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ABSTRACT: Previous studies found a tight connection between the tropical easterly jet (TEJ) and Indian summer
monsoon rainfall (ISMR). Here we show that the TEJ-ISMR relationship is nonstationary and breaks down from 1994 to
2003 (epoch P2), in contrast to the significant positive correlation during epochs P1 (1979-93) and P3 (2004-16). The
breakdown of the TEJ-ISMR relationship concurs with the increased rainfall variability over the tropical eastern Indian
Ocean (TEIO). The enhanced TEIO rainfall anomalies excite a significant lower-level cyclonic circulation that reduces the
ISMR and meanwhile strengthen the upper-level divergence and excite a pair of upper-level anticyclones to the west of the
TEIO as Rossby wave responses, both accelerating the TEJ. Thus, the TEIO rainfall plays a more important role than
the ISMR in TEJ variability during P2, causing the breakdown of the TEJ-ISMR relationship. In contrast, a relatively weak
amplitude of the TEIO rainfall during P1 and P3 was unable to change the positive TEJ-ISMR relationship. The changes in
the TEIO rainfall variability are mainly attributed to the increased SST variability over the tropical southeastern Indian

Ocean, but their cause remains elusive.
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1. Introduction

The upper-level tropical easterly jet (TEJ) is a strong jet
stream in the Eastern Hemisphere with a maximum wind speed
of roughly 35-40 ms™' over South Asia. It arises primarily
from the thermal contrast between land and ocean along the
southern flank of the subtropical high (Koteswaram 1958; Flohn
1964; Raghavan 1973; Nicholson and Grist 2003; Sathiyamoorthy
et al. 2004). The TEJ occurs during the Indian summer monsoon
season from June to September and plays an essential role in
distributing climatological rainfall over the Asian and African
monsoon regions. It has been found that the summer rainfall
mainly locates north of the jet entrance in South Asia and south
of the jet exit in western Africa (Koteswaram 1958; Flohn 1964;
Webster and Fasullo 2003; Hulme and Tosdevin 1989). The
TEJ variability can also exert great impact on the genesis and
development of the tropical cyclones via modulating the vertical
easterly shear (Rao et al. 2004; Wang et al. 2015). A weakened
TEJ favors more severe tropical cyclones over the north Indian
Ocean (Rao et al. 2008). Thus, investigating the variability of the
TEJ is of importance for the prediction of tropical climate.

A great portion of literature has paid attention to the close
connection between the TEJ and the Indian summer monsoon
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rainfall (ISMR). When India receives more (less) rainfall,
which indicates a positive (negative) anomaly of the ISMR, the
upper-tropospheric TEJ becomes stronger (weaker) (Kanamitsu
et al. 1972; Tanaka 1982; Chen and Van Loon 1987; Pattanaik
and Satyan 2000; Madhu 2014). Based on the close relationship
between the TEJ and rainfall, it is suggested that the release
of latent heat due to a large amount of rainfall in monsoon
region may be critical in modulating the TEJ variability (Chen
and Yen 1991; Tanaka 1982; Raghavan 1973; Lu and Ding
1989). Wang et al. (2020) suggested that convective heating
associated with the midtropospheric ascent motion drives di-
vergence in the upper troposphere and convergence in the
lower troposphere, leading to the upper-level anticyclonic and
lower-level cyclonic circulations. This vertical structure indi-
cates the strengthened easterlies in the upper troposphere
along the southern flank of the anticyclone and midtropo-
sphere warming in the convective region according to the
thermal wind balance. From the perspective of energetics, the
convective latent heating and positive temperature anomaly
generate the available potential energy, which can be con-
verted to kinetic energy, and thus drive the large-scale trop-
ical circulation. Sathiyamoorthy et al. (2007) found that a
northward shift of the TEJ follows the intraseasonal north-
ward propagating monsoon convective belts in South Asia by
about 2 weeks due to the northward shift of the latent heat
source. Rao and Srinivasan (2016) showed that a zonal shift in the
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FIG. 1. Time series of normalized (a) TEJI and (b) ISMR in
June-September (JJAS). The TEJI is defined as the 200-hPa zonal
wind averaged over 0°-15°N, 0°~70°E and is multiplied by —1 so
that a positive (negative) TEJI represents a stronger (weaker) TEJ.
The ISMR is represented by the all-India rainfall (AIR) index, the
total amount of JJAS rainfall averaged over all of India. The purple
(blue) dashed line denotes the 13-yr running average of the TEJI
(ISMR). (c) The sliding correlation coefficient between the TEJI
and ISMR with a window of 13 years. The solid (dashed) line is
calculated with 13-yr running average included (excluded). The
black (green) line means using the ERA-Interim (ERA-40) data-
set. The gray line denotes a 90% confidence level for a 13-yr cor-
relation coefficient.

