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This paper studies the interdecadal transition of interannual variability of

summertime intraseasonal rainfall (SIR) over South China (SC). It is found

that after the mid-1990s (1995/96), the interannual oscillation of SIR over SC

has significantly enhanced. The inner connection and possible physical

processes associated with the atmospheric intraseasonal oscillation (ISO)

involved in the interdecadal transition of the interannual variability of SIR

over SC are discussed. The results show that the “Silk Road” teleconnection

wave trains distributed zonally across Eurasia from western Europe to

northeastern China in the mid-to-high latitudes and the intraseasonal

component of the western Pacific subtropical high (WPSH) are two major

factors that control the increase of SIR interannual oscillation over SC after

1996. In the period after 1996, the low-frequency perturbation kinetic energy of

the wave activity flux associated with the “Silk Road” teleconnection converges

more significantly over SC. At the same time, note that the positive SIR anomaly

years tend to be in the El Niño decaying phase, the eastward-propagating Kelvin

waves triggered by thewarm Indian ocean can promote the development of the

western Pacific anticyclonic anomaly, which subsequently strengthens the

WPSH effectively. The interannual variability of the WPSH east-west

movement increases the low-level intraseasonal change of atmospheric

circulation over SC. Low-level circulation anomalies in the low latitudes

combined with the dispersion of Rossby wave energy in the mid-to-high

latitudes eventually lead to an increased interannual variability of SIR over SC.
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1 Introduction

South China (SC) is a region with complicated terrain and

large differences between land and ocean. Rainfall is most

abundant in this region over East Asia, where the long rainy

season lasts from April to September (Miao et al., 2019). Six

significant regional rainy seasons from spring to autumn have

been identified in China, including two in SC, where the rainfall

amount shows a double-peak pattern (Ding et al., 2008; Ma et al.,

2018; Li et al., 2021). Highly concentrated rainfall during the

rainy season often leads to floods under abnormal conditions

(Wu et al., 2006; Ji et al., 2021).

Intraseasonal variability (ISV) is a typical expression of

internal changes in summer rainfall over SC (Hong and Ren,

2013; Zhu et al., 2015; Ren et al., 2017; Zhu and Li, 2017; Li and

Mao 2019). Madden and Julian (1971) pointed out that changes

in pressure and winds in the tropical atmosphere demonstrate a

large-scale oscillation pattern with a cycle of 40-50d. This type of

variability in the tropical atmospheric activity is called the

Madden and Julian Oscillation (MJO, Madden and Julian, 1971).

Summer rainfall in SC is mainly controlled by the East Asian

summer monsoon (EASM) system (Ding et al., 2008; Huang

et al., 2017; Yin et al., 2021). The EASM system consists of

convective activities is associated with the summertime

intraseasonal oscillation (ISO). The boreal summer ISO

(BSISO), which exhibits prominent features of MJO in

summer, presents active and break cycles of convective

activities associated with northward propagating convection in

a period of 30–60 days in the tropical Asian monsoon region

(Ramamurthy, 1969; Murakami, 1972; Hartmann and

Michelsen, 1989; Wang and Xie, 1997; Jiang et al., 2004; Zhu

et al., 2022). The ISO of summer rainfall in SC could also be

influenced by perturbations from both the tropics and the mid-

to-high latitudes (Zhang et al., 2009; Hong and Ren 2013; Chen

et al., 2015; Li et al., 2015; Hsu et al., 2016; Zheng and Huang,

2018; Wang et al., 2019; Liu et al., 2020). MJO may enhance or

suppress summer rainfall in SC through its eastward-

propagation from the tropical Indian Ocean (Zhang et al.,

2009). The ISO in the mid-to-high latitudes can influence the

mid-latitude weather and climate through teleconnection wave

trains, and also influence rainfall in SC (Hendon and Liebmann,

1990; Ding and Wang, 2007).

SC rainfall experiences multi-scale variabilities including

interdecadal variability, interannual variability, intraseasonal

variability and synoptic variability (Chen et al., 2012, 2015,

2017; Wang et al., 2017; Nie and Sun, 2022), etc. Synoptic

variability of rainfall is mainly affected by synoptic scale

systems. For example, synoptic-scale rainfall over SC is mainly

associated with low-level shear lines, where the wind convergence

provides a lifting condition favorable for the development of

convection. However, previous studies have revealed that

persistent weather anomalies on regional scale are often

beyond the time scale of synoptic systems and demonstrate

variation characteristics on intraseasonal time scale. The

intraseasonal component of rainfall anomaly is mainly

influenced by activities of low-frequency circulations (Mao

et al., 2010; Zhu and Li, 2017; Wang et al., 2021). Rainfall

anomaly is the result of interaction between global sea-land

systems. As the most important external forcing to

atmospheric circulation anomalies, sea surface temperature

anomalies (SSTA) have great impacts on global climate,

especially on rainfall. Several previous studies have found that

ENSO and Pacific Decadal Oscillation (PDO) can influence

interannual and interdecadal variations of summer rainfall

over SC (Chan and Zhou, 2005; Zhou et al., 2006; Zhao et al.,

2022a).

