relationship 
with the tropical SSTAs. If so, when and why does the dec-
adal variation take place?

The rest of the paper is organized as follows. The data-
sets and methodologies in the present study are described 
in Sect. 2. Section 3 documents the spatiotemporal charac-
teristic of the TEJ variability and the interdecadal change 
in the TEJ-SST relationship. Section 4 compares the influ-
ences of the EA and EP SSTAs on the TEJ variability during 
1960–1980 and 1981–2001. Section 5 discusses the plausi-
ble reasons for the interdecadal change in the TEJ-SST rela-
tionship. The summary and discussion are given in Sect. 6.

2  Datasets and methodologies

The datasets used in the present study include (1) the 
monthly winds, vertical velocity, sea level pressure data with 
a horizontal resolution of 2.5° × 2.5°, and daily precipitation 

data in the Gaussian grid derived from the National Cent-
ers for Environmental Prediction-National Center for 
Atmospheric Research (NCEP-NCAR) reanalysis product 
from 1948 to 2014 (Kalnay et al. 1996); (2) the monthly 
National Oceanic and Atmospheric Administration (NOAA) 
Extended Reconstructed Sea Surface Temperature (ERSST) 
dataset version 4, at 2° × 2° resolution from 1854 to present 
(Huang et al. 2015); (3) the monthly wind stress from ver-
sion 2 of Common Ocean Reference Experiment version 2 
(CORE.2) global air-sea flux dataset, with a resolution of 
1° × 1° from 1949 to 2006 (Large and Yeager 2009). The 
primary atmospheric input data in CORE.2 are based on 
NCEP reanalysis at a 6-hourly resolution. Furthermore, 
monthly winds at 200 hPa from the 40-year European Centre 
for Medium-Range Weather Forecasts (ECMWF) reanalysis 
(ERA-40; Uppala et al. 2005) for the period of 1958–2002 
and from the Japan Meteorological Agency (JMA) 55-year 
Reanalysis (JRA-55; Kobayashi et al. 2015) for the period of 
1958–2013 are used to validate the change in the TEJ-SST 
relationship. The summer mean is calculated as the average 
from June to August (JJA). The present study focuses on 
the interannual variability of the TEJ, and the signals with a 
period longer than 9 years are removed by using a harmonic 
analysis. The significance of correlation and regression coef-
ficients are estimated via the two-tailed Student’s t test.

To verify the impact of tropical SSTAs on the TEJ 
variability, the National Center for Atmospheric Research 
(NCAR) Community Atmospheric Model version 4.0 
(CAM4, Neale et al. 2013) with a horizontal resolution 
of 2.5° longitude × 1.9° latitude is used. It includes mod-
erate changes in model configuration and exhibits notable 
improvements in climate simulation compared to CAM3 
(Collins et al. 2006). A value of 12 h is applied in CAM4 
as the convective relaxation time scale to simulate the TEJ 
more accurately (Rao and Srinivasan 2016). Four experi-
ments are conducted. In the control experiment, the model 
is driven by climatological seasonal cycle of global SST. 
Parallel to the control experiment, three experiments are 
forced by JJA SSTA in a magnitude of + 0.5 °C over the 
tropical Atlantic (15°S–5°N, 20°W–10°E), + 0.6 °C over the 
Niño 3 region (5°S–5°N, 150°W–90°W), and SSTAs over 
two regions, denoted as SEN_A, SEN_P and SEN_A&P, 
respectively. Four experiments are run for 20 years and the 
last 19 years simulation results are analyzed.

3  Interdecadal change in the TEJ‑SST 
relationship

3.1  Spatiotemporal characteristics of the TEJ

To examine the spatiotemporal characteristics of the TEJ 
in boreal summer, an empirical orthogonal function (EOF) 
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analysis is applied to the standardized 200-hPa zonal wind 
over the region of 10°S–20°N, 30°W–160°E where the TEJ 
is located. Note that the results are not sensitive to slight 
adjustment of the analysis region. The leading mode of the 
TEJ variability, which is distinguished from other modes 
according to the method of North et al. (1982), explains 
about 39.3% of the total variance. It exhibits negative anom-
alies to the east near the entrance of the TEJ and positive 
anomalies to the west of 120°E where the main body of TEJ 
lies, with the positive maximum near the core of TEJ and 
explaining more than 70% of the local variance (Fig. 1a). 
That is, this EOF mode mainly represents the intensity vari-
ation of the TEJ. To depict the variability of the TEJ inten-
sity, a TEJ index (TEJI) is calculated as the 200-hPa zonal 
wind averaged over the region of 0°–15°N, 0°–70°E (box in 
Fig. 1a). A positive TEJI denotes a weaker-than-normal TEJ, 
while a negative TEJI denotes a stronger-than-normal TEJ. 

