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A B S T R A C T

Using ERA-Interim reanalysis daily data and gridded precipitation dataset, the evolution mechanism of East
Asia-Pacific (EAP) teleconnection pattern and its relationship to summer precipitation in China were in-
vestigated on synoptic timescales based on EOF analysis, composite analysis, and significance test. The results
demonstrate that the evolution of synoptic-scale EAP pattern is identified as having a significant relationship
with the energy propagation represented by the wave-activity flux (WAF). Such EAP-related WAFs show various
features in different levels of the troposphere. In the lower troposphere, the WAF primarily points poleward from
the Philippines, playing a vital role in triggering and maintaining the synoptic-scale EAP pattern. A middle
tropospheric zonally distributed ridge/trough/ridge wave train provides a favorable westerly waveguide for the
southeastward (eastward) energy propagation, converging with a relatively weak poleward WAF over mid-
latitude (high-latitude) East Asia. Moreover, the upper-level EAP-related anomalies are partly influenced by two
conspicuous eastward WAFs. One may favor the development of Okhotsk anticyclonic (positive) anomaly, and
the other one related to the Silk-Road (SR) wave train along the Asian jet converges into the cyclonic (negative)
anomaly to greatly strengthen it. Particularly, the highly efficient baroclinic energy conversion responsible for
the self-maintenance of SR pattern is also crucial for reinforcing and maintaining this cyclonic anomaly for a
prolonged period by extraction of available potential energy from basic flow. In addition, during EAP pattern
lifetime, due to the strong moisture flux convergence and upper-level divergence, the long-lasting strong ascents
of moist/warm air along a moist and thick layer, therefore induce the summer consecutive extreme precipitation
in the middle and lower reaches of Yangtze River.

1. Introduction

East Asia-Pacific (EAP) teleconnection pattern also named as
Pacific-Japan (PJ) teleconnection pattern is recognized as one of the
dominant modes and the most influential patterns during boreal
summer, with a north-south tripole structure between the equator and
high-latitudes over East Asia, which reflects the concurrent behavior of
the western Pacific subtropical high (WPSH), Mei-Yu front, and
Okhotsk blocking high (Kawamura et al., 1996; Kosaka and Nakamura,
2006).

The evolution mechanism of this meridional pattern has attracted
substantial scientific attentions on seasonal and interannual to inter-
decadal timescales (Nitta and Hu, 1996; Fujinami and Yasunari, 2009;
Gong et al., 2017; Hu et al., 2018). Initially, Huang (1987) and Nitta

(1987) revealed that EAP (PJ) pattern was largely triggered by the
northward-propagating Rossby wave forced by the anomalous con-
vective heating around the Philippine Sea. Recent studies emphasized
the importance of upper-level quasi-stationary wave trains (Guan and
Yamagata, 2003; Shi et al., 2009). Corresponding eastward propagating
wave fluxes from Europe across Asia along the westerly jets play sig-
nificant roles in the reinforcement and preservation of EAP pattern
(Kosaka et al., 2012). For example, the eastward energy propagation
along the Silk-Road (SR) wave train within the Asian jet areas con-
tributes to the advance and intensification of the Mei-Yu front and the
WPSH (Enomoto et al., 2003; Ding and Wang, 2005, 2007; Chen et al.,
2008; Lu and Lin, 2009). With a more northern route, the energy pro-
pagation oriented eastward from the Ural blocking high along the sub-
polar jet can primarily strengthen the Okhotsk blocking high
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(Nakamura and Fukamachi, 2004; Wang and Zhang, 2015). Though
many previous studies have documented these issues on monthly and
interannual timescales, the role of energy propagation on the EAP
evolution has received limited attentions on synoptic timescales (Shi
et al., 2009; Li et al., 2017). Thus, a first goal of current study is to
confirm the significance of different energy dispersions in the advance
and maintenance of the synoptic-scale EAP pattern, clarifying the dis-
tinctions of EAP-related energy dispersions in different levels of the
troposphere.

Additionally, various studies have revealed different climate im-
pacts between the positive and negative EAP phases (Ambrizzi et al.,
1995; Chen and Zhai, 2015). Accordingly, negative (positive) geopo-
tential height anomalies over mid-latitude East Asia (the Sea of Okhotsk
and the subtropical western Pacific) related to the positive EAP phase,
result in severe floods in southern China and cool summers in Japan
(Wang et al., 2000; Wakabayashi and Kawamura, 2004). In particular,
the concurrent behavior and interaction between EAP pattern and other
summer teleconnections may cause more extreme and consecutive
rainfall in southern China (Wakabayashi and Kawamura, 2004; Wang
and Wang, 2018). Thus, the EAP pattern has been widely considered as
an effective predictor of East Asian summer monsoon climate anomalies
on a seasonal timescale (Lau and Weng, 2002; Hsu and Lin, 2007).
While negative EAP phase with less precipitation signals in China, is
basically related to the Pacific typhoons or their remnants (Kawamura
and Ogasawara, 2006; Choi et al., 2010). Few similarities between in-
dividual typhoon-induced precipitation cases lead to huge complexities
and diversities of their mechanisms (Xu et al., 2014). Hence, negative
EAP phase is not discussed in present article, EAP pattern refers in
particular to positive EAP phase.

Although some attentions have been paid to the evolution and cli-
mate effects of EAP pattern on seasonal and interannual to inter-dec-
adal timescales (Kosaka and Nakamura, 2006; Hsu and Lin, 2007),
these issues have rarely been systematically discussed on synoptic
timescales. Thus, the objective of this article is to illuminate the evo-
lution mechanism of EAP pattern and its connection with summer
precipitation in China on synoptic timescales. Quantifying the sig-
nificance of the synoptic-scale EAP pattern in inducing summer pre-
cipitation is conducive to presenting a better understanding of the EAP-
related anomalous circulation variations responsible for precipitation.