Recent studies pointed out that the interannual and

interdecadal variability of weather and climate becomes

more and more important (Yamaura and Kajikawa, 2017;

Cao et al., 2019; Wang et al., 2019; Chen et al., 2021; Lu

et al., 2022). The interdecadal variability of the EASM (Wu

et al., 2009; Zhu et al., 2015) and the western North Pacific

monsoon has been studied in recent years. A decadal change

of the ISV that occurred in the mid-1990s over the South

China Sea (SCS) has been detected, which shows an obvious

periodicity and spatiotemporal evolution. This interdecadal

change may be attributed to the merging process of the

northward propagating convection from the Maritime

Continent and the westward propagating convection from

the central North Pacific, which is evident only during

1979–1993 (Kajikawa et al., 2009). This merging process

enhances the cyclonic circulation over the SCS, while the

southwesterlies embedded in the cyclonic circulation

transport more moisture to the SCS and the Philippine Sea

(Hsu and Weng, 2001). It is also found that the BSISO

activities during 1999–2008 are significantly greater than

that during 1984–1998, which may be linked to the

variability of seasonal mean sea surface temperature (SST)

(Yamaura and Kajikawa, 2017).

Summertime rainfall in SC also experienced an obvious

interdecadal increase in the early 1990s (Kwon et al., 2007;

Ding et al., 2008; Yao et al., 2008; Ding et al., 2009; Wu B

et al., 2010; Li et al., 2012). It is found that the 10–30 days

summer SC rainfall exhibited a significant increase in 1992/1993,

which is resulted from more frequent northward propagation of

the ISO controlled by summertime mean southerlies in the

middle and lower troposphere over the SCS (Chen et al.,

2015; Cheng et al., 2020). The calculation of Wang et al.

(2017) indicates that the BSISO-induced rainfall increase

accounts for about 17.4% of the observed decadal rainfall

increase. The interdecadal changes in the BSISO track and the

occurrence frequency of active BSISO phase are likely related to

coherent changes in atmospheric circulation and SST over the

Indian Ocean and the western Pacific. These studies have

revealed the impacts of ISO on summer rainfall at both

intraseasonal and interdecadal scales.
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Summertime intraseasonal rainfall (SIR) over SC shows

significant interannual and interdecadal variabilities (Chen

et al., 2015; Wang et al., 2017; Cheng et al., 2020). The

complexity of multi-scale rainfall variability is reflected not

only in the mean value and variation trend of rainfall, but

also in the variance characteristics of the interannual series of

rainfall, that is, differences in the year-to-year changes are

regarded as the interannual changes of rainfall, which reflect

the stability of interannual variability of rainfall (Hu et al., 2014;

Zhao et al., 2022b; Cai et al., 2022). On interdecadal scale, the

interannual variability of rainfall also presents differences

between different decades. It is worth noting that the

interannual variability of SIR over SC displays obvious

variance differences on interdecadal scale. Specifically, the

mid-1990s is the dividing line, after which the variance of the

SIR interannual variability has increased significantly. A more

significant interannual increment appears in the study period

after the mid-1990s, showing the overall interdecadal transition

of interannual variability. This study focuses on the

characteristics and causes of the interannual variability change

of SIR over SC during the past 40 years. The physical processes

and influencing factors that lead to the occurrence of the

interdecadal transition are also analyzed.

The remainder of the study is organized as follows. Data and

methodology are described in Section 2. In Section 3,

interdecadal change of interannual variability of summertime

intraseasonal rainfall are examined. The low-frequency

atmospheric circulation anomalies associated with SIR are

analyzed in Section 4. In Section 5, the impacts of the “Silk

Road” teleconnection and WPSH on the interdecadal change of

summertime intraseasonal rainfall are discussed. Conclusions

and discussion are given in Section 6.