location of the rainfall leads to a similar shift in the zonal location
of the TEJ and highlighted the potential role of the latent heating
in determining the TEJ location. Over the exit of the TEJ in West
Africa, it is also suggested that the convective rainfall is important
as a key role in determining the upper-level easterly flow
(Thorncroft and Blackburn 1999; Nicholson and Grist 2003).
Variations of the TEJ and the associated impacts have re-
ceived increasing attention (e.g., Huang et al. 2019, 2020).
Sathiyamoorthy (2005) reported a significant reduction in the
intensity of the TEJ between the 1960s and 1990s, while
Venkat Ratnam et al. (2013) found a sharp strengthening of the
TEJ during 2001-10, indicating that interdecadal variation
exists in the TEJ (Fig. 1a). The TEJ intensity has experienced
an evident decline before the 1980s and an increase after the
1980s. In contrast, the ISMR shows very weak interdecadal
variation (Fig. 1b). Both the TEJ and ISMR exhibit noticeable
year-to-year variability, and they are significantly positively
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correlated during the entire period (r = 0.57, p < 0.01).
When a decadal time scale is considered, the TEJ-ISMR
relationship is stationary before the 1990s but undergoes an
abrupt breakdown from the earlyl990s to the early
2000s (Fig. 1c).

Nagarjuna Rao et al. (2015) first pointed out a weakening in
the TEJ-ISMR relationship in the recent three decades and
attributed it to the unequal rates of decrease trends of the TEJ
and ISMR in the context of the Indian Ocean warming.
However, the result in Fig. 1c shows that the changes in the
TEJ-ISMR relationship are highly similar before and after
removing the multidecadal component by subtracting the 13-yr
running average. This indicates that the trend over several
decades, or interdecadal variations, can only explain a small
portion of the variance associated with the weakened TEJ-
ISMR relationship. It remains unclear whether the changes on
other time scales, such as the interannual variability, can con-
tribute to the weakening TEJ-ISMR relationship. This moti-
vates us to conduct an in-depth investigation on the possible
cause of the breakdown of the TEJ-ISMR relationship from
the early 1990s to the early 2000s.

Section 2 details the changes in the relationship between the
TEJ and ISMR. Section 3 investigates the factors that can
potentially contribute to the breakdown of the TEJ-ISMR
relationship. In section 4, we explore the root causes of the
change in the TEJ-ISMR relationship. Section 5 provides a
summary and discussion.

2. Observed decadal changes in the TEJ-ISMR
relationship

The data analyzed cover the boreal summer [June-September
(JJAS)] from 1979 to 2016. The monthly mean wind data are
derived from the European Centre for Medium-Range Weather
Forecasts (ECMWF) interim reanalysis (ERA-Interim; Simmons
et al. 2007) with a horizontal resolution of 2.5° X 2.5°. The 40-
Year ECMWF Re-Analysis (ERA-40; Uppala et al. 2005) is also
used for 1958-2001 in Fig. 1. The monthly precipitation data are
obtained from the Global Precipitation Climatology Project
(GPCP; Adler et al. 2003), version 2.3. The SST data derived from
the Hadley Centre Global Sea Surface Temperature (HadISST)
dataset (Rayner et al. 2003) with a horizontal resolution of 1° X 1°
are used to detect the forcing of SST on the rainfall variability. All
the data used in the following analysis are detrended to eliminate
the linear influence of the trend or interdecadal variations
after 1979.

The TEJ index (TEJI) is defined as the averaged 200-hPa
zonal wind over the region of 0°-15°N, 0°-70°E following
Huang et al. (2019), who pointed out that the interannual
variability of the TEJ mainly locates in its central-western re-
gion. In the present study the TEJI is multiplied by —1 so that a
positive (negative) TEJI represents a stronger-than-normal
(weaker-than-normal) TEJ.