2. Data and methods

2.1. Data

Daily meteorological datasets utilized in present study are obtained
from the European Centre for Medium-Range Weather Forecasts
(ECMWF) Re-analysis (ERA-Interim) during 1979–2015, including air
temperature (K), horizontal wind field (m s−1), geopotential height
(gpm), vertical p-velocity (Pa s−1), and specific humidity (g kg−1), with
17 regular pressure levels vertically and a spatial resolution of
2.5°× 2.5° (Dee et al., 2011; https://www.ecmwf.int/).

Daily outgoing long-wave radiation (OLR) data during 1979–2015
are also used to characterize the intensity and position variations of
EAP-related convective activity near the Philippines (Liebmann, 1996;
http://www.noaa.gov/), which are derived from the National Oceanic
and Atmospheric Administration (NOAA) satellites, with a spatial re-
solution of 2.5°× 2.5°.

Daily precipitation dataset (Chinese Ground Precipitation
0.5°× 0.5° Gridded Dataset, V2.0) employed in present study is re-
leased by the National Meteorological Information Center (NMIC) and
China Meteorological Administration (CMA). More details of this
gridded precipitation dataset are described in NMIC (National
Meteorological Information Center, 2010; http://cdc.cma.gov.cn/).

2.2. Methods

The principal statistical methods used in present study include the
empirical orthogonal function (EOF) analysis, composite analysis, and
the ordinary Student's t-test. EOF analysis, which decomposes a space-
time field into spatial modes and associated time series, provides an
effective way to identify and extract the synoptic-scale EAP mode
during East Asian summer based on daily geopotential height field
(North et al., 1982; Loboda et al., 2005; Hatzaki and Wu, 2015).
Composite analysis is a widely employed and simple yet effective tool in
identifying typical synoptic to sub-monthly scale circulation patterns
and their precursors related to extreme precipitation cases, and the
purpose of ordinary Student's t-test is to achieve more rigorous statis-
tical significance thresholds (Grotjahn and Faure, 2008; Chen and Zhai,
2016).

As suggested by Hart and Grumm (2001), for daily precipitation
dataset, a 7-day binominal filter (3 days on either side of a particular
day) is firstly used to highlight the daily variability. Accordingly, daily
climatological mean value and standard deviation (σ) are calculated by
use of the above smoothed daily precipitation data during 1979–2015.
This unequal-weighed binominal filter is designed to dampen chaotic
very-high-frequency signals and retain strong precipitation signals
substantially (Chen and Zhai, 2015; Wang and Wang, 2018). For the
other variables associated with the synoptic-scale EAP pattern, such as
geopotential height and horizontal wind fields, a 21-day binominal
filter seems more suitable (Grumm and Hart, 2001). The standard de-
viation and climatological mean value calculated by these smoothed
data seem to be more stable compared with only using the unsmoothed
single-day values. Hence, we can calculate the normalized anomaly of a
variable on a particular day as follows: aiming to retain the synoptic
signal mostly, corresponding climatological daily mean is firstly sub-
tracted; then the value is divided by the corresponding climatological
daily standard deviation.

Diabatic heating anomalies can cause the variations of vorticity in
both the lower and upper troposphere, thereby affecting the circulation
pattern (Hsu and Weng, 2001). To investigate the impact of atmo-
spheric diabatic heating on EAP-related circulation variations, the ap-
parent heat source (Q) is therefore calculated according to the widely-
used scheme deduced by Yanai et al. (1973) based on ERA-Interim daily
observational datasets; that is,
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In Eq. (1), cp, R, and T denote the specific heat of dry air at constant
pressure, the gas constant for dry air, and the air temperature respec-
tively, p0= 1000 hPa (Yanai et al., 1973).

→
V is the horizontal vector

winds, p the pressure, ω the vertical p-velocity, θ the potential tem-
perature, and ∇ is the isobaric gradient operator.

The wave-activity flux (WAF) is calculated to describe the energy
propagation characteristics of quasi-stationary waves and transient
fluctuations in this study (Takaya and Nakamura, 1997, 2001). Con-
cretely, the WAF is phase-independent under the assumption of the
Wentzel–Kramers–Brillouin (WKB) approximation, which tends to be
consistent with the local group velocity direction of quasi-stationary
Rossby wave train. The two-dimensional formula can be expressed as:
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where ψ′ denotes the stream function for quasi-geostrophic flow.
→

= U VU ( , ) is the horizontal zonally varying basic flow, U and V re-
present the zonal and meridional wind components respectively, p
signifies the pressure (hPa). The climatological daily mean flow during
summer (June–August) from 1979 to 2015 is used as the basic flow,
including zonal and meridional wind fields with zonal nonuniformity.
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Thus, this formula is suitable for the complex mid-high latitude circu-
lation patterns (Kosaka and Nakamura, 2006; Li et al., 2017).

Besides, EAP pattern usually coexists with two major teleconnection
patterns in the Northern Hemisphere summertime: Silk-Road (SR) and
Eurasian (EU) patterns (Wakabayashi and Kawamura, 2004; Wang and
Wang, 2018). To clarify the influence of their coexistence or interaction
on the development and maintenance of synoptic-scale EAP pattern,
this study also defines the daily indices of SR and EU patterns (referred
to as SRI and EUI, respectively):

= − +∗ ∗ ∗Z Z ZSRI [ (65 E, 40 N) (100 E, 40 N) (130 E, 40 N)]/3200
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where the Z200∗ and Z500∗ denote the 200 hPa and 500 hPa normalized
geopotential height anomalies, respectively (Wakabayashi and
Kawamura, 2004).