2 Datasets and methodology

Daily rainfall dataset is derived from the Climate Prediction

Center (CPC) Global Rainfall dataset, which has a spatial

resolution of 0.5° × 0.5°. The CPC dataset is provided by the

National Oceanic and Atmospheric Administration (NOAA)

(Xie et al., 2007). Daily outgoing longwave radiation (OLR)

dataset produced based on NOAA polar-orbiting satellite

remote sensing data on global 2.5° × 2.5° grids (Liebmann and

Smith, 1996) is used. Daily wind, geopotential height and specific

humidity are obtained from the National Centers for

Environmental Prediction (NCEP) Reanalysis product with a

resolution of 2.5° × 2.5° (Kalnay et al., 1996).

The study period covers 41 years from 1980 to 2020 on June

to September (JJAS). According to the previous study, the

dominant intraseasonal modes of the summer rainfall in SC

are on the 2–8 days and 30–90 days time-scale (Wang et al., 2017;

Liu et al., 2022). Therefore, a 30–90 days Lanczos bandpass

filtering is applied to extract the intraseasonal component in

this study. Before filtering, the climatology of rainfall has been

removed from the raw daily rainfall time series.

To examine if the interannual variability of SIR over SC is

characterized by interdecadal transition, a 10-year window F-test

is performed on the 30–90-day filtered time series.

To find out propagation of wave trains in the mid-to-high

latitudes, a phase-independent wave activity flux (WAF)

proposed by Takaya and Nakamura (2001) is calculated. WAF

has been widely used to study wave trains in the mid-to-high

latitudes on intraseasonal timescale (Yang and Li, 2016; Gao

et al., 2017; Wang et al., 2018), which is expressed as:

W � p cos ϕ
2|U |

⎛⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝
U

a2cos 2ϕ
[(zψ′

zλ
) − ψ′z

2ψ′
zλ2

] + V

a2 cos ϕ
[zψ′
zλ

zψ′
zϕ

− ψ′z
2ψ′

zλzϕ
]

U

a2 cos ϕ
[zψ′
zλ

zψ′
zϕ

− ψ′z
2ψ′

zλzϕ
] + V

a2
[(zψ′

zϕ
) − ψ′z

2ψ′
zϕ2 ]

⎞⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

where ϕ, λ, a are latitude, longitude and the Earth’s radius; ψ is

the stream function and p is the ratio of the current isobaric

surface pressure (unit: hPa) to 1,000; U = (U, V) represents the

basic horizontal flow. The prime represents the ISV.

3 Interdecadal change of interannual
variability of summertime
intraseasonal rainfall

Figure 1A shows the time series of 30–90 days

intraseasonal summer mean rainfall over SC. The

interannual variability of SIR displays a significant

interdecadal variation. The mid-1990s is the dividing line,

and the interannual variability of SIR presents discontinuous

changes from small to large. The red line in Figure 1B shows

the results of the sliding F test of SIR within a 10-year window.

The results indicate that around 1995/1996, the interannual

variability of SIR experienced a significant interdecadal

transition. The blue line in Figure 1B shows absolute values

of interannual difference of the SIR. It is found that the mean

value of the interannual difference of rainfall is 0.73 mmd−1

before 1996, and it is 1.74 mmd−1 after 1996. This result

indicates that around the mid-1990s, the interannual variance

of SIR over SC significantly enhanced. Therefore, taking

1996 as the dividing line, the period (1984–1996) with the

smallest interannual variability of SIR is defined as P1 and the

period (1997–2013) with the largest interannual variability is

defined as P2. Note that the variance of the P1 period is

0.20 mmd−1 and that of the P2 period is 2.02 mmd−1. The
difference of variance between the two periods reaches one

order of magnitude, and it is also statistically significant. This

result further confirms the occurrence of interdecadal

transition of interannual variability in SIR over SC. Figures

1C,D show spatial distributions of SIR variances in P1 and P2,

respectively. Compared with that before the interdecadal

transition, the areas with variance increase after the
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transition are mainly located in the southern part of SC and

the coastal area in the southeast of SC.

4 Low-frequency atmospheric
circulation anomalies associated with
summertime intraseasonal rainfall

In order to explore the reasons for the large differences in the

interannual variance of SIR in different decades, in this section

we mainly analyze characteristics of low-frequency atmospheric

changes and circulation anomalies on the interdecadal scale. The

years of rainfall anomaly are identified for P1 (1980–1996) and

P2 (1997–2013), respectively. In P1, the positive years (1984,

1985, 1987, 1993, 1994, 1995 and 1996) and negative years (1986,

1988, 1989, 1990, 1991 and 1992) are identified by the threshold

of 0 standard deviation of the normalized time series. Since the

interannual variability in a few years within P2 is relatively small,

in order to highlight the main characteristics of the large

interannual variability in P2, the years with rainfall values

greater than 0.7 are identified to be positive years (1998, 2001,

2003, 2008, 2010 and 2012), and the years with rainfall value

smaller than -0.7 are determined to be negative years (1997, 1999,

2000, 2004, 2007, 2009 and 2011). In order to reveal the

generation mechanism for the interdecadal transition of the

interannual variability of SIR, composite analysis of

atmospheric circulation that can reflect the ISO characteristics

are conducted for the positive and negative years of P1 and P2,

respectively. Differences in the characteristics of atmospheric

low-frequency oscillation are then compared.