The TEJI can well represent the leading mode of the TEJ 
variability as its correlation with the corresponding princi-
pal component (PC1) reaches 0.96. Note that TEJI mainly 
focuses on the strength variability of the TEJ instead of its 
pattern that displays opposite variation between the eastern 
and central-western TEJ. It is more suitable and convenient 
to use TEJI to depict the variability of the TEJ strength.

The correlation coefficients between the TEJI and the 
area, peak speed, the latitudinal and longitudinal movement 
of the TEJ are examined in Table 1. The TEJ area index is 
defined as the sum of the grid points where absolute zonal 
wind speed is greater than 15 m s−1 within 10°S–20°N, 
30°W–160°E, which is referred to Zhang et al. (2016) who 
uses a specific isoline to represent the area of South Asia 
high. The peak speed, the latitudinal and longitudinal move-
ment of the TEJ are calculated as the absolute zonal wind 
speed, longitude and latitude of the TEJ core, respectively. 

(a)

(b)

(c)

Fig. 1  a Spatial pattern of the leading EOF mode (shading) of stand-
ardized zonal wind at 200 hPa (U200) and climatological U200 (con-
tour; m s−1) in boreal summer from 1948–2014. The dotting indicates 
the local explained variation which is greater than 70%. The white 
box denotes the region of 0°–15°N and 0°–70°E. b Time series of the 

normalized TEJ Index (line) and PC1 (bar). The TEJ intensity index 
is defined as the area-averaged U200 over the region shown in the 
white box in a. c The horizontal distribution of correlation coefficient 
(shading) between the TEJI and SSTAs. The contour denotes the cor-
relation coefficient significant at the 95% confidence level
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The TEJI is significantly anti-correlated with the area 
index (− 0.87) and the peak speed (− 0.80), indicating that 
a weaker/stronger TEJ is associated with a smaller/wider 
extension and a lower/higher jet speed. In contrast, the inten-
sity of the TEJ is unrelated with its latitudinal and longitu-
dinal movement as their correlation coefficients are much 
weaker and insignificant (0.2 and 0.01). Hence, the TEJI 
can represent the intensity and spatial extent of the TEJ but 
may not capture its latitudinal and longitudinal movement.

3.2  Interdecadal change in the TEJ‑SST relationship

To explore the possible linkage between the TEJ and tropi-
cal SSTAs in boreal summer, the correlation coefficients 
between them are calculated (Fig. 1c). A positive correla-
tion is observed over the tropical eastern Pacific (EP) region 
with a negative correlation to the west extending from the 
western to southwestern Pacific. In addition, positive cor-
relations are also observed over the tropical western Indian 
Ocean, the eastern Atlantic (EA) and South Atlantic. That 
is, a weak TEJ is accompanied by warm SSTAs over the 
EP, western Indian Ocean and EA. The EP SSTA’s impact 
on the TEJ has been proposed by previous studies (Arkin 
1982; Tanaka 1982; Chen and Van Loon 1987; Pattanaik and 
Satyan 2000), but the coupling effects of the SSTAs over the 
EP and other oceans on the TEJ and their stability in the past 
few decades remain unclear.

To address these questions, a sliding correlation with a 
21-year window is performed between the TEJI and tropi-
cal SSTAs averaged along 5°S–5°N (Fig. 2a). The TEJ’s 
relationship with the SSTA over EA exhibits a decadal shift, 
with the positive correlation coefficient in 1970s reversing to 
be negative after 1990s. The positive relationship between 
the TEJI and the SSTA over EP intensifies dramatically after 
1980s. Concurrently, the negative correlation between the 
TEJ and the western Pacific SSTA becomes significant after 
1980s. In contrast, the influence from the western Indian 
Ocean remains steady in the past few decades. Hence, the 
interdecadal variations of the TEJ’s relationships with tropi-
cal SSTAs are pronounced over the EA and EP with the 
former reversing sign and the latter enhancing dramatically. 
These changes are further confirmed by using the EA SST 
index (5°S–5°N, 20°W–10°E) and Niño 3.4 index (5°S–5°N, 
170°W–120°W) (Fig. 2b, c). As it is shown, the sliding 