Kosaka and Nakamura (2006) have indicated that the barotropic
(CK) and baroclinic (CP) energy conversions from the climatological-
mean flow can replenish the total energy required by EAP pattern.
Thus, it is necessary to examine the dynamics of synoptic-scale EAP
pattern and the importance of energy conversions in maintaining and
reinforcing the EAP-related anomalous circulation pattern. The CK and
CP are formulated as:
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and

= − ′ ′∂ ∂ − ′ ′∂ ∂CP f S v T u p u T v p( / )( / / ) (6)

respectively. In Eqs. (5) and (6), u and v represent the zonal and mer-
idional wind components; p is pressure, f the Coriolis parameter, T
temperature, and S denotes the stability parameter

= − ∂ ∂S RT C p T p/ /p with Cp the specific heat of the air at the constant
pressure and R the gas constant of dry air. Positive CK and CP signify
that the anomalies extract kinetic energy (KE) and available potential
energy (APE), respectively, from the basic state (Sato and Takahashi,
2006).

In order to further investigate the net contributions from energy
conversions in the key region, the efficiencies of energy conversions are
evaluated as the time scales given by (Simmons et al., 1983; Kosaka and
Nakamura, 2006)

=τ KE CK[ ]/[ ]CK (7)

=τ APE CP[ ]/[ ]CP (8)

and

= + ++τ KE APE CK CP[ ]/[ ]CK CP (9)

Here, [ ] denotes the vertical integration. The positive and negative
values of time scales represent the net energy gain and loss, respec-
tively. Any process whose time scales for the energy gain is< 3 days
may be considered as being effective for strengthening and maintaining
the synoptic anomalies associated with synoptic-scale EAP pattern
(Simmons et al., 1983; Kosaka et al., 2009).

3. Definition of synoptic-scale EAP pattern

The synoptic-scale EAP teleconnection pattern shows a meridional
tripole structure, which is consistent with the interannual and inter-
decadal EAP pattern (Kosaka and Nakamura, 2006). The similar north-
south tripole structure (‘+ – +’) is clearly identified by the dominant
EOF mode of daily 500 hPa normalized height anomalies over East Asia
(110–150°E, 0–75°N) in summer (June–August) during 1979–2015 with
14.96% explained variance (Fig. 1).

Then, a daily EAP index (EAPI) is defined. Firstly, three basic points

selected to represent three anomaly centers of synoptic-scale EAP pat-
tern are (125°E, 10°N) over the tropical western Pacific, (130°E, 37.5°N)
over mid-latitude East Asia, and (135°E, 65°N) over the Sea of Okhotsk,
based on the first mode of EOF analysis (Fig. 1). Secondly, EAPI is
calculated by use of daily normalized 500 hPa geopotential height
anomalies at these three basic points (Eq. (10)).

= − +EAPI H H H( )/3WP EA SO (10)

where the HWP, HEA, HSO represent the normalized geopotential height
anomalies at 500 hPa of the three basic points in Fig. 1, respectively.

Synoptic-scale EAP (referred to as positive phase) events are iden-
tified, after the EAPI being defined. A typical synoptic-scale EAP event
must satisfy the following three criteria simultaneously. (1) EAPI
is> 1.0 standard deviation (σ) for at least three consecutive days. (2)
Height anomalies at 500 hPa show the tripole structure as ‘+ – +’
corresponding to the three basic points. (3) Time interval between two
EAP events must be>15 days. In total, 19 EAP events are identified
(Table 1), according to the criteria.

To ensure an adequate sample size, the relaxed thresholds of both
the duration and intensity are necessary for identifying the anomalous
circulation regimes (Archambault et al., 2010). Both the three con-
secutive days and one standard deviation were broadly accepted as the

Fig. 1. The first EOF mode of daily 500 hPa normalized height anomalies in
East Asia (110–150°E, 0–75°N) during summertime (June–August) from 1979 to
2015. Dashed and solid contours signify the negative and positive values, re-
spectively (with interval of 0.1). The triangles represent the three basic points
in Eq. (10).
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typical duration and intensity in various studies (Chen and Zhai, 2015;
Lü et al., 2017). On an average, there is less than one EAP event per
summer can be selected from the EAPI during 1979–2015 (approxi-
mately 37 summers). It is possible that though the EAP pattern also
emerges in some summers, but its intensity and duration fail to satisfy
the criteria of ‘a typical EAP event’, a daily EAPI value of 1.0σ or greater
remaining for less than three consecutive days. Further considering the
complexity of East Asian summer circulations (Ding and Chan, 2005;
Jin et al., 2013; Chen et al., 2017), these identified 19 EAP events can
be basically regarded as the typical cases to investigate the evolution
mechanism and the relationship with summer rainfall in China.

The following composite analyses are generally based on these
identified 19 typical EAP cases. For convenience, day 0 represents the
start date (Table 1) of EAP events, day (n) denotes the day prior to
(negative) and after (positive) the start date of EAP events in this study.

4. Evolution features and mechanism of synoptic-scale EAP
pattern

Though EAP pattern was initially recognized as being confined in
the lower troposphere (Huang, 1987; Nitta, 1987), subsequent studies
emphasized its vertical structure (Kosaka and Nakamura, 2006).
Therefore, this section mainly illuminates the evolution characteristics
and mechanism of synoptic-scale EAP pattern in the lower, middle, and
upper troposphere respectively, discussing the importance of the wave-
activity flux (WAF) which reflects the energy propagation of Rossby
wave-like perturbation (Hsu and Lin, 2007; Fujinami and Yasunari,
2009).

4.1. Evolution of synoptic-scale EAP pattern in the lower troposphere

Prior to the onset of typical EAP events, a positive height anomaly of
1.5σ above normal tends to be anchored to the west of the Ural
Mountains for a few days at 850 hPa (Fig. 2). During this period, no
obvious eastward-pointing WAFs can be identified from this positive
anomaly to East Asia, which indicates a trivial contribution of energy
dispersion from the Ural Mountains to East Asia on the EAP evolution at
850 hPa. It suggests that the dynamical connection between Europe and
East Asia is less pronounced in the lower troposphere (Shi et al., 2009).