Figure 2 shows composite low-frequency geopotential height

anomalies at 500 hPa and 200 hPa as well as 850 hPa wind field

anomalies for positive and negative years of P2. Differences

between them (positive years minus negative years) are also

presented. Comparing the composite intraseasonal geopotential

height anomalies at 200 hPa and 500 hPa between the positive

and negative years, we can clearly find two ISO systems that affect

SIR anomalies in the P2 period, i.e., the “Silk Road”

teleconnection wave trains and the intraseasonal component

of the western Pacific subtropical high (WPSH). The “Silk

Road” teleconnection wave trains are distributed zonally

across Eurasia from western Europe to northeastern China in

the mid-to-high latitudes. The wave trains distribution displays a

“- + - + -” pattern in positive years (Figures 2A,D), while the

opposite pattern shows in negative years (Figures 2B,E). Looking

at the intraseasonal component of the WPSH (Figure 2D),

significantly positive anomalies are obvious over the

Northwest Pacific during positive years. In contrast,

significantly negative anomalies develop over the Northwest

Pacific in negative years (Figure 2E). In positive years, an

FIGURE 1
(A) Time Series and (B) absolute values of interannual difference (blue line, normalized, interannual difference refers to the difference between
the current year and last year) and 10-year running F test values (red line) of intraseasonal rainfall (30–90 days filtered summer rainfall anomalies) over
SC (the red dashed line in b indicates significant values exceeding the 95% confidence level). Spatial patterns of SC intraseasonal rainfall variance for
the periods (C) 1980–1996 and (D) 1997–2019, respectively.
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anomalous cyclone can be found over SC, which is shown clearly

in the low-level wind field (Figure 2G). Under the influence of

this anomalous cyclone, low-level southwesterlies on the

southeastern side of the cyclone strengthens and cyclonic

convergence over SC also intensifies in lower levels. Such a

circulation pattern is favorable for the increase of SIR over

SC. In negative years, however, an anomalous anticyclone is

observed at the same place (Figure 2H), which effectively

suppresses the increase of SIR over SC. Comparison of

composite circulations in the positive and negative years

FIGURE 2
Top row: composite 30–90 days filtered geopotential height anomalies at 200 hPa (unit: gpm). Middle row: composite 30–90 days filtered
geopotential height anomalies at 500 hPa (unit: gpm). Bottom row: composite 30–90 days filtered wind anomalies at 850 hPa (unit: ms−1). (A,D,G)
for P2 positive years, (B,E,H) for P2 negative years, and (C,F,I) for differences between the composites of positive years and negative years. Dotted
areas indicate the values are significant at/above the 95% confidence level by Student’s t test. Yellow solid lines in a-f represent the “Silk Road”
teleconnection wave trains.

FIGURE 3
Same as Figure 2, but for P1.
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during P2 indicates that the intraseasonal atmospheric

circulation exhibits characteristics of opposite-phase in the

positive and negative years throughout the troposphere, and

this significant opposite-phase feature has great impacts on

the interannual variation of SIR over SC.

Figure 3 shows composite low-frequency geopotential height

anomalies at 500 hPa and 200 hPa as well as 850 hPa wind field

anomalies in positive and negative years of P1. Differences

between them (positive years minus negative years) are also

displayed. It can be seen that the teleconnection wave trains that

affect the SIR anomalies are also distributed zonally across the

Eurasian continent in the mid-to-high latitudes. They present a

“- + - +” distribution in positive years (Figures 3A,D) and “+ - + -” in

negative years (Figures 3B,E). Similar to that in P2, the tropical

influencing factor is also the intraseasonal component of

WPSH, which presents negative anomalies in positive years

(Figure 3D) and positive anomalies in negative years

(Figure 3E) of P1. At 850 hPa, composite intraseasonal wind

anomalies in positive years (Figure 3G) show that there exists

an anomalous cyclone, which is located in the SCS and affects

the SIR over SC. SC is located on the northern side of this

anomalous cyclone and is under great influence of easterly jet

stream associated with the abnormal cyclonic circulation. As a

result, the low-level circulation cannot produce strong

convergence over SC, and thus is not conducive to the

growth of SIR over SC. However, in negative years

(Figure 3H), there is no abnormal cyclone or anticyclone

occurring near SC. By comparing composite circulation

anomalies in positive and negative years of P1, it is found

that spatial distributions of the differences in 200 hPa and

500 hPa intraseasonal geopotential height anomalies (Figures

3C,F) as well as 850 hPa wind anomalies (Figure 3I) are also

similar to their corresponding composites in the positive years.