As mentioned in section 1, it is evident that the TEJ-ISMR
relationship undergoes remarkable decadal changes around
the early 1990s and early 2000s (Fig. 1c). Before the early
1990s, significantly positive correlation was featured in the
TEJ-ISMR relationship, followed by a dramatic decline
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around 1993/94. Their relationship becomes insignificant from
the mid-1990s to the early 2000s, indicating an independent
influence of the ISMR on the TEJ during that period. After
2004, the pronounced positive TEJ-ISMR relationship re-
appears with the correlation roughly the same as that before
the early 1990s. Notably, these decadal changes of the TEJ-
ISMR relationship are not sensitive to the choice of the domain
that defines the TEJ at 200 or 150 hPa. However, the key region
moves northward to 10°-25°N at 100 hPa as the ISMR-related
zonal wind shifts northward. Our results show that the defini-
tion of the TEJI would not yield a significantly different result
as long as an ISMR-related region is chosen to define the TEJI
(figure not shown). It also affirms that the TEJ, which used to
be related to the ISMR, becomes unrelated to the ISMR be-
tween the early 1990s and early 2000s. In addition, since the
reanalysis data may underestimate the upper-level wind speed
(Roja Raman et al. 2009), we also compared the observation
derived from the radiosonde with the reanalysis. It is found that
the reanalysis indeed underestimates the TEJ’s intensity by 1-3
ms~ ! on the interannual time scale, but similar decadal
changes in the TEJ-ISMR relationship can still be seen in
observation (figure not shown), indicating the availability and
reliability of the reanalysis data in describing the changes of the
TEJ-ISMR relationship.

To describe the decadal changes more accurately, the whole
period is divided into three epochs—1979-93 (P1; 15 years),
1994-2003 (P2; 10 years), and 2004-16 (P3; 13 years)—
according to the two shifting points of the 13-yr sliding corre-
lation coefficient in Fig. 1c. The correlation coefficient between
the TEJI and ISMR is 0.70 in P1 and 0.72 in P3, both significant
at the 99% confidence level, whereas it drops to 0.16 during P2.
Similar results can be found in the spatial distribution of the
anomalous rainfall related to the TEJI (Figs. 2b-d). During P1
and P3, a stronger TEJ corresponds to excessive rainfall cov-
ering the majority of the Indian subcontinent, coherent with
the tight connection between the TEJ and ISMR. On the con-
trary, during P2, the rainfall anomalies are hardly statistically
significant over most of the Indian subcontinent, with only a
narrow area being significantly positive, revealing a broken-
down relationship between the TEJ and ISMR (Fig. 2c).

3. Why the TEJ-ISMR relationship breaks down during
1994-2003

a. Detection of contributors to the TEJ variability

A weakened TEJ-ISMR relationship during P2 indicates
that the ISMR is no longer an important factor in determining
the TEJ variability. To unravel the cause of the breakdown of
the TEJ-ISMR relationship, we hypothesize that the TEJ
fluctuation is not solely related to the ISMR. To detect the
possible linkages between the TEJ and tropical rainfall in
general, we examine the spatial distribution of the correlation
coefficient between the interannual variation of the TEJI and
tropical rainfall anomalies (Fig. 2a). In addition to the positive
ISMR anomalies, the positive anomalies between 80° and
140°E and negative anomalies over tropical Pacific are ob-
served corresponding to a stronger TEJ as well. It has been well
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FIG. 2. Spatial distribution of the correlation coefficient between
the TEJT and rainfall obtained from GPCP during (a) 1979-2016,
(b) 1979-93 (P1), (c) 1994-2003 (P2), and (c) 2004-16 (P3). The
contours denote the correlation coefficient significant at a 90%
confidence level. The red and blue boxes represent the TEIO re-
gion (10°S-5°N, 80°-105°E) and MC region (10°S-5°N, 107.5°-
140°E), respectively. The values in red and blue beside the boxes
indicate the correlation coefficient between TEJI and TEIO rain-
fall and MC rainfall, respectively. The asterisk indicates that the
correlation coefficient is significant at a 90% confidence level.

documented that the tropical rainfall associated with the latent
heat release is important in modulating the tropical circula-
tions (e.g., Ramage 1968; Neale and Slingo 2003), indicating
that the anomalous rainfall over the tropics may play important
roles in the TEJ’s variability. For example, Huang et al. (2020)
suggested that suppressed rainfall over the tropical eastern
Indian Ocean (TEIO) and Central America contributes to the
weakening of the upper-level TEJ in the context of the global
warming.