At low-latitudes, during the developing phase of EAP pattern, the
suppressed convective activity (indicated by the positive OLR anoma-
lies in Fig. 2) in the vicinity of the Philippines begins to shift westward
and strengthen saliently from day −6 onward, followed by a positive

height anomaly of 1.0σ above normal, inducing the low-level anom-
alous diabatic cooling (Fig. 2a). These convective cooling anomalies
therefore trigger the poleward energy propagation from the Philippine
Sea, which can be confirmed by the northward-pointing WAFs. It was
widely accepted that the poleward energy dispersion was mainly at-
tributed to the anomalous convections around the Philippines (Huang
and Sun, 1994; Li et al., 2017). By day −4, the poleward WAF is dis-
cernible and reaches 35°N, which can stimulate the following formation
of the mid-latitude negative height anomalies over −1.0 standard de-
viation. Subsequently, both the low-latitude positive height anomaly
and convective cooling anomalies strengthen markedly and shift
westward concurrently (Fig. 2c). After day −2, the enhanced con-
vective cooling anomalies further reinforce the poleward WAFs (Huang
and Sun, 1994). These poleward WAFs, which can reach 60°N, provide
favorable wave energy for the early development of positive height
anomaly over the Sea of Okhotsk (Nitta and Hu, 1996).

Then the well-organized meridional tripole structure of synoptic-
scale EAP pattern completely forms at 850 hPa on day 0. During its
lifetime, the long-lasting poleward energy dispersion maintains this
meridional tripole structure for several days (Fig. 2). Similar findings
have been documented by Kosaka and Nakamura (2006). They pointed
out that the interannual variability of PJ teleconnection pattern was
determined by the barotropic Rossby wave propagation arising from the
tropical diabatic heating anomalies. At the decaying stage (approxi-
mately after day 4), the dissipation of poleward energy propagation
resulting from the decay of anomalous convective cooling around the
Philippines rapidly weakens the anomalies related to synoptic-scale
EAP pattern, thereby terminating EAP events (figure not shown).

It is interesting to note that the poleward energy dispersion forced
by the anomalous convective cooling around the Philippines triggers
the three EAP-related synoptic anomaly centers in sequence from low-
to mid-high latitudes over East Asia and maintains the tripole structure
for> 3 days (Huang and Sun, 1994; Nitta and Hu, 1996).

4.2. EAP-related energy propagation in the middle troposphere

The middle tropospheric (500 hPa) large-scale circulation is sig-
nificantly characterized by the double-blocking highs centered over the
Ural Mountains and the Sea of Okhotsk respectively, with a long-lived
and broad trough between them (Fig. 3). From day −6 onward, the
zonally distributed ridge/trough/ridge wave train, resembling the West
Europe-Japan (EJ) wave train (Wakabayashi and Kawamura, 2004) or
Eurasian (EU) teleconnection pattern (Wang and Zhang, 2015), pro-
vides a favorable zonally-elongated westerly waveguide for the east-
ward propagating WAFs from the Ural blocking high areas (Ambrizzi
et al., 1995; Takaya and Nakamura, 2001). On day −2, the composite
500 hPa normalized height anomalies shows that EU-like pattern ex-
hibits three significant anomaly centers with reverse signs (Fig. 3c),
which can be confirmed by the composite EUI of> 0.75σ remaining
from day −2 to day 4 (Fig. 7a). Consequently, the eastward energy
propagation along this westerly waveguide strengthens saliently and
reaches the high-latitude East Asia, further reinforcing the Okhotsk
high with positive height anomalies of 1.0σ above normal. In addition,
the southeastward WAFs can also be detected from the Ural Mountains
to mid-latitude East Asia, slightly deepening the mid-latitude trough (Li
et al., 2017).

At low-latitudes, the period from day −6 to day −2 portrays the
westward extension of the WPSH (588 dagpm-contours), followed by a
westward-progressive positive height anomaly of 1.0σ above normal,
which results in a considerable growth of poleward WAFs from tropics.
Subsequently, the convergence (Fig. 3c) between these poleward WAFs
and the aforementioned southeastward WAFs over mid-latitude East
Asia sharply deepens the trough with negative height anomalies of 1.0σ
below normal (Chen and Zhai, 2015). Thereafter, the further en-
hancement and westward extension of the WPSH strengthen the EAP-
related poleward energy dispersion markedly (Nitta, 1987; Huang and

Table 1
The year, start date, end date, duration (days), averaged EAPI, and averaged
HWP, HEA, HSO of the 19 EAP events.

Year Start date End date Duration EAPI HWP HEA HSO

1983 6 July 8 July 3 1.54 1.77 −1.90 0.96
1986 5 July 8 July 4 1.51 1.04 −1.66 1.84
1988 15 June 17 June 3 1.69 1.35 −1.69 2.05
1989 16 June 18 June 3 1.70 1.79 −1.90 1.43
1991 2 July 11 July 10 1.80 1.90 −1.47 2.03
1992 14 June 18 June 5 1.45 1.39 −1.50 1.45
1993 21 July 25 July 5 2.16 1.47 −2.44 2.56
1995 19 June 3 July 15 2.19 1.63 −2.62 2.31
1996 17 June 19 June 3 1.79 2.34 −1.97 1.07
1998 9 June 20 June 12 2.34 1.86 −2.00 3.17
1998 19 July 24 July 6 2.01 1.29 −2.18 2.55
1999 15 July 19 July 5 1.78 1.05 −1.71 2.58
2000 7 June 10 June 4 1.83 1.63 −2.38 1.48
2002 12 June 18 June 7 1.89 1.93 −2.03 1.72
2006 8 June 11 June 4 1.73 1.56 −1.79 1.84
2008 21 June 29 June 9 1.98 2.33 −1.45 2.18
2009 11 June 16 June 6 2.06 1.82 −2.77 1.59
2012 8 June 20 June 13 1.92 1.78 −1.91 2.07
2015 1 July 3 July 3 1.67 2.06 −1.96 0.98
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Sun, 1994; Ding and Chan, 2005; Jiang et al., 2005). The persistent
convergence between the poleward WAFs and southeastward WAFs at
mid-latitudes further deepens the trough with negative height anoma-
lies of 1.5σ below normal. Meanwhile, the poleward WAFs from the
mid-latitudes to the Sea of Okhotsk also experiences an increase, with a
similar convergence between the poleward WAF and eastward WAF at
high-latitudes. This convergence further enhances the Okhotsk blocking
high, with intensity of positive anomalies exceeding 1.5σ on day 0 (Li
et al., 2017).