However, in the map of wind anomaly differences, the

anomalous cyclone in the SCS is weaker. The whole

atmosphere does not show significant circulation anomalies

in both the positive and negative years, which explains why the

interannual variation of rainfall is relatively gentle with a

significantly smaller variance than that in P2. Looking at

composite intraseasonal geopotential height anomalies in the

same phase of P1 and P2 and their differences, it is found that

the circulation anomaly associated with the wave trains in the

mid-to-high latitudes and the tropical intraseasonal component

of WPSH in P2 are more significant than that in P1. Therefore,

when the positive and negative phases in P2 switch between

each other, the SIR will undergo a remarkable interannual

change. Intraseasonal wind fields in lower levels also have

similar characteristics. The phase transition between

anomalous cyclones and anticyclones over SC during

P2 directly controls the strength of uplift conditions for SIR.

Figure 4 displays composite intraseasonal 850 hPa vorticity

anomalies, 200 hPa divergence anomalies, OLR anomalies,

500 hPa omega anomalies, and water vapor flux and flux

divergence anomalies in the 1,000–500 hPa layer in P2.

FIGURE 4
Top row: composite 30–90 days filtered 850 hPa vorticity anomalies (shaded, unit: 10−6 s−1) and 200 hPa divergence anomalies (contours,
unit: 10−7 s−1). Middle row: composite 30–90 days filtered outgoing longwave radiation anomalies (OLR, shaded, unit: Wm−1) and 500 hPa omega
anomalies (contours, unit: 10−3 Pa s−1). Bottom row: composite 30–90 days filtered water vapor flux (vectors, unit: kgm−1 s−1) vertically integrated
from 1,000 to 500 hPa and its divergence (shaded, unit: 10−5kgm−2 s−1). (A,D,G) for P2 positive years, (B,E,H) for P2 negative years, and (C,F,I)
are the differences between composites of positive years and negative years. Only values significant at/above the 95% confidence level by Student’s
t test are shown. The dashed lines indicate values greater than zero while solid lines indicate values less than zero in (A–F).
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Differences in the above composites between the positive and

negative years are also presented. The composites of anomalies in

the positive years of P2 show significant positive vorticity

anomalies in lower levels and positive divergence anomalies in

upper levels (Figure 4A) over SC, indicating that the atmospheric

circulation on the intraseasonal scale is convergent in lower levels

and divergent in upper levels. Anomalous intraseasonal

convective activities develop over SC (Figure 4D), while the

water vapor flux anomalies in the middle and lower levels

propagate from the North Indian Ocean and the Bay of

Bengal to SC and converge there (Figure 4G). Composites for

the negative years during P2 show that there are negative

vorticity anomalies in lower levels and negative divergence

anomalies in upper levels over SC (Figure 4B), and convection

is suppressed (Figure 4E). The water vapor flux anomalies in the

middle and lower levels originate from the northwestern Pacific

and propagate to the southwest, eventually diverge over SC

(Figure 4H). The distributions of the differences between the

composite anomalies of positive and negative years are highly

similar to the spatial distributions of the composite anomalies in

positive phase (Figures 4C,F,I). In addition, the anomalies of the

low-frequency environmental fields agree well the observations

of large interannual variation of SIR over SC in P2.

As shown in composite anomalies of the positive years

during P1, the center of low-level positive vorticity anomalies

is located in the SCS, the center of high-level positive

divergence anomalies is located in the tropical western

Pacific and the Bay of Bengal, and the vorticity and

divergence anomalies over SC are not significant

(Figure 5A). Note that the centers of negative OLR and

omega anomalies are also located in the SCS (Figure 5D).

Miao et al. (2019) pointed out that in active phase of

convection in the SCS, the increase of rainfall over SC will

be suppressed. Composite anomalies of negative years indicate

that there are negative vorticity anomalies in lower levels and

negative divergence anomalies in upper levels over SC

(Figure 5B). While both OLR and omega anomalies are

positive (Figure 5E), their magnitudes are relatively small.