correlation coefficients for two indices experience a dra-
matic decadal variation, and the difference is largest when 
two periods of 1960–1980 and 1981–2001 are considered. 
The correlation coefficient between the TEJI and EA SST 
reverses its sign from significantly positive (0.52) during 
1960–1980 to negative (− 0.46) during 1981–2001 (Table 2). 
The correlation coefficient between the TEJI and Niño 3.4 
index intensifies dramatically from 0.48 in 1960–1980 to 
0.78 in 1981–2001. In the following study, these two periods 
will be compared to investigate the decadal change in the 
TEJ-SST relationship.

The SSTAs are regressed on the TEJI in two sub-peri-
ods to compare their spatial distribution (Fig. 3). During 
1960–1980, positive SSTAs are clearly observed over the 
EA and EP associated with a weakened TEJ, resembling an 
Atlantic Niño-like SSTA and a Pacific El Niño-like SSTA, 
respectively. The Atlantic Niño is a dominant mode of inter-
annual variability of the SSTA over the tropical Atlantic, 
which is similar to the Pacific El Niño and arises from a 
similar coupled sea-air interaction (Zebiak 1993; Carton and 
Huang 1994; Xie and Carton 2004; Keenlyside and Latif 
2007). Cautions should be paid that the Atlantic Niño-like 
SSTA here extends much southward comparing to the typi-
cal Atlantic Niño. During 1981–2001, this Atlantic Niño-
like SSTA associated with a weakened TEJ reverses to be 
an Atlantic Niña-like SSTA with cold SSTA dominating 
the tropical Atlantic and extending westward. Meanwhile, 
the associated El Niño-like SSTA over the EP enhances, 
together with negative SSTA to the west extending from 
the western Pacific to the western South Pacific and to the 
eastern South Indian Ocean.

4  The impact of SSTAs on the TEJ

As the TEJ is closely related to the tropical SSTAs and dec-
adal shift appears in their relationship, problems remain 
how the TEJ is modulated by the SSTAs over the EA and 
EP, and what the differences are in the underlying processes 
between two sub-periods. Both statistical analysis and mod-
elling experiments are applied in this section to explore the 
atmospheric responses to the tropical SSTAs over the EA 
and EP.

4.1  The impact of tropical SSTAs on the TEJ 
before 1980

During 1960–1980, accompanied with the Niño-like SSTAs 
over the EA, anomalous upward motion and enhanced pre-
cipitation dominate the tropical northern and western Atlan-
tic (Fig. 4a). Enhanced precipitation also features the equato-
rial Pacific from 160°W–120°W, but in a small magnitude 
due to the relatively weak SSTA over the EP. In contrast, 

Table 1  Correlation coefficients between the TEJI and the area, maxi-
mum wind speed, latitudinal and longitudinal movement of the TEJ 
from 1948 to 2014

***Denotes that the value is significant at the 99% confidence level

Area Maximum wind 
speed

Latitudinal 
movement

Longitudinal 
movement

Corr − 0.87*** − 0.80*** 0.20 0.01
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anomalous downward motion and suppressed precipitation 
are located over the Maritime Continent. These anomalies 
imply the modulation of SSTA on the atmosphere. At the 
upper-level troposphere, a large-scale westerly anomaly is 
observed extending from the tropical northern Atlantic east-
ward to the Indian Ocean (Fig. 5a). The divergent winds 
from the Atlantic move eastward and converge over the 
Indian Ocean at the upper level, while anomalous easterly 

wind goes westward from the tropical western Indian Ocean 
to the western Africa at lower level (Fig. 5b, d). They form 
an anomalous Walker circulation between EA and Indian 
Ocean with an ascending branch over EA and a descending 
branch over the Maritime Continent (Fig. 5e). The upper 
westerly of this anomalous Walker circulation indicates 
the weakness of the TEJ. An anti-Walker circulation is also 
found between the Indian Ocean and EP, which shares a 
common descending branch over the Maritime Continent 
with the Walker circulation between EA and Indian Ocean 
(Fig. 5b, d, e). It is suggested that the EA and EP SSTAs can 
influence the TEJ through modulating the anomalous zonal 
circulation over tropics.