After day 0, the synoptic-scale EAP pattern becomes well-estab-
lished at 500 hPa and remains for at least 3 days (Fig. 3d). During its
lifetime, the long-lasting ridge/trough/ridge circulation pattern pro-
vides a persistent westerly waveguide for the eastward and south-
eastward energy propagations, maintaining and reinforcing the mid-
latitude trough and the Okhotsk blocking high. At decaying stage, as the
WPSH retrogrades eastward to its climatological mean position after
day 4, the low-latitude positive height anomaly vanishes firstly arising
from the dissipation of poleward energy dispersion (Fig. 3f). As a result
of the decay of the Ural blocking high, the westerly waveguide weakens
immediately, and both the eastward and southeastward energy propa-
gations therefore fail to be sustained, terminating EAP events (figure
not shown).

Different from the lower troposphere, the WAFs show a distinctive
and unique feature in the middle troposphere, this is, the significant
convergences of the meridional WAFs and zonal WAFs, which are re-
sponsible for the steady progression and preservation of synoptic-scale

EAP pattern. Furthermore, this may be the primary cause why the three
anomaly centers of synoptic-scale EAP pattern appear simultaneously in
the middle troposphere (Kosaka and Nakamura, 2006).

4.3. Upper-level evolution and the association with energy propagation

The temporal variation features of synoptic-scale EAP pattern in the
upper troposphere (200 hPa) are illustrated in Figs. 4 and 5. In the
developing phase (from day −6 to day 0), the typical EAP events start
with a positive height anomaly of 1.0σ above normal located to the
west of the Ural Mountains, which shifts westward and weakens gra-
dually. Noticeably, the more pronounced eastward WAFs, persistently
emanating from this positive height anomaly, stimulate the early de-
velopment of the high-latitude anticyclonic anomaly with positive
height anomalies of 0.5σ above normal on day −2 (Chen et al., 2008).
Meanwhile, with a more southern route, the mid-latitude WAF ema-
nating from the Iranian plateau is oriented eastward along the upper-
level Asian jet (Fig. 4c), which tends to shift southeastward along the
northerlies to the eastern flank of the South Asia High (SAH, 12520
gpm-contours in Fig. 5). Then it converges into the mid-latitude cy-
clonic anomaly to greatly enhance it, with negative height anomalies of
1.5σ below normal. Particularly, the similar upper-level wave energy
dispersions have also been highlighted in previous studies (Kosaka and
Nakamura, 2006; Hsu and Lin, 2007; Fujinami and Yasunari, 2009).

After day −2, as the SAH stretches eastward to east of 120°E, the
westerly jet accelerates manifestly and displaces equatorward to 30°N,

Fig. 2. Composite 850 hPa normalized height anomalies (shading), anomalies of outgoing long-wave radiation (OLR, red contours are +25, +50Wm−2), wave-
activity flux (vector; units: m2 s−2), and diabatic heating anomalies (blue contours are −1.0, −1.5 K day−1). Statistically significant height anomalies (5% level) are
highlighted by diagonal lines. Wave fluxes< 2.0m2 s−2 are not drawn. The numbers at the bottom-left corner above each panel represent the days lagging (positive)
and leading (negative) the onset of EAP events. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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enhancing the northerlies prevailing to the northeast of the SAH
(Fig. 5c). The mid-latitude cyclonic anomaly embedded in these
northerlies intensifies substantially, with a zonally elongated structure,
resulting in a sharper meridional height gradient with negative height
anomalies of 2.0σ below normal. At day 0, both the mid- and high-
latitude anomalies related to synoptic-scale EAP pattern are clearly
identified at 200 hPa, with the absence of low-latitude anomaly center
(Kosaka and Nakamura, 2006). It may imply that the synoptic-scale
EAP pattern shows an equivalent barotropic structure in the mid-high
latitudes and the baroclinic structure at low-latitudes in vertical di-
rection (Nitta, 1987).

In addition, another significant wave train dominates in the upper
troposphere within the Asian jet areas from day −2 onward, which is
called the Silk-Road (SR) pattern (Lu et al., 2002; Hong and Lu, 2016)
or West Asia-Japan pattern (Kosaka et al., 2012), with the alternating
quasi-stationary cyclonic and anticyclonic anomaly centers (anomalous
cyclone/anticyclone/cyclone wave train in Fig. 5) aligned in a near-
zonal direction. Also, composite indices clearly show that the SRI value
of −1.0σ or less remains from day −1 to day 5. It reflects the long-
lasting simultaneous existence and concurrent behavior of the EAP
pattern and SR pattern in the upper troposphere (Wakabayashi and
Kawamura, 2004; Kosaka et al., 2009). Accordingly, the development
and maintenance of mid-latitude cyclonic anomaly is partly under the
influence of the SR-related eastward energy propagation for a pro-
longed period (from day −2 to day 4).