Since the TEJ-ISMR relationship changes on the decadal
time scale, it is conceivable that the connection between the
tropical rainfall and the TEJI may change similarly. Results
in Figs. 2b—d show that the TEJ-related rainfall anomalies
over the tropics indeed experience decadal changes. The cor-
relations between the TEJ and rainfall over the Maritime
Continent (MC; 10°S-5°N, 107.5°-140°E; blue box in Fig. 2)
and tropical Pacific are generally weak during P1 but enhance
evidently during P2 and remain significant during P3. It is
noteworthy that the correlation over the TEIO (10°S-5°N, 80°-
105°E; red box in Fig. 2) strengthens significantly during P2 but
weakens during P3, which is opposite to the decadal changes of
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FIG. 3. (a) Time series of normalized TEIO rainfall (red) and MC
rainfall (blue) in JJAS from 1979 to 2016. The correlation coeffi-
cient between the TEIO rainfall and MC rainfall is shown in the top
right of the panel. (b) The sliding correlation coefficient between
the TEJI and TEIO rainfall (red) and MC rainfall (blue) with a
window of 13 years. The dashed line denotes a 90% confidence
level for a 13-yr correlation coefficient.

the TEJ-ISMR relationship. Figure 3 compares the TEIO and
MC rainfall and their correlation with the TEJ. The TEJ-TEIO
rainfall relationship indeed manifests two obvious decadal
changes around the early 1990s and the early 2000s, concurring
with the decadal change of the TEJ-ISMR relationship, while
the TEJ-MC rainfall relationship only experiences a decadal
enhancement around the early 1990s (Table 1). In this case, it is
very likely that the TEIO rainfall variability contributes to the
breakdown of the TEJ-ISMR relationship during P2.

b. Impacts of the TEIO rainfall on the TEJ-ISMR
relationship

The diabatic heating related to the rainfall anomalies can
modify both the lower-level and upper-level circulation (Gill
1980; Matsuno 1966; Xie and Wang 1996; Wang et al. 2003). To
further explore the possible influence of the TEIO rainfall in
the connection between the TEJ and ISMR, Figs. 4-6 present
the anomalies of rainfall, the lower-level and upper-level
winds, the upper-level streamfunction, and velocity potential
regressed onto the TEIO rainfall. During P1, positive rainfall
anomalies are seen over the TEIO with the maximum center
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locating in the southern TEIO (~5°S) (Fig. 4a). The MC region
also receives more rainfall while the tropical western Pacific is
dominated by the suppressed rainfall anomalies. At 850 hPa, a
weak C-shaped cyclonic circulation associated with the posi-
tive TEIO and MC rainfall anomalies occurs over the Bay of
Bengal and the north of the TEIO (Fig. 4a). Anomalous
easterlies flow westward from the tropical western Pacific and
converge over the MC and TEIO region. At the upper tropo-
sphere, the corresponding atmospheric circulations mainly
appear to the east of the TEIO. Specifically, a pair of weak
cyclones and anticyclones locate at both sides of the equator
over the western and eastern Pacific, respectively, resembling
the Rossby wave responses to the negative tropical western
Pacific rainfall anomalies (Figs. 4a and 5a). To the west of the
TEIO, no obvious upper-level divergence over TEIO and
easterlies anomalies can be found associated with the excessive
TEIO rainfall (Fig. 6a), implying that the TEIO rainfall could
not have an influence on the TEJ variability during P1.
Obvious intensifications in the rainfall and circulations are
found during P2. The amplitudes of the positive TEIO rainfall,
positive MC rainfall, and negative tropical western Pacific
rainfall anomalies exhibit apparent increases (Fig. 4b). The
C-shaped cyclonic circulation is evident and extends westward
to the Indian subcontinent and Arabian Sea (Fig. 4b). The
easterly anomalies prevail from the Bay of Bengal to central
India and weaken the climatological westerly lower-level
monsoon flow, leading to dry conditions over northern India.
Meanwhile, the lower-level convergence of the cyclonic cir-
culation causes the above-normal rainfall over peninsular
India. Such a cyclonic circulation results in a meridional dipole-
like rainfall pattern over the Indian subcontinent (Mishra et al.
2012). As a result, the total rainfall averaged over the Indian
subcontinent is weak during P2, which is unfavorable for the
upper-level TEJ variability and a positive TEJ-ISMR relation-
ship. Corresponding to the increased TEIO rainfall anomalies,
a pair of upper-level cyclones over the tropical western Pacific
strengthens; a pair of anticyclones emerges to the west of the
TEIO and straddles the equator over the Indian Ocean and
Africa (Fig. 5b). Accordingly, significantly stronger easterly
anomalies flow between the anticyclones to the west of TEIO.
The structures of the lower- and upper-level circulations men-
tioned above are akin to the Rossby wave responses to the
tropical heating under the background of vertical easterly shear
(Xie and Wang 1996; Wang et al. 2003; Wang and Xie 1996). It
suggests a possible role of the TEIO rainfall in modulating the
TEJ-ISMR relationship via the Rossby wave responses at the

TABLE 1. Correlation coefficients between the TEJI, ISMR, TEIO rainfall, MC rainfall, SEIO SST, and Nifo-3.4 SST during different
epochs. P1, P2, and P3 denote the periods 1979-93, 1994-2003, and 2004-16, respectively. One and two asterisks (* and **) denote the
correlation coefficient significant at the 90% and 95% confidence level, respectively.