Composite of water vapor flux anomalies in the positive years

of P1 mainly originates from the southern Indian Ocean and

the Bay of Bengal, and the water vapor convergent center is

also located in the SCS (Figure 5G). However, note that the

composite water vapor anomalies near SC in the negative

phase are not significant (Figure 5H), and the water vapor

convergence and divergence are also weak. The spatial

distributions of the differences between the composite

anomalies of positive and negative years are highly similar

to the spatial distributions of the composite anomalies in

positive phase (Figures 5C,F,I). It is worth noting that the

magnitudes of the anomalies of these variables in P1 are

smaller than their counterparts in P2, which implies that

the differences between the anomalies of positive and

negative phases are not as large as that in P2. Figures 4, 5

actually illustrate the process mechanism of the interdecadal

transition of interannual variability of SIR based on the

configuration of atmospheric circulations in lower and

upper levels, which actually reflects the convergence and

divergence of the circulation, the activity of convection and

the water vapor transport in the middle and lower levels on the

intraseasonal scale. By comparing the composite anomalies

FIGURE 5
Same as Figure 4, but for P1.
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between the positive and negative phases in P1 and P2, it is not

difficult to find that in lower and upper levels, the transition

between the positive and negative phases of the environmental

field anomalies in P2 is distinctly more significant than that

in P1.

In order to clarify the anomalous characteristics of the

environmental fields that are closely related to the SIR over

SC in different interdecadal backgrounds, Figure 6 shows the

regressions of 30–90 days intraseasonal 500 hPa, 200 hPa

geopotential height anomalies and 850 hPa wind field

anomalies onto the time series of SIR during P1 (Figures

6A,C,E) and P2 (Figures 6B,D,F), respectively. Overall, the

spatial distributions shown in the regression plots are very

similar to the positive phase composite plots shown in Figures

2, 3. In P1, circulation anomalies in lower and upper levels of the

troposphere, which are closely related to the SIR over SC, present

a characteristic of zonal distributions (Figures 6A,C). The

distribution of this kind of barotropic structure does not cause

circulation changes in the lower troposphere over East Asia

(Figure 6E). In P2, the signals of low-frequency circulation

anomalies over the Eurasian continent are spread to East Asia

through the “Silk Road” teleconnection wave trains (Figures

6B,D). In addition, there are also potential synergistic effects

of low-frequency systems in the low latitudes western Pacific.

5 Impacts of the “Silk Road”
teleconnection and WPSH on the
interdecadal change of summertime
intraseasonal rainfall

The morphological structure of the wave trains is described

by the TN wave activity flux (WAF) to further illustrate the

propagation characteristics of the “Silk Road” teleconnection

wave trains in the mid-to-high latitudes (Miao et al., 2019).

When the WAF vector converges, the wave energy aggregation is

conducive to the enhancement of perturbation. In order to

further reveal the modulation effect of these two systems on

the interdecadal transition of interannual variability of SIR, we

analyze the signals in the mid-to-high latitudes and in the tropics,

respectively. The distributions of composite 200 hPaWAF vector

and divergence in the positive phase in different interdecadal

backgrounds show that the propagation of the wave vector and

the convergence and divergence have similar characteristics in

the two periods. Wave energy propagates along the channel of

“Silk Road” teleconnection wave trains in the mid-to-high

latitudes, and converges over SC and the subtropical western

Pacific (Figure 7B). Further analysis of the convergence intensity

of wave energy over SC shows that the regional and multi-year

mean WAF divergence at the convergence center is −2.20 in P2,

FIGURE 6
Regressions of 30–90 days filtered 200 hPa (A,B) and 500 hPa (C,D) geopotential height anomalies (unit: gpm) and 850 hPa (E,F) wind
(unit: ms−1) onto the time series of SIR, where a, c, e for P1 and b, d, f for P2 (Dotted areas indicate values significant at/above the 95% confidence
level by Student’s t test).
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which is significantly stronger than that (−1.55) in P1

(Figure 7C). The perturbation growth of the wave energy in

P2 is stronger than that in P1, indicating that the low-frequency

perturbation kinetic energy of the WAF in P2 has a larger

variability over SC.

In addition, the zonal dipole distribution of geopotential

height anomalies along the western Pacific and SC appears in P2

(shown in Figure 6D), which suggests that the WPSH may

contribute to SIR over SC during P2. To reveal the influence

mechanism of WPSH on the differences between interannual

variability of SIR in P1 and P2, we first composite the original

500 hPa geopotential height field to examine whether there exists

decadal variation of WPSH. It is worth noting that there is no

significant difference between the composites of WPSH in the

positive and negative phases of P1 (Figure 8A). However, the area

of composite WPSH in the positive phase of P2 is significantly

larger than that in the negative phase. The westward extension of

the WPSH is also significantly larger (Figure 8B), reflecting a

more significant interannual variation ofWPSH in P2. Moreover,

comparing the WPSH difference between positive and negative

phases of both P1 and P2, it is found that in the subtropical region

where the WPSH is located, the WPSH difference between the

positive and negative phases of P1 is very small with the value

basically between −5 and 5 gpm. In P2, however, the composite

WPSH in the positive phase extends further westward than in the

negative phase with the difference up to 10–15 gpm in the large

difference center. The above studies show that the interdecadal

transition of interannual variability of SIR over SC is closely

related to interdecadal variation of the WPSH.