Of particular note are the marked distinctions among different
heights. (1) Convection-induced poleward energy propagation is clearly
identified in the lower troposphere, which decreases with height,

instead of the southeastward dispersion from the mid-latitudes to tro-
pics at 200 hPa. (2) Due to the existence of the westerly waveguide and
the westerly jet, the mid-latitude eastward WAFs are more pronounced
in the mid-to-upper troposphere than that in the lower troposphere
(Ding and Wang, 2005). (3) The distinct convergences between the
zonal and meridional WAFs mainly occur in the middle troposphere
(Shi et al., 2009).

4.4. Energetics of the EAP pattern

As previously reported, the SR teleconnection pattern had a char-
acteristic and dynamic of a quasi-stationary Rossby wave train, which
could be commonly maintained by extracting the kinetic energy from
the basic flow through the barotropic and baroclinic energy conversions
(Sato and Takahashi, 2006; Kosaka et al., 2009). The concurrent be-
havior of the SR and EAP patterns attracts attentions for the role of
energy conversions in maintaining and reinforcing themselves.

Fig. 6 presents the spatial distributions of vertically-integrated CK
and CP in the developing and peak phases of EAP events. It demon-
strates that both the CK and CP are mainly concentrated around the
Asian jet areas, with the strongest KE extraction into the SR pattern on
the northern flank of the western core of the Asian jet (45–60°E), and
the large positive values of CP are near the Caspian Sea (day −6). From
day −4, a wave-like distribution of baroclinic energy conversion is
quite similar to the SR pattern. This is consistent with the conclusions
drawn by Kosaka et al. (2009), which confirms the dominance of bar-
otropic and baroclinic energy conversions in the self-maintenance and
geographical fixing of the SR pattern (Wakabayashi and Kawamura,

Fig. 3. Composite 500 hPa geopotential height field (contours are from 552 to 588 dagpm with interval of 4 dagpm), normalized height anomalies (shading), and
wave-activity flux (vector; units: m2 s−2). The thick contours (588 dagpm-contours) represent the boundaries of the WPSH. Statistically significant height anomalies
(5% level) are highlighted by diagonal lines. Wave fluxes<2.5m2 s−2 are not drawn.
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2004). On day −2, the large values of both CK and CP are also clearly
identified around the cyclonic anomaly over mid-latitude East Asia.
Thus, a key region (105–150°E, 32.5–45°N) is selected to diagnose the
net contribution of energy conversions on the progression and pre-
servation of this EAP-related cyclonic anomaly. The results manifest
that both the barotropic and baroclinic energy conversions averaged in
the selected key region convert to net positive energy conversions from
day −2 (Fig. 7b). The extractions of KE and APE from the basic flow
may be conducive to maintaining or reinforcing the cyclonic anomaly
through the barotropic and baroclinic energy conversions (Sato and
Takahashi, 2006).

The efficiencies of energy conversions are also summarized in
Table 2. Within the key region, time scale of barotropic energy con-
version (τCK) is approximately 23.5 days, which is much longer than the
timescales of synoptic-scale EAP pattern. Consequently, the barotropic
energy conversion, though stronger, is not efficiently enough (Simmons
et al., 1983; Kosaka and Nakamura, 2006). But the time scale of bar-
oclinic energy conversion (τCP) integrated vertically over the key region
(105–150°E, 32.5–45°N) is 1.34 days and 0.24 days (5.76 h) during the
developing and peak phases, respectively. It indicates the vital role of
the baroclinic energy conversion in enhancing and maintaining the
mid-latitude synoptic cyclonic anomalies. Therefore, the high effi-
ciencies reveal that the mid-latitude cyclonic anomalies primarily gain
APE from the basic flow to reinforce and maintain themselves through
the baroclinic energy conversion, rather than the barotropic energy
conversion (Sato and Takahashi, 2006; Kosaka et al., 2009).

5. Relationship with the summer precipitation in China

In the former analyses, the evolution characteritics and dynamics of
synoptic-scale EAP pattern are investigated. This section will quantify
the relationships between the synoptic EAP pattern and precipitation in
China by use of composite analysis, followed by the temporal variation
of daily normalized regionally averaged precipitation.

5.1. Distribution of precipitation associated with EAP pattern

To better capture the great impacts of synopotic-scale EAP pattern
on summer rainfall, the days when EAPI remains above one standard
deviation for at least three consecutive days are selected for composite
analyses (Wang and Zhang, 2015), based on the identified 19 typical
EAP cases listed in Table 1. The distribution of average precipitation
during EAP events presented in Fig. 8 shows more rainfall signals in the
Yangtze River's middle and lower reaches (27–32°N, 112.5–120°E).
Daily normalized regionally averaged precipitation of 1.0σ or greater
remains from day 0 to day 4 (Fig. 8b), which signifies the long-lasting
precipitation of approximately 50mmday−1 or greater (Fig. 9) at an
individual station of precipitation center (Chen and Zhai, 2016). Al-
though 50mmday−1 is not particularly extreme during monsoonal
season in the Yangtze River Valley, the accumulated precipitation
amount of> 200mm arising from its long duration (approximately
4–5 days) is probably to cause a severe, large-scale flood within just
several days (Hsu and Lin, 2007).

