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ABSTRACT: The high-frequency (HF) (10 –25 days) boreal summer intraseasonal oscillation (BSISO) connects tightly to
day-to-day weather and is inimitable in regulating extreme weather events. The western North Paci� c (WNP) exhibits the
most robust HF-BSISO variability worldwide, overshadowing the low-frequency (25–90 days) BSISO variability. Revealing
the diversity of the HF-BSISO over the WNP area is crucial for understanding the BSISO physics and the week two-to-four
subseasonal forecast. This study objectively identi� ed four types of HF-BSISO by cluster analysis of the (two-dimensional)
propagation of outgoing longwave radiation (OLR) anomalies, including two northwestward-propagating patterns, with
trajectories predominantly being located to the east and west of the Philippines, a westward-propagating Rossby wave
train from the Philippine Sea to the Bay of Bengal, and a quasi-standing oscillation pattern centered around the Luzon
Island. We have explored the propagation mechanisms of each archetype through a column-integrated moist static energy
(MSE) budget diagnosis. Potential factors in� uencing the diverse propagation patterns are identi� ed and compared. Basically,
advections by the background� ow predominantly drive the three propagating patterns, while the quasi-standing oscillation
pattern is more sensitive to the surface turbulent heat � uxes. It is suggested that the diverse propagation patterns of the
HF-BSISO over WNP could be impacted by the background states. However, the origins of these diversi� ed propagation
forms are complex and deserve further exploration.
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1. Introduction

The boreal summer intraseasonal oscillation (BSISO) is
more complex than its winter counterpart due to the coexis-
tence of equatorial eastward, off-equatorial westward, and
northward-propagating intraseasonal modes and their interac-
tions (Wang and Xie 1997). BSISO has a northward shift of
variability centers and pronounced off-equatorial activities
(Kemball-Cook and Wang 2001; Lawrence and Webster 2002;
Li 2014), in contrast to the dominant eastward propagation of
wintertime Madden –Julian oscillation [MJO; Madden and
Julian (1971, 1972)] (Rui and Wang 1990; Hendon and Salby
1994; Salby and Hendon 1994; Madden and Julian 1994). The
BSISO is also more complicated in periodicities and active re-
gions and subseasons [e.g., BSISO1 vs BSISO2 inLee et al.
(2013)], implying a large diversity.

The community has conducted extensive research to under-
stand the propagating mechanisms of the BSISO, particularly
its unique northward-propagating feature. The easterly vertical
shear plays a critical role in many of the proposed mechanisms.
Basically, the easterly vertical shear can trap the Rossby waves
to the lower troposphere (Wang and Xie 1996) and promote the

convectively coupled Rossby wave development (Xie and Wang
1996). The vertical advection of summer-mean easterly vertical
wind shear by perturbation vertical motion induces barotropic
divergence to the north of the BSISO convection, triggering the
boundary layer moisture convergence to the north of convec-
tion, driving BSISO convection northward ( Jiang et al. 2004;
Drbohlav and Wang 2005). The background easterly vertical
shear is also essential to the unstable growth of the synoptic-
scale wave train (Li 2006), which could exert an upscale feed-
back to promote the northward propagation of the BSISO
(Hsu and Li 2011). In addition to the easterly vertical shear, the
summer-mean northward gradient of low-level moisture (Jiang
et al. 2004), the horizontal and vertical advections of the
moist static energy (MSE) by anomalous or background � ows
(Jiang et al. 2018; Li et al. 2020; Wang and Li 2020), and the
atmosphere–ocean coupling on the intraseasonal time scale
(Fu and Wang 2004; Demott et al. 2013; Wang et al. 2018)
were also considered as factors causing the northward propa-
gation. These theoretical understandings provide a helpful
framework for understanding the high-frequency (HF)- and low-
frequency (LF)-BSISO dynamics.

A meticulous feature of the BSISO is its double variance peaks,
exhibiting HF (about 10 –25 days) and LF (about 25–90 days)
components (Li and Wang 2005). Early studies detected a
pronounced HF component of BSISO and its westward prop-
agation in Northern Hemisphere monsoon system oscillations
(Krishnamurti and Bhalme 1976; Murakami 1976; Yasunari
1979; Krishnamurti and Ardanuy 1980 ; Murakami 1980;
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Krishnamurti et al. 1985; Nakazawa 1986). Such an HF com-
ponent (also known as the quasi-biweekly oscillation) and its
westward-propagating feature are absent in the boreal winter
MJO or the canonical northeastward-propagating BSISO1
mode (Lee et al. 2013) that often occurs in conjunction with
the MJO-like eastward propagation (Lawrence and Webster
2002; Wang and Li 2020).