It is of interest to investigate further whether the variation 
of the TEJ is affected by the EA and EP SSTAs individually 
or jointly. Note that the variability of the EA SSTA and EP 
SSTA is independent at this sub-period with their correla-
tion coefficient nearly negligible (0.03, Table 2). A partial 
regression by removing the Niño 3.4 index or EA SST index 

(a) (b)

(c)

Fig. 2  a Sliding correlation coefficient of the TEJI derived from 
NCEP-NCAR with the SST averaged along 5°S–5°N. Only the val-
ues at the 99% confidence level are shown. The boxes from left to 
right indicate the regions of tropical eastern Atlantic (20°W–10°E), 
western Indian Ocean (40°–60°E), western Pacific (120°–150°E) and 
eastern Pacific (170°–120°W), respectively. b Sliding correlation 
coefficient between the EA SST (5°S–5°N, 20°W–10°E) index and 

the TEJI derived from NCEP-NCAR (black line with dots), ERA40 
(red solid with asterisks) and JRA55 (blue line with circles). c As in 
b, except for the correlation between the Niño 3.4 index (5°S–5°N, 
20°W–10°E) and the TEJI. The sliding correlation above is with 
a 21-year window and the coefficient is shown at the center year of 
21-year window. The horizontal lines in b, c denote the correlation 
coefficient significant at the 99% and 95% confidence level

Table 2  Correlation coefficients between the JJA TEJI, EA SST and 
Niño 3.4 index during 1960–1980 and 1981–2001

**, ***Denote that the value is significant at the 95%, 99% confi-
dence level, respectively

1960–1980 1981–2001

Corr (TEJI, EA SST) 0.52** − 0.46**
Corr (TEJI, Niño 3.4) 0.48** 0.78***
Corr (EA SST, Niño 3.4) 0.03 − 0.51**
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is performed to isolate their impacts from each other. When 
the effect of the Niño 3.4 is excluded, no obvious SSTA is 
observed over the tropical Pacific, but the Niño-like SSTA 
remains over the EA (Fig. 6a). Corresponding to the warm 
SSTA over the EA, enhanced precipitation and anomalous 
upward motion are observed over the tropical northern 
Atlantic and western Africa, accompanied by a divergent 
center at the upper level (Fig. 6b, c). A widespread west-
erly anomaly diverges from the tropical Atlantic eastward 
to the tropical Indian Ocean at the upper level, indicating a 
weakened TEJ (Fig. 6d). An anomalous Walker circulation is 
formed between the tropical Atlantic and Indian Ocean, with 
ascending motion over the tropical Atlantic and descending 
motion over the tropical Indian Ocean (Fig. 6c, e). That is, 
the TEJ can be modulated by the EA SSTA independently 

via arousing an anomalous zonal circulation between EA 
and Indian Ocean.

Similarly, after removing the EA SST signal, no obvi-
ous SSTA resides over the EA, while the SSTA over the EP 
is characterized by an El Niño-like SSTA, accompanying 
with enhanced precipitation, positive integrated apparent 
heating and anomalous upward motion from tropical cen-
tral to eastern Pacific (Fig. 7a, b). The upper-level winds is 
characterized by a Gill-Matsuno response to the enhanced 
precipitation over the EP (Matsuno 1966; Gill 1980), with 
a pair of off-equatorial anticyclones to the west of the heat-
ing as a Rossby wave response and a widespread westerly 
anomaly to the east as a Kelvin wave response (Fig. 7d). The 
westerly anomaly extends to the Indian Ocean and weakens 
the TEJ, indicating the EP SSTA could affect the TEJ via 

Fig. 3  SSTAs (shading;  °C) 
during a 1960–1980 and b 
1981–2001 obtained by regres-
sion on TEJI. The black boxes 
denote the region of 5°S–5°N, 
20°W–10°E and 5°S–5°N, 
170°W–120°W. The dotting 
indicates significance at the 
95% level

(a)

(b)

Fig. 4  As in Fig. 3, but for 
precipitation rate (shad-
ing; mm day−1) and 500-hPa 
vertical velocity (contour; 
 10−2 Pa s−1). The contour inter-
val is 0.005 Pa s−1. The dotting 
denotes significance at the 95% 
level