When note the large interannual variability of the WPSH in

P2 shown in Figure 8, there is a clear connection between the

interdecadal variation of the WPSH and the interdecadal

transition of interannual variability of SIR over SC. The

question here is, what physical processes are involved in the

WPSH influence on SIR over SC? When the WPSH moves

westward in positive years of P2, SC is under the control of

southwesterlies on the north side of theWPSH. In contrast, when

the WPSH moves eastward in negative years of P2,

northeasterlies prevail over SC. This is the same as the results

of the intraseasonal low-level wind fields composited in the

positive and negative phases (shown in Figure 2). Different to

that in P2, the WPSH difference between the positive and

negative phases in P1 is not large, and there is no consistent

strong jet stream in the SC low-level wind field in both the

positive and negative phases in P1. The variation of low-level

intraseasonal wind field is relatively weak as shown in Figure 3.

The WPSH intensity directly affects low-level wind field over SC

through synoptic circulation, and the water vapor transport and

uplift mechanism associated with the low-level wind fields greatly

affect the amount of SIR over SC. Therefore, 850 hPa zonal wind

anomalies after the 30–90 days filtering are averaged over

(10–25°N, 105–120°E) and defined as the SCS zonal wind

index (SCSZWI). Temporal changes of the SCSZWI index can

to a certain extent reflect the change trend of the WPSH. The

time series of SCSZWI is displayed in Figure 9A, which shows a

trend of interannual variability consistent with that of SIR, and

the correlation coefficient between the two series can reach 0.51

(Figure 9A). The sliding F-test method with a 10-year window is

also applied to SCSZWI. The result indicates that the interannual

variability of SCSZWI also experienced an interdecadal transition

at around 1995/1996 (the red solid line in Figure 9B). The blue

line in Figure 9B shows absolute values of interannual difference

FIGURE 7
Composites of 200 hPawave activity flux (vectors, unit: m2 s2) and its divergence (shaded, unit: 10−6m s2), where (A) for P1 positive years and (B)
for P2 positive years (Only values significant at/above the 95% confidence level by Student’s t test are shown). (C) Time series of multi-year mean
wave activity flux divergence at 200 hPa averaged over (22–26°N, 100–130°E), where the blue line is for P1 positive years and the red line is for
P2 positive years (The dashed lines are the averages of solid lines).
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of SIR. It is found that the mean value of the interannual rainfall

variability during P1 is 0.93, while that in P2 is 1.39. This result

indicates that around the mid-1990s, the interannual variance

characteristics of the intraseasonal zonal wind over SCS

intensified in line with that of SIR over SC. Therefore, the

good synergy between the time series of SCSZWI and SIR

indicates that the interdecadal variation of the WPSH has a

significant modulation effect on the interdecadal transition of

interannual variability of SIR.

6 Conclusions and discussion

The summer rainfall over SC exhibits an obvious periodicity

on the 30–90-day intraseasonal time scale. Previous studies have

shown that the SIR over SC has significant interdecadal variation

characteristics, but most of these studies more focus on

abnormally high or low rainfall (Wang et al., 2017; Chen

et al., 2020). The present study reveals that the interannual

variability of SIR over SC also experiences a significant

interdecadal transition that occurred around 1995/1996. After

the transition, the interannual variability of SIR increases

significantly. By comparing the ISO signals of atmospheric

environmental variables composited by the positive and

negative phases of SIR in the former decadal period (P1:

1984–1996) and the later decadal period (P2:1997–2013), the

reasons for the interdecadal transition of the interannual

variability of SIR are discussed.

Composites of intraseasonal geopotential height anomalies in

the positive and negative phases of P1 and P2 are compared, and

the results show that the characteristics of atmospheric low-

frequency anomalies in P1 are not significant. The large

interannual variance of SIR in P2 is caused by two ISO

systems, i.e., the “Silk Road” teleconnection wave trains are

distributed zonally across Eurasia from western Europe to

northeastern China in the mid-to-high latitudes and the

intraseasonal component of the WPSH. Compared with that

in P1, both the teleconnection wave trains in the mid-to-high

latitudes and the tropical intraseasonal WPSH circulation

anomalies are more significant in P2. When the positive and

negative phases in P2 switch between each other, the SIR will

undergo a remarkable interannual change. Low-level wind fields

also have similar characteristics. The phase transition between

cyclone and anticyclone anomalies over SC in P2 directly

controls the strength of uplift conditions for SIR.