In this study, the summer extreme precipitation cases are identified
based on 1.0σ or greater of daily normalized regionally averaged

Fig. 4. Composite 200 hPa normalized height anomalies (contours denote± 0.5,± 1.0,± 1.5,± 2.0 standard deviation, red for positive and blue for negative),
zonal wind anomalies (shading; units: m s−1), and wave-activity flux (vector; units: m2 s−2). Wave fluxes<4m2 s−2 are not drawn. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Composite 200 hPa meridional wind anomalies (shading; units: m s−1) and horizontal wind anomalies (vector; units: m s−1). Statistically significant hor-
izontal wind anomalies (at least 5% level) are plotted. Anomalous cyclone and anticyclone are represented by the letters ‘C’ and ‘A’, respectively. The black contours
(12,520 gpm-contours) denote the boundaries of the SAH. The green lines represent the amplitude centers locations of the meridional wind anomalies at mid-
latitudes. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 6. Barotropic energy conversion CK (shading; units: Wm−2) and baroclinic energy conversion CP (contours are± 0.5,± 1.0,± 1.5Wm−2) integrated verti-
cally from surface to 100 hPa level during the period from day −6 to day 4. The green rectangles denote the regions (105–150°E, 32.5–45°N) chosen for calculating
the domain-averaged energy conversions in Fig. 7. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this
article.)
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precipitation in the Yangtze River's middle and lower reaches (Müller
et al., 2009; Archambault et al., 2010). Accordingly, 105 summer ex-
treme precipitation cases can be identified from the 120 days accumu-
lated by all the selected EAP events, which account for about 26.2% of
the total 401 summer extreme precipitation days in the Yangtze River's
middle and lower reaches during 1979–2015. Particularly, the synoptic-
scale EAP pattern is only one of the favorable factors responsible for
summer extreme precipitation in the Yangtze River Valley (Li et al.,
2017). For remaining 73.8% summer extreme precipitation cases, it is
possible that the EAP-like pattern may also be identified in a particular
case, but its intensity is not as conductive as the counterparts in these
19 selected EAP cases (Table 1) and fails to satisfy the criteria of ‘a
typical EAP case’ (Chen and Zhai, 2016). Further, in view of the di-
versity and complexity of potential mechanisms with respect to summer

extreme precipitation in the middle and lower reaches of Yangtze River,
for example the influences of typhoons or their remnants, the quasi-
stationary Mei-Yu front episodes, and the stagnant upstream blocking
episodes (Choi et al., 2010; Chen and Zhai, 2017; Lü et al., 2017), this
percentage (26.2%) may highlight the significance of synoptic-scale
EAP pattern in inducing summer extreme precipitation.

The synoptic-scale EAP pattern has a profound effect on the oc-
currence of the summer persistent extreme precipitation (PEP) over the
middle and lower reaches of Yangtze River (Lü et al., 2017). Composite
analyses further indicate that the tripole structure of synoptic-scale EAP
pattern emerges prior to the occurrence of PEP. Thus, it is possible to
take daily EAPI as a reliable precursor for summer PEP in the Yangtze
River's middle and lower reaches (Wang and Zhang, 2015).

5.2. Precursor and simultaneous large-scale circulation anomalies

Concurrent circulation anomalies are capable of inducing con-
secutive strong rainfall (Wang et al., 2000; Lau and Weng, 2002; Müller
et al., 2009). This section therefore quantifies relationships between the
EAP-induced summer PEP and EAP-related circulation anomalies.

From day −6 onward, the SAH and WPSH begin to experience a
particularly significant zonal approach (Figs. 3 and 5). By day −2, the
west boundary of the WPSH encounters the east boundary of the SAH.
During EAP events, an overlap between these two key systems resides
over the coastal region of South China for several days, maintaining the
precipitation (Jin et al., 2013). As the decay of the EAP pattern, the
SAH and WPSH deviate from each other in opposite directions and
eventually retreat to their climatological-mean positions, terminating

Fig. 7. (a) Composite indices of EAP, SR, and EU
patterns from day −6 to day 8. (b) Daily domain-
averaged barotropic energy conversion CK (Wm−2)
and baroclinic energy conversion CP (Wm−2) within
the key region marked in Fig. 6 (green rectangles,
105–150°E, 32.5–45°N) from day −6 to day 8. (For
interpretation of the references to colour in this
figure legend, the reader is referred to the web ver-
sion of this article.)

Table 2
Time scales (days) of energy conversions (KE for τCK, APE for τCP, and KE+APE
for τCK+CP) which are horizontally integrated over the region marked in Fig. 6
(105–150°E, 32.5–45°N) during the developing phase of EAP events (day −6 to
day −1) and during the peak phase of EAP events (day 0 to day 2). Both the
energy and energy conversions have been integrated vertically from the surface
to 100 hPa level.

τ (conversion efficiencies) Day −6 to day −1 Day 0 to day 2

τCK 40.6 days 23.5 days
τCP 1.34 days 0.24 days
τCK+CP 5.15 days 3.17 days

Time scales shorter than 3 days are shown in bold.

Fig. 8. (a) Spatial distribution of average precipitation (units: mm) during EAP events (from day 0 to day 4) in China. (b) Daily domain-averaged normalized
precipitation within the Yangtze River's middle and lower reaches (black rectangles in Fig. 9, 27–32°N, 112.5–120°E) from day −6 to day 8. Statistically significant
anomalies (5% level) are highlighted with solid circles.
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precipitation in the Yangtze River's middle and lower reaches (figure
not shown). Previous studies have broadly employed the similar zonal
advance between the SAH and WPSH as an effective precursor for East
Asian summer rainfall (Lu and Lin, 2009; Jin et al., 2013; Chen and
Zhai, 2016).

An anomalous low-level cyclone/anticyclone pair (‘C/A’ in Fig. 10)
centered over the Philippine Sea and the Japan also plays a significant
role (Chen and Zhai, 2015; Wang and Wang, 2018). During EAP events,
the western boundaries of both low-latitude anticyclonic anomalies and
the WPSH can reach 115°E. Because of the further strengthening and
westward extension of the WPSH, the reinforced low-level south-
westerlies to the northern flank of low-latitude anticyclonic anomalies
advect abnormally abundant moisture toward the Yangtze River's
middle and lower reaches where the PEP occurred (Xu et al., 2017),
leading to a particularly significant moisture flux with a magnitude
anomaly over 1.0 standard deviation. The anomalously abundant
moisture transport required by precipitation largely deepens on the
prevailing southwesterlies related to the intensified WPSH and the
anomalous subtropical anticyclone, rather than the southwesterlies
originated from the Bay of Bengal (Chen and Zhai, 2017; Gong et al.,
2017).