(a)

(b)
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(a) (b)

(d)

(e)

(c)

Fig. 5  Anomalies of a, c horizontal winds (vector; m  s−1) and b, 
d velocity potential (contour;  106  s−1) and divergent winds (vec-
tor; m s−1) at 200 hPa (top) and 850 hPa (middle), e vertical veloc-
ity (contour;  10−2  Pa  s−1) and vertical circulation averaged along 

5°S–10°N obtained by regression on TEJI during 1960–1980. 
The contour interval is 0.4 × 106  s−1 for b, 0.2 × 106  s−1 for d, and 
0.002 Pa s−1 for e. The black vectors in b, d and the shading denote 
significance at the 95% level

(a) (b)

(d)

(e)

(c)

Fig. 6  Anomalies of a SST (shading;  °C), b precipitation rate (shad-
ing; mm day−1) and 500-hPa vertical velocity (contour;  10−2 Pa s−1), 
c 200-hPa velocity potential (contour;  106  s−1) and divergent wind 
(vector; m  s−1), d 200-hPa winds (vector; m  s−1), e vertical veloc-
ity (contour;  10−2  Pa  s−1) and vertical circulation averaged along 

5°S–10°N obtained by partial regression on TEJI after exclud-
ing the Niño 3.4 signal. The contour interval is 0.005  Pa  s−1 for b, 
0.4 × 106  s−1 for c and 0.002  Pa  s−1 for e. The dotting in a, b and 
shading in c–e denote significance at the 95% level
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a Kelvin wave response at the upper level. Previous studies 
pointed out that diabatic heating over EP associated with 
ENSO could influence the TEJ through modulating the tropi-
cal divergent circulation (Chen and Van Loon 1987; Chen 
and Yen 1993). In this study, the upper-level velocity poten-
tial anomaly is featured by a dipole structure, with a diver-
gence over the tropical central Pacific and a convergence 
over the Maritime Continent and tropical eastern Indian 
Ocean when the SSTA over the EP is positive (Fig. 7c). 
However, the divergent winds might not affect the TEJ as 
they go westward from the EP to the Maritime Continent 
instead of eastward.

The modulation of the EA and EP SSTAs on the TEJ 
are also verified by three sensitive experiments with the 
configuration described in Sect.  2. The differences of 
the atmospheric responses between the control and sen-
sitive experiments are analyzed (Fig. 8). In the case of 
SEN_A&P with SSTAs over both the EA and EP superim-
posed, a tripole structure is clearly seen on the upper-level 
velocity potential and the widespread westerly anomaly is 
also observed from tropical Atlantic to the Indian Ocean 
(Fig. 8b, c). In the case of SEN_A, an anomalous zonal 
circulation between the EA and tropical Indian Ocean is 
stimulated with the upper-level anomalous westerly weak-
ening the TEJ (Fig. 8e, f). In the case of SEN_P, the upper 
level winds exhibit a Gill-Matsuno response to the heating 

over EP, and anomalous westerly extends from EP east-
ward to the tropical Indian Ocean (Fig. 8h, i). All these 
results are consistent with the observation though some 
discrepancies are still found, such as the underestimated 
convergence over Indian Ocean in SEN_A (Fig. 8e), and 
the exaggerated upper level winds over tropical Pacific 
responding to the EP SSTA in both SEN_P and SEN_A&P 
(Fig. 8c, i). Nevertheless, the sensitive experiments con-
firm that the EA and EP SSTAs can modulate the TEJ in 
an independent or joint manner.

It is noteworthy that there are still some differences in 
the atmospheric circulation response to either or both of 
the EA and EP SSTA. The upper-level westerly anoma-
lies exhibit a wider extension in both zonal and meridi-
onal direction corresponding to the EP SSTA (Fig. 7d), 
whereas they are confined between 50°W and 80°E when 
the individual impact of EA SSTA is considered (Fig. 6d). 
It implies that the region of the TEJ influenced by EP 
SSTA is wider than that influenced by EA SSTA. Besides, 
when EA and EP SSTA work in a joint manner, the diver-
gent centers over EA and EP tend to be weaker than those 
response to the individual impact of the EA or EP SSTA 
(Figs. 5a, 6c and 7c). It seems that the atmospheric circu-
lation response to the individual SSTA forcing over EA 
or EP would be stronger than those with the joint impacts 
of SSTAs.