In order to reveal detailed processes of the two key ISO

systems affecting the SIR, the TN WAF is implemented to

describe the morphological structure of the “Silk Road” wave

trains in the mid-to-high latitudes and illustrate their

propagation characteristics. It is found that the propagation of

the wave vector and the convergence and divergence during the

two periods have similar characteristics. The wave energy

propagates along the pathway of the “Silk Road”

FIGURE 9
(A) Time Series and (B) absolute values of annual difference
(blue line) and 10 years running F test values (red line) of SCSZWI
(the red dashed line in b indicates significant values exceeding the
95% confidence level).

FIGURE 8
Composites of 500 hPa geopotential height (contours,
unit: gpm) for positive years (red line) and negative years (blue line)
and their differences (shaded, positive years minus negative years,
unit: gpm). (A) for P1 and (B) for P2.
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teleconnection wave trains in the mid-to-high latitudes and

converges over SC and the subtropical western Pacific. Note

that in summer, especially in June and July, the wave energy

perturbation growth in P2 is stronger than that in P1.

Furthermore, because the intensity of the WPSH directly

affects low-level wind field over SC through synoptic

circulations, while the water vapor transport and uplift

mechanism associated with the low-level wind field can

greatly affect the amount of SIR over SC, the South China Sea

Zonal Wind Index (SCSZWI) is defined in the present study to

characterize intraseasonal variation of the WPSH. The

interannual variability of SCSZWI displays a trend consistent

with that of SIR. The good synergy between the time series of

SCSZWI and SIR indicates that the interdecadal variation of

WPSH has a significant modulation effect on the interdecadal

transition of interannual variability of SIR. Therefore, from the

perspective of the convergence and divergence of the pressure

field and the activity of convection and water vapor transport in

the middle and lower levels, the oscillation between the positive

and negative phases of the environmental field anomalies in the

middle and upper levels in P2 is more significant than that in

P1 on the intraseasonal scale. The above factors directly lead to

the stronger interannual variability of SIR over SC in

P2 compared to that in P1.

Many studies pointed out that the Northwest Pacific

convective activities related to the WPSH intensity may be

forced by SSTA over the Pacific and Indian Ocean (Xu et al.,

2019; Nie and Sun, 2022). The question that needs to be discussed

is: how does SSTA affect the WPSH intensity and what physical

processes are involved? Wu et al. (2009) pointed that consistent

warming of IOBM during the summer of El Niño decay year can

influence the Northwest Pacific anticyclone through atmospheric

Kelvin waves. Subsequent numerical experiments (Wu R et al.,

2010) also indicate that the maintenance of the anomalous

anticyclone in the Northwest Pacific during the summer of El

Niño decay year is the result of the combined effects of the modal

remote forcing in the Indian Ocean (TIO) basin and the local

forcing of negative SSTA in the Northwest Pacific. When the

EIO-WP has strong positive SSTA, it heats the tropospheric

atmosphere in the west of the Northwest Pacific (including TIO

region) and the surface pressure decreases in the low latitudes.

Such a circulation pattern promotes low-level convergence and

upward movement, which is favorable for the development of

convective activity and anomalous enhancement of easterly

winds in the tropical Pacific. The positive SSTA can trigger

eastward-propagating equatorial baroclinic Kelvin waves,

which increase negative vorticity at the top of the boundary

layer in the outer equatorial region, leading to divergence in the

boundary layer and the formation of anomalous anticyclonic

circulation at lower levels. Meanwhile, the enhancement of

negative vorticity anomaly also results in anomalous

descending motions and surface pressure increase (Ha et al.,

2013). The atmospheric heating by the underlying ocean makes

the entire atmosphere to warm up and triggers planetary waves,

resulting in atmospheric circulation anomalies similar to the

Matsuno-Gill mode (Matsuno, 1966; Gill, 1980; Wu et al., 2009).

In summary, in the summer of El Niño decay year, the eastward-

propagating Kelvin waves triggered by warm sea temperature of

the IOBM promotes the development of the Western Pacific

anomalous anticyclone, which effectively strengthens the WPSH,

and thereby changes the low-level intraseasonal atmospheric

circulation field in the SC-SCS region. Low-level circulation

anomalies and the energy dispersion of Rossby wave trains in

the mid-to-high latitudes jointly cause the increase in the

interannual variability of SIR over SC.
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