1979-2016 Pl P2 P3
Corr (TEJI, ISMR) 0.54%* 0.70%* 0.16 0.72%*
Corr (TEJI, TEIO rainfall) 0.47#% 0.18 0.71%% 0.53*
Corr (TEJI, MC rainfall) 0.67#* 0.46* 0.87%* 0.83%*
Corr (TEIO rainfall, SEIO SST) 0.73#% 0.39 0.89%% 0.77+%
Corr (TEIO rainfall, Nifio-3.4 SST) —0.57%* —0.49% —0.71%* —0.55%
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FIG. 4. Regression of the anomalous rainfall (shading; mm day ')
and 850-hPa horizontal wind (vectors; ms™ ') onto the TEIO rainfall
during (a) P1, (b) P2, and (c) P3. The white oblique lines denote
significance at a 90% confidence level. Only the vectors significant at
a 90% confidence level are shown. The red box represents the TEIO
region (10°S-5°N, 80°~105°E).

lower- and upper-level atmospheric circulation. Additionally,
the strengthened upper-level divergence over the TEIO also
partly facilitates the divergent easterly winds that accelerate the
TEJ (Fig. 6b). It is likely that the TEIO rainfall, along with the
MC rainfall anomalies, can influence the TEJ variability much
more than the ISMR during P2, as the tropical rainfall-induced
lower-level circulation anomaly inhibits the impact of the Indian
rainfall anomalies on the TEJ, which favors a weakened TEJ-
ISMR relationship.

During P3, the amplitude of the TEIO rainfall exhibits a
decrease compared to P2 (Fig. 4c), which may weaken the re-
lated lower- and upper-level circulation anomalies. The lower-
level cyclonic circulation weakens and shrinks, limiting its
influence on the rainfall anomalies over the Indian subcontinent
(Fig. 4c). The northern anticyclone over the Indian Ocean dis-
appears (Fig. 5¢) and the upper-level divergence associated
with the TEIO rainfall weakens (Fig. 6c). The weakening in
the TEIO rainfall and the associated circulations indicates a
weakened impact of the TEIO rainfall on the TEJ variability,
in favor of the recovery of the TEJ-ISMR relationship.

The above results show that the low-level cyclonic circula-
tion anomaly may be a key process in altering the TEJ-ISMR
relationship. However, because the TEIO rainfall is related to
the MC rainfall (» = 0.64; Fig. 3a), both TEIO rainfall and MC
rainfall might be responsible for this cyclonic circulation
anomaly. To distinguish the impact of TEIO rainfall and MC
rainfall, partial regression analysis (Ham et al. 2013) that can
remove the linear influence of each other is applied to the 850-
hPa winds and rainfall. The results of partial regression analysis
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(a) Stream Function & UV200 Reg. TEIO rainfall P1
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FIG. 5. Asin Fig. 4, but for the 200-hPa streamfunction (contours;
10° m? s~ 1) and 200-hPa winds (vectors; ms™!). The contour in-
terval is 2 X 10° m? s ™. The shading denotes significance at a 90%
confidence level. Only the vectors significant at a 90% confidence
level are shown. The green box denotes the region of TEJI
(0°-15°N, 0°-70°E).

are displayed in Figs. 7 and 8. When the MC rainfall is ex-
cluded, the positive local convection anomaly over the TEIO
itself can force a C-shaped cyclone anomaly to its north, con-
sistent with the previous findings (Chen et al. 2018, 2019). This
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FIG. 6. As in Fig. 4, but for the 200-hPa velocity potential (con-
tours; 10° m? s ') and divergent winds (vectors; ms'). The contour
interval is 0.4 X 10° m? s~ ', The shading denotes significance at a
90% confidence level. Only the vectors significant at a 90% con-
fidence level are shown.
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FIG. 7. Partial regression of the anomalous rainfall (shading;
mm day ") and 850-hPa horizontal wind (vectors; ms™ ') onto the
TEIO rainfall with the MC rainfall excluded during (a) P1, (b) P2,
and (c) P3. The white oblique lines denote significance at a 90%
confidence level. Only the vectors significant at a 90% confidence
level are shown. The red box represents the TEIO region (10°S—
5°N, 80°-105°E).