(a) (b)

(d)

(e)

(c)

Fig. 7  Anomalies of a SST (shading;  °C), b precipitation rate (shad-
ing; mm day−1), 500-hPa vertical velocity (contour;  10−2 Pa s−1) and 
integrated apparent heat source (checker; W m−2), c 200-hPa velocity 
potential (contour;  106 s−1) and divergent wind (vector; m s−1), d 200-
hPa winds (vector; m s−1), e vertical velocity (contour;  10−2 Pa s−1) 

and vertical circulation averaged along 5°S–10°N obtained by partial 
regression on TEJI after excluding the EA SST signal. The contour 
interval is 0.005 Pa s−1 for b, 0.4 × 106 s−1 for c and 0.002 Pa s−1 for 
e. The dotting in a, b and shading in c–e denote significance at the 
95% level
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4.2  The impact of tropical SSTAs on the TEJ 
after 1981

After 1981, as the forcing from the tropical SSTAs experi-
ences interdecadal change, the corresponding precipitation 
and atmospheric circulations show dramatic differences. 
Concurrent with the intensified SSTA over the EP, the air 
flow ascends over the EP, drifts from the EP to the Maritime 
Continent in the upper level, descends and goes backward 
to the EP in the lower level, forming an anti-Walker cir-
culation (Fig. 9b, d). Accordingly, enhanced precipitation 
extends from the central-eastern to the northwestern Pacific 

while suppressed precipitation appears to the west over the 
Maritime Continent (Fig. 4b). As a response, a pair of anti-
cyclones are excited off the equator with equatorial easterly 
anomaly in-between over the central Pacific, while a wide-
spread westerly anomaly extends from the EP eastward to 
the tropical Indian Ocean at the upper troposphere and weak-
ens the TEJ (Fig. 9a). These atmospheric circulation anoma-
lies represent a Gill-Matsuno response to enhanced diabatic 
heating over the EP. Similar atmospheric response to the 
EP SSTA also appears before 1980 but in a smaller magni-
tude, which also implies the decadal intensification of the 
influence from the EP SSTA after 1981. At this sub-period, 

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

Fig. 8  a, d, g Forced SSTAs, response of b, e, h 200-hPa velocity 
potential (contour;  106 s−1), c, f, i 200-hPa horizontal winds (vector; 
m s−1) in the case of SEN_A&P, SEN_A, SEN_P. The contour inter-

val is 0.6 × 106 s−1 for b, e, and h. The shading in b–c, e–f and h–i 
denotes significance at the 90% level

(a) (b)

(d)

(e)

(c)

Fig. 9  As in Fig. 5, but for the period of 1981–2001
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the Atlantic Niña-like SSTA is accompanied by anomalous 
downward motion and suppressed precipitation over the 
tropical western Atlantic (Fig. 4b); however, its impact on 
the TEJ is still undistinguished.

To uncover the individual role of the EA and EP SSTAs 
in modulating the TEJ for the post-1981 period, parallel 
partial regression and correlation analysis are performed. 
The atmospheric circulation anomalies response to the EP 
SSTA with and without the EA SSTA signal share common 
features, indicating the independent role of the EP SSTA on 
the TEJ after 1981. For the impact of EA SSTA, its partial 
correlation coefficient with TEJI drops from − 0.46 to − 0.25 
after excluding the simultaneous EP SSTA signal, imply-
ing the influence of summer EA SSTA on the simultaneous 
TEJ is ignorable without the co-existence of the EP SSTA. 
However, it is worth mentioning that the EA and EP SSTAs 
are out-of-phase and their correlation coefficient reaches 
maximum (− 0.66) when the EA SSTA leads the EP SSTA 
around four months (Fig. 10), indicating the possible role of 
the antecedent EA SSTA on the development of EP SSTA in 
summer. Hence, the EA SSTA might not modulate the TEJ 
in isolation, and the SST-TEJ relationship over EA might 
arise from the covariance of the EA and EP SSTA. That is, a 
decadal shift in the modulation regime of the tropical SSTAs 
on TEJ takes place after 1981.