In addition, accompanying development of the mid-latitude cy-
clonic anomalies is the northerlies from mid-latitudes (45°N), steering
the low-level dry/cold air into the Yangtze River's middle and lower
reaches. Hence, the confluence between these northerlies and low-la-
titude southwesterlies greatly enhance the convergence of moisture flux
around the Yangtze River's middle and lower reaches (Fig. 10). From
day −2, over the convergence areas, a moist and thick layer (re-
presented by specific humidity in Fig. 11) is clearly identified in the
lower-middle troposphere. Such leading moisture flux convergence
triggers pronounced local ascending motion along a thicker/moister
layer at EAP maintenance stage (Fig. 11), providing unstable conditions

Fig. 9. Precipitation (units: mm) in the Yangtze River's middle and lower reaches (black rectangles, 27–32°N, 112.5–120°E) during the period from day −2 to day 8.

Fig. 10. Distribution of average wind anomalies at 850 hPa (vector; units:
m s−1), normalized anomalies of total moisture flux (shading), and the moisture
flux convergence (green contour is −4×10−8 s−1) from day 0 to day 2. (For
interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)
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for PEP (Wang and Xie, 1996). Moreover, the upper-level strong di-
vergence arising from the accelerating westerly jet (red contours in
Fig. 11) favors the development and preservation of local ascents. In
nature, such long-lasting strong ascents of moist/warm air along the
moist and thick layer largely account for the PEP in the Yangtze River's
middle and lower reaches (Jin et al., 2013).

6. Discussion and conclusions

Based on the ECMWF Re-analysis (ERA-Interim) daily datasets and
daily gridded precipitation dataset obtained from Chinese Ground
Precipitation Gridded Dataset (V2.0), the evolution features and me-
chanism of East Asia-Pacific (EAP) teleconnection pattern and its po-
tential influence on summer rainfall in China have been examined on
synoptic timescales in present study. The main findings of this article

can be summarized by a simple schematic diagram (Fig. 12).
EAP pattern can be extracted as the dominant mode during East

Asian summer on synoptic timescales, in agreement with previous
studies (Chen and Zhai, 2015; Li et al., 2017). Its evolution is in-
extricably linked to the wave energy propagation represented by the
wave-activity flux (WAF) in different levels of the troposphere (Takaya
and Nakamura, 2001). In the lower troposphere (Fig. 12a), the pole-
ward energy propagation forced by the convective cooling anomalies
around the Philippine Sea, triggers the EAP-related anomalies in se-
quence from low- to mid-high latitudes and maintains the north-south
tripole structure for several days (Huang and Sun, 1994; Nitta and Hu,
1996). In the middle troposphere, the zonally distributed ridge/trough/
ridge wave train provides a favorable westerly waveguide for the
eastward and southeastward WAFs from the Ural blocking high
(Ambrizzi et al., 1995; Takaya and Nakamura, 2001). Accordingly, the

Fig. 11. Latitude-pressure cross-section (112.5–120°E) of specific humidity (black contours; with interval of 3 g kg−1), zonal wind anomalies (red contours; with
interval of 5m s−1), and vertical p-velocity anomalies (shading; units: hPa s−1) from day−2 to day 8. Statistically significant vertical p-velocity anomalies (5% level)
are highlighted by black points. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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convergences between the southeastward (eastward) WAFs and pole-
ward WAFs over mid-latitude (high-latitude) East Asia jointly stimulate
the advance and preservation of synoptic-scale EAP pattern (Fig. 12b).

Moreover, in the upper troposphere, the anomalies related to the
upper-level EAP pattern are primarily affected by two conspicuous
eastward WAFs (Fig. 12c). One may contribute to the advance of
Okhotsk anticyclonic (positive) anomaly, and the other one associated
with the Silk-Road (SR) wave train along the upper-level Asian jet
persistently converges into the cyclonic (negative) anomaly to greatly
strengthen it (Fujinami and Yasunari, 2009). The rapid dissipation of
the high-latitude WAFs leads to a relatively short duration of antic-
yclonic anomaly; however, the preservation of the SR pattern provides
consecutive energy for the long-lasting maintenance of the relatively
strong mid-latitude cyclonic anomaly. Furthermore, the energetics di-
agnoses indicate that the highly efficient baroclinic energy conversion
responsible for the self-maintenance of the SR pattern is also capable of
reinforcing and maintaining this mid-latitude cyclonic anomaly by ex-
tracting the available potential energy from basic flow (Sato and
Takahashi, 2006).

In particular, synoptic-scale EAP pattern exerts great impact on
summer rainfall of southern China and exhibits a distinct zonal advance
and gradual approach between the SAH and WPSH prior to its onset. An
overlap between them remains in a favorable position for summer
rainfall in the Yangtze River's middle and lower reaches during EAP
pattern lifetime (Lu and Lin, 2009; Jin et al., 2013; Wang and Wang,
2018). In nature, the long-lasting strong ascents of moist/warm air
along a moist and thick layer within the abnormally abundant moisture
convergence areas lead to the summer persistent extreme precipitation
(PEP) in the Yangtze River's middle and lower reaches, with pre-
cipitation amount of 50mmday−1 or greater for several days.

Present study indicates that EAP-related summer PEP cases in the
middle and lower reaches of Yangtze River are featured by the si-
multaneous existence and concurrent behavior between EAP and SR
teleconnection patterns. Based on clarifying the possible interaction
between these two key patterns, as they vary earlier than the summer
PEP, it is more likely to consider synoptic-scale teleconnections as the
precursors for PEP in China. Therefore, more attention should be paid

to the formation mechanisms of such combination, the possible inter-
action between EAP and SR patterns, and the combined effects on the
summer precipitation in China.
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