cyclonic circulation is weaker and narrow in P1 and P3 but gets
stronger and broader in P2. A broader cyclonic circulation with
anomalous easterly along its northern flank can weaken the
climatological monsoonal westerlies flow and thus reduce the
rainfall along the Ghats and northern India (Fig. 7b), which is
unfavorable for the TEJ variability. In contrast, with the re-
moval of TEIO rainfall signals, the MC rainfall shows a closer
connection with the climate over the tropical Pacific in three
epochs, akin to the responses to El Niflo-Southern Oscillation
(ENSO) cold events during boreal summer (Fig. 8). No cy-
clonic circulations corresponding to the MC rainfall can be found
over the Indian subcontinent, but positive ISMR anomalies
appear, which may be induced by the ENSO via the large-scale
Walker circulation anomaly and regional Hadley circulation
anomaly (Krishnamurthy and Goswami 2000). Thus, the ISMR
can still influence the TEJ variability and thus maintain a posi-
tive correlation with the TEJ.

The partial correlation coefficient (Sankar-Rao et al. 1996)
can further reveal the important role of the TEIO rainfall in
the TEJ-ISMR relationship to some extent. If the influence
of the TEIO rainfall is ruled out, the TEJ-ISMR relationship
remains significantly positive during P1 (r = 0.69, p < 0.01)
and P3 (r = 0.79, p < 0.01), but their correlation coefficient
increases to 0.49 during P2, which is only 0.16 when including
the TEIO rainfall’s impact. This difference suggests that the
TEJ-ISMR relationship would not experience such a dra-
matic drop during P2 if the TEIO rainfall has no effects on
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FIG. 8. As in Fig. 7, but for the MC rainfall with TEIO rainfall
excluded. The blue box represents the MC region (10°S-5°N,
107.5°-140°E).

the TEJ or ISMR, which in turn confirms the role of the TEIO
rainfall in interrupting the TEJ-ISMR relationship.

4. Plausible reasons for the changing TEIO rainfall
variability

It has been shown that the TEIO rainfall and the associated
low-level circulation are critical in modulating the TEJ-ISMR
relationship. An interesting issue remains as to why the influ-
ence of the TEIO rainfall on the TEJ-ISMR relationship
changes. Figure 4 has shown the evident difference in the
amplitudes of the TEIO rainfall anomalies during three ep-
ochs. We hypothesize that the changes in the interannual
variability of the TEIO rainfall are responsible for the resulted
lower-level circulation anomaly and its influence on the TEJ-
ISMR relationship. To test this assertion, we examine the
changes in the amplitude of the TEIO rainfall variability by
calculating the 13-yr sliding standard deviation (Fig. 9). An

13-yr Sliding STD (TEIO rainfall, SEIO SST)
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FIG. 9. The sliding standard deviation of TEIO rainfall (red;
mm day ') and SEIO SST (black; °C) with a window of 13 years.
The SEIO SST is defined as the averaged SST over the SEIO re-
gion (15°S-0°, 90°~110°E).
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TABLE 2. Standard deviation of the TEIO rainfall, SEIO SST, and
Nifo-3.4 SST during three epochs.

P1 P2 P3
TEIO rainfall (mm day ') 0.87 1.81 1.34
SEIO SST (°C) 0.21 0.35 0.18
Nifio-3.4 SST (°C) 0.67 0.67 0.68

obvious increase and a decrease of the amplitude of the TEIO
rainfall variability can be found in the early 1990s and early
2000s, respectively (red solid line in Fig. 9), coherent with
the changes in the TEJ-ISMR relationship as well as the
TEJ-TEIO rainfall relationship. During P1, the magnitude of
the TEIO rainfall is only 0.87 mm day ! during P1, but it be-
comes nearly double (1.81 mm day ') during P2 (Table 2). The
intensified rainfall variability may exert stronger and more
significant impacts on the atmospheric circulations. This helps
explain how a stronger and broader lower-level cyclonic cir-
culation and stronger upper-level circulation responded, which
is conducive to the breakdown of the TEJ-ISMR relationship
during P2. The magnitude of the TEIO rainfall variability
drops to 1.34 mm day ! during P3, resulting in a weakened im-
pact on the TEJ and favoring a positive TEJ-ISMR relationship.