A lead regression is performed to investigate the covari-
ance of the EA and EP SSTA. The warm SSTA over the EA 
has already shown up in a stronger manner in the previous 
spring (MAM) with the positive SSTA peaking along the 
Angola and Benguela coast, and induces enhanced precipi-
tation to its north and west (Fig. 11a–c). The atmospheric 
bridge is formed between the tropical Atlantic and Pacific 
after the AMJ season (Fig. 11f–h), indicating the possible 
interaction between two basins. In tropical Pacific, anoma-
lous easterlies wind stress associated with a higher sea level 
pressure might shallow the thermocline in the EP and cool 
the SST in the following months (Fig. 11b–d and j–l). These 
anomalies are likely to couple together and favor the devel-
opment of the La Niña-like SSTA over the EP in the follow-
ing summer. It indicates that the previous spring EA SSTA 

could influence the summer EP SSTA variation and then 
affect the TEJ.

The present study shows different timing between the EA 
and EP SSTA interaction in contrast to the previous studies 
which pointed out that an Atlantic Niño in boreal summer 
favors a Pacific La Niña in the following winter (Keenlyside 
and Latif 2007; Rodríguez-Fonseca et al. 2009; Ding et al. 
2012; Polo et al. 2015). In fact, the Atlantic Niño develops in 
previous boreal spring and persists in summer (Fig. 11a–d), 
which may have the continuous impact on the climate vari-
ability over the tropical Pacific in the following months. 
More research is required to understand the influence of the 
developing phase of Atlantic Niño, not only the peak phase.

5  Plausible reasons for interdecadal change 
in the TEJ‑SST relationship

Another interesting problem is why the TEJ-SST rela-
tionship experiences interdecadal change. For the dec-
adal change of the climate impact of SSTAs, some stud-
ies ascribe it to the variability of the SSTAs signal (Wu 
et al. 2012; Chen et al. 2017). Wu et al. (2012) addressed 
that the interdecadal change in the relationship between 
southern China summer rainfall and tropical Indo-Pacific 
SST can be attributed to the change in the magnitude of 
southeastern Indian Ocean SST forcing. Chen et al. (2017) 
showed that an intensified variability of summer rainfall 
over South China is induced by the interdecadal enhance-
ment of the tropical eastern Indian Ocean SST variation. 
Could the interdecadal change in the TEJ-SST relation-
ship also be attributed to the change of the variabilities 
of the SSTAs? The sliding variance of EA SST index 
with a 21-year window shows that there is a decreasing 
trend in the EA SST variability which drops from 1.40 in 
1960–1980 to 0.96 in 1981–2001 (Fig. 12). This probably 
leads to a weakened impact of the EA SSTA on the TEJ 
variability after 1981. In contrast, the variability of the EP 
SST increases by nearly 50% with the variance shifting 

Fig. 10  Cross correlation 
between EA SST index and 
Niño 3.4 index during 1981–
2001. The dash lines denote the 
correlation coefficient signifi-
cant at the 95% confidence level
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from 0.99 to 1.41. The EP SST with larger variance after 
1981 might exert a stronger impact on the TEJ variability 
as previously described.

The change in the spatial configuration of SSTA over the 
tropical Atlantic may be another plausible reason. During 
1960–1980, the related Atlantic Niño-like SSTA is restricted 
to the EA basin in summer, with anomalous tropical convec-
tion to its north and west (Figs. 3a and 4a). In comparison, 
the tropical Atlantic SSTA extends westward obviously 
from spring to summer during 1981–2001, characterized by 
a basin wide mode (Fig. 11a–d). Accordingly, the convec-
tion anomaly shifts westward to the western Atlantic and 
the coast of South America (Fig. 4b). These changes in the 
SST configuration and tropical convection could modulate 
the responses of the atmospheric circulation (Losada and 
Rodríguez-Fonseca 2016), which may favor the interac-
tion between the Atlantic and Pacific basins and reverse the 

relationship between the EA SSTA and the TEJ. However, 
further study is required to draw a more concrete conclusion.

6  Summary and discussion

The interdecadal change in the relationship between the 
TEJ and tropical SSTAs during boreal summer is studied. 
The area-averaged zonal wind over the region of 0°–15°N, 
0°–70°E at 200 hPa is defined as the TEJI to represent the 
intensity of the TEJ referring to an EOF analysis. The TEJ’s 
relationship with the tropical SSTAs reverses over the EA, 
while obviously enhances over the EP after 1981 as the influ-
encing processes of the tropical SSTA on the TEJ changes.

During 1960–1980, when the TEJ is weaker-than-normal, 
an Atlantic Niño-like SSTA and an El Niño-like SSTA domi-
nate the EA and EP, respectively. Anomalous precipitation 

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

(k)

(l)

Fig. 11  Lead regressions between JJA EA SST index and a–d SST 
(shading;  °C) and precipitation rate (dotting; mm  day−1), e–h verti-
cal velocity (shading;  10−2 Pa  s−1) and vertical circulation averaged 
along 5°S–5°N, i–l sea level pressure (shading; m  s−1) and wind 

stress (vector; N m−2) during the MAM, AMJ, MJJ and JJA seasons 
after 1981. The shading and dotting at the 95% confidence level are 
shown. The black vectors denote significance at the 95% level

Fig. 12  Sliding variance of the 
JJA EA SST index (blue) and 
Niño 3.4 index (red) with a 
21-year window. The variance 
is shown in the center year of 
the 21-year window



 S. Huang et al.

1 3

induced by these local SSTAs motivates the atmospheric 
circulation anomalies. Anomalous Walker circulation over 
the EA and Indian Ocean and anti-Walker circulation over 
Indian Ocean and EP feature the tropical zonal circula-
tion, with ascending branches over the EA and EP and a 
common descending branch in the middle over the tropical 
Indian Ocean. The upper westerly anomaly of the anomalous 
Walker circulation between the tropical Atlantic and Indian 
Ocean tends to weaken the TEJ. The EA and EP SSTAs can 
contribute to the TEJ in an independent and joint manner. 
When the EP SST signal is removed, the Niño-like SSTA 
remains over the EA and triggers a zonal circulation anomaly 
between the tropical Atlantic and the tropical Indian Ocean 
with the upper westerly diminishing the TEJ. When the EA 
SST signal is removed, the El Niño-like SSTA still domi-
nates the EP, inducing enhanced precipitation in situ. The 
abnormal convection heating excites a widespread westerly 
anomaly to the east as a Kelvin wave response via the Gill-
Matsuno mechanism and thus weakens the TEJ. The above 
results imply that the EA and EP SSTAs can contribute to 
the TEJ in an independent and joint manner, which is also 
verified by sensitive numerical experiments with CAM4.

During 1981–2001, the associated El Niño-like SSTA 
over the EP enhances to a large extent in intensity and spatial 
extension, triggering more widespread anomalous precipita-
tion and thus stronger atmospheric responses. The atmos-
pheric circulation anomalies highly resemble those respond-
ing to the EP SSTA forcing before 1980, but in a stronger 
magnitude. Consequently, the EP SSTA exerts a stronger 
impact on the TEJ. Different from the pre-1980 period, 
a weakened TEJ is associated with an Atlantic Niña-like 
SSTA, which could not significantly affect the TEJ with-
out the co-existence of the EP SSTA. However, such EA 
SSTA turned up in previous spring could exert influence on 
the development of summer EP SSTA via the atmospheric 
bridge and air-sea coupled mechanism, and thus affect the 
TEJ in an indirect manner.

The interdecadal change in the TEJ-SST relationship 
might be attributed to the changes of the variability and spa-
tial configuration of the SSTAs. The increased variance of 
the EP SSTA might lead to a strengthened impact on the TEJ 
variability, and the opposite is true for the EA. The related 
Atlantic Niño-like SSTA extends westward after 1981, so 
does the tropical convection over the Atlantic, which may 
favor the interaction between the Atlantic and Pacific basins 
and inverse the EA SST-TEJ relationship after 1981.

Both observational analysis and modelling results show 
that the heating over EP can contribute to the widespread 
westerly anomalies at upper level (Figs. 7d and 8i). In addi-
tion to the heating over EP, the convective conditions over 
Indian subcontinent may also response to the westerly anom-
alies and have an influence on the TEJ strength. Naidu et al. 
(2011) found that exceeded rainfall over India during active 

monsoon epoch resulted in an enhanced meridional tempera-
ture gradient through releasing latent heat, which probably 
led to a strengthened TEJ. More research are required to 
elucidate the physical process of the influence of other fac-
tors on the TEJ.
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