The change in the amplitude of the rainfall variability is
likely owing to the change in the SST variability. Figure 10
displays the spatial distribution of the simultaneous SST re-
gressed on the TEIO rainfall. It is found that the interannual
variation of the TEIO rainfall is significantly related to the
local SST anomalies, that is, the tropical southeastern Indian
Ocean (SEIO; 15°S-0°, 90°~110°E) during P2 (r = 0.89, p <
0.01) while their relationship decreases during P3 (r = 0.77,p <
0.01) and almost disappears during P1 (r = 0.39, p > 0.1).
Consistent with the changes in the TEIO rainfall variability,
the SEIO SST variability also experiences two decadal changes
in the early 1990s and early 2000s (black dashed line in Fig. 9).
The variability of the SEIO SST shows the strongest amplitude
during P2 (0.35°C) and smaller ones during P1 (0.21°C) and P3
(0.18°C). Chen et al. (2019) demonstrated that SEIO warming
can induce local convective heating in both observational
data and numerical experiments, which triggers lower-level
C-shaped wind anomalies that affect the climate over the
Indian Ocean section. The strengthened SEIO SST variability
during P2 can facilitate enhanced TEIO rainfall anomalies,
helping the TEIO rainfall exert influences on the TEJ vari-
ability and modulate the TEJ-ISMR relationship. This result is
consistent with the results of Chen et al. (2017). They found an
increase in the amplitude of the tropical eastern Indian Ocean
SST variability after the early 1990s, which is conducive to the
intensified interannual variability of the southern China sum-
mer rainfall through changing the local meridional vertical
circulation.

It is reported that the impact of the tropical Pacific via the
atmospheric bridge is discernable (e.g., Lau and Nath 1996;
Klein et al. 1999; Wang 2002; Chiang and Lintner 2005). The
cause of the excessive TEIO rainfall may be related to the
remote forcing from Pacific ENSO. Figure 10 illustrates a
cooling over the tropical central-eastern Pacific (Nifio-3.4
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FIG. 10. Regression of the anomalous SST (shading; °C) onto the
TEIO rainfall during (a) P1, (b) P2, and (c) P3. The dots denote
significance at a 90% confidence level. The boxes represent the
SEIO region (15°S-0°, 90°~110°E) and Nifio-3.4 region (5°S-5°N,
170°-120°W).

region; 5°S-5°N, 170°~120°W) corresponding to the excessive
TEIO rainfall. The cooling pattern over the Nifio-3.4 region is
relatively weak during P1 but strengthens during P2 (Figs. 10a,b),
concurring with the intensified relationship between the TEIO
rainfall and the Nifio-3.4 index (r = —0.49in P1 and r = —0.71 in
P2). Note that the variance of the Nifio-3.4 SST does not show any
decadal changes (Table 2). A closer TEIO rainfall-Nifio-3.4 SST
relationship during P2 may indicate an enhanced impact of the
Pacific ENSO on the TEIO rainfall via inducing an anomalous
Walker circulation in the Indo-Pacific region and maintaining the
upper-level divergence over the Indian Ocean (Fig. 6b), which
contributes to the enhancement of the TEIO rainfall variability.
As the tropical central-eastern Pacific cooling weakens during P3
(Fig. 10c), the correlation coefficient between the TEIO rainfall
and Nifo-3.4 SST decrease to —0.55, suggesting a weakened
impact of the ENSO on the TEIO rainfall variability.

5. Summary and discussion

The TEJ and ISMR are prominent features of the Asian
summer monsoon system and exhibit a positive correlation.
Using the reanalysis data from 1979 to 2016, the present study
demonstrates that the TEJ-ISMR relationship has experi-
enced two abrupt decadal changes, one in the early 1990s and
the other in the early 2000s. The TEJ is significantly positively
related to the ISMR except during 1994-2003 when this rela-
tionship is broken down. We find that TEIO rainfall variability
plays a vital role in modulating the TEJ-ISMR relationship.
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FIG. 11. Schematic diagram of the role of the TEIO rainfall in the interdecadal changes of the TEJ-ISMR relationship. The green
vectors indicate the intensified TEJ at 200 hPa. The purple solid (dashed) circle represents the anticyclones (cyclones). The blue (orange)
shading represents the divergent (convergent) center. The cloud (sun) marker represents excessive (deficient) rainfall. The pink arc-
shaped vector indicates the C-shaped cyclone anomaly induced by the TEIO rainfall. The gray dashed curves indicate the main process by

which the TEJ is influenced by the rainfall. (bottom) The TEIO rainfall-related SST anomalies.

Both the TEJ-TEIO rainfall relationship and the TEIO rain-
fall variability have experienced two similar shifts in the early
1990s and early 2000s with enhanced TEJ-TEIO rainfall re-
lationship and TEIO rainfall variability during 1994-2003. It
indicates that when the TEIO rainfall variability enhances, the
ISMR tends to weaken, and the contribution of the TEIO
rainfall to the TEJ variability can dominate and break down
the TEJ-ISMR relationship.

Figure 11 summarizes the processes by which TEIO rainfall
modulates the TEJ-ISMR relationship during different ep-
ochs. When the TEIO rainfall fluctuates in a relatively small
amplitude during 1979-93 and 2004-16 (left panel in Fig. 11),
the TEIO rainfall-induced lower-level cyclonic circulation is
narrow, and the associated upper-level circulations over the
Indian Ocean are weak, which have a negligible influence on
the TEJ and ISMR variations as well as the TEJ-ISMR rela-
tionship. In contrast, when the TEIO rainfall variability in-
creases during 1994-2003 (right panel in Fig. 11), the TEIO
rainfall-induced lower-level cyclonic circulation is strong and
extends westward to the Arabian Sea, causing reduced ISMR;
meanwhile, it excites a pair of upper-level anticyclones and
upper-level divergent winds, both strengthening the upper-
level TEJ significantly. Thus, the enhanced TEIO rainfall vari-
ability, taking the place of the ISMR, plays a more critical role in
the TEJ variability and thus contributes to the breakdown of the
TEJ-ISMR relationship.

The changes in the TEIO rainfall variability can be mainly
attributed to the increased SST variability over the SEIO.
Additionally, a closer relationship between the TEIO rainfall
and Nifio-3.4 SST during 1994-2003 also indicates the contri-
bution of the Pacific ENSO to the increase of the TEIO rainfall
variability.
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The relationship between the TEIO rainfall, SEIO SST, and
Nifio-3.4 SST are all in phase on the decadal time scale. An
issue here is what the root cause of the TEIO rainfall variability
is: the remote forcing from ENSO or local SST anomalies over
the SEIO? Figure 10 indicates that TEIO rainfall is positively
correlated with SEIO SST anomalies, suggesting that the local
SST anomalies can be viewed as a direct driver for the TEIO
rainfall (Wang et al. 2004, 2005). However, the SEIO SST
anomalies may be remotely triggered by ENSO and signifi-
cantly amplified by the local atmosphere—ocean interaction in
the southern Indian Ocean (Wang et al. 2003). In this sense,
ENSO could play a role in the SST variability over the SEIO.
Due to the interactive nature of the atmosphere—ocean system,
it is difficult to isolate the relative contribution of ENSO
through the Walker cell or through triggering the Indian Ocean
atmosphere—ocean interaction. The latter can amplify both the
SST and rainfall anomalies over the tropical eastern Indian
Ocean. This should be addressed in future work.

The present study considers the TEJ as the response to the
forcing, Indian rainfall. In fact, the TEJ can also influence the
rainfall via, for example, the upper-level divergence (Nicholson
and Grist 2003), vertical easterly shear (Rao et al. 2008), inter-
action with the African easterly wave activity (Grist et al. 2002),
and modulation of the equatorial Rossby wave activity (Yang
et al. 2018). It comes naturally that decadal changes in the TEJ
may lead to the changes in the TEJ-ISMR relationship. However,
the variability and the structure of the TEJ do not exhibit obvious
decadal changes (figure not shown). It seems that the contributor
of the breakdown of the TEJ-ISMR relationship comes from the
change in the rainfall anomalies.

The present study focuses on the seasonal-mean TEJ-ISMR
relationship. As the Indian rainfall and its relationship with the
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TEJ may vary month by month, whether TEIO rainfall can
influence the monthly TEJ-ISMR relationship is still un-
known. We compared the monthly correlation coefficient be-
tween the TEJ and ISMR and TEIO rainfall from June to
September during different epochs. It is found that only during
P2 when the JJAS-averaged TEJ-ISMR relationship is weak-
ened, the TEJ-ISMR relationship exhibits a large variation,
likely influenced by the TEIO rainfall via a similar way
mentioned in the present study (figure not shown). When
JJAS-averaged TEJ is significantly related to the ISMR, the
TEJ-ISMR relationship variation is small and the influence of
the TEIO rainfall can be ignored. This provides another aspect
to understand the change of the TEJ-ISMR relationship and
further confirm the role of the TEIO rainfall on the TEJ-ISMR
relationship.
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