This study focuses on the HF-BSISO over western North
Paci� c (WNP) for two primary reasons. First, the WNP has
the strongest BSISO intensity (Li and Wang 2005; Liu and
Wang 2014), and the HF component over the WNP features a

greater variance than its LF counterpart (Figs. 1a,b). Second,
due to its shorter periodicity, the HF-BSISO connects more
tightly to day-to-day weather and plays a unique role in regu-
lating and the subseasonal to seasonal (S2S) prediction of ex-
treme weather events (Kikuchi and Wang 2009; Qian et al.
2019; Kikuchi 2021; Liu et al. 2022). For instance, the HF-
BSISO notably modulates the genesis and intensity of the
tropical cyclones over the WNP (Li and Zhou 2013; Zhao et al.
2016; Zhou et al. 2018). It also plays signi� cant roles in the mon-
soon onset (Chen and Chen 1995; Fukutomi and Yasunari 1999;
Zhou and Chan 2005; Kajikawa and Yasunari 2005), the
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FIG . 1. Climatological distributions in May –November 1979–2020. (a),(b) The 10–25-day and 25–90-day � ltered
standard deviations of the daily mean OLR, respectively. (c) Monthly distributions of 10 –25-day OLR standard devia-
tions averaged over two WNP target areas (bars) and their respective annual mean value (dashed horizontal lines).
Blue solid bars and black line denote the WNP event area (1108–1358E, 7.58–22.58N) marked by the solid rectangular
box in (a); red hollow bars and red line denote the WNP clustering area (1008–1608E, 108S–308N) marked by the
dashed rectangular box in (a). (d) Vertical shear of the zonal wind (difference of the U component of wind between
200 and 850 hPa; shading) and 850-hPa winds (vector). (e) The 1000–100-hPa vertically integrated MSE (shading) and
700–200-hPa vertically averaged horizontal winds (vector).
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rainband maintenance or advance (Lau et al. 1988; Chan
et al. 2002; Mao and Wu 2006; Li et al. 2015; Hsu et al. 2016;
Ren et al. 2018; Cheng et al. 2021), and active/break cycles
of the monsoon (Krishnamurti and Ardanuy 1980; Chen
and Chen 1993; Annamalai and Slingo 2001; Mao and Chan
2005; Wang et al. 2009; Jia and Yang 2013). One of the objec-
tives is to reveal the diversi� ed behavior of the HF-BSISO over
the WNP area.

The diversity of MJO has recently attracted attention in the
climate research community. The work by Wang et al. (2019)
unveiled four distinct archetypes of MJO propagation pat-
terns using longitude–time (Hovm öller) diagrams of outgoing
longwave radiation (OLR) anomalies. The MJO diversity is
mainly expressed by the detailed aspects of its eastward prop-
agation (e.g., standing vs propagating, jumping vs continuous,
and slow vs fast).Wang and Li (2021) further studied the MJO
diversity in both propagation and intensity evolutions. Xiang
et al. (2022) have explored the predictability of the MJO diver-
sity and their teleconnection using the GFDL Seamless System
for Prediction and Earth System Research (SPEAR) model,
demonstrating that the prediction skill extends from the mean
skill of 30 days to 38, 31, and 31 days for the fast-propagating,
slow-propagating, and jumping MJO patterns, respectively, but
falls to 23 days for the standing MJO and suggesting the neces-
sity to improve the forecast of nonpropagating events.

However, the diversity of BSISO is more complicated
because of the coexistence of various propagation patterns
and regional and periodic differences. By using a three-
dimensional clustering method and choosing the equatorial
Indian Ocean (IO) as a reference point, Chen and Wang
(2021) classi� ed the LF-BSISO propagation into three arche-
types: canonical northeastward, dipolar northward, and east-
ward extension along the equator.Wang et al. (2021)focused
mainly on the WNP area but used a 12–80-day bandpass� lter
to retain both the HF and LF components of the BSISO.
They also identi� ed three types of BSISO over WNP: an HF
westward cluster that propagates locally over the WNP, a
northeastward cluster that is related to the canonical BSISO,
and a northwestward cluster with a similar northward dipolar
structure as the one revealed inChen and Wang (2021).

The diversity of the HF-BSISO, however, is currently less
studied and largely remains a knowledge gap.Wang et al. (2021)
retained the entire frequency domain of ISO in the WNP area
and found only one local northwestward-propagating HF-
BSISO mode over the WNP. As a dominant feature of the
HF-BSISO, its northwestward propagation over the WNP
(Murakami 1980; Chen and Chen 1995; Yang et al. 2008;
Wang et al. 2009; Yang et al. 2010; Chen and Sui 2010; Wang
and Chen 2017; Li et al. 2020) was captured by the BSISO2 in
Lee et al. (2013). However, their spatial patterns do not agree
well with each other and with some previous studies (e.g.,
Wang et al. 2009). For instance, the BSISO2 in Lee et al.
(2013) shows a southwest–northeast-elongated rainband from
equatorial IO to WNP, whereas the northwestward cluster in
Wang et al. (2021)shows a dipolar structure with two distinct
cells propagating northward and northwestward over the IO
and the WNP, respectively. In addition to the northwestward-
propagating mode, a purely westward-propagating mode from

off-equatorial WNP to the Bay of Bengal has additionally been
documented (Chen and Chen 1993; Fukutomi and Yasunari
1999; Chen et al. 2000; Kikuchi and Wang 2009) but is also
missed in previous studies on the BSISO diversity.

The issues mentioned above motivate us to conduct this
work to deepen our understanding of the HF-BSISO diver-
sity. Those issues also suggest that an HF bandpass� lter is re-
quired to retain only the HF component to exclude the strong
LF-BSISO signal (e.g., the canonical BSISO1 mode). Further-
more, studying a local area rather than the entire Asian-WNP
monsoon region is suggested due to the regional dependence
of the BSISO (Lee and Wang 2016). Figure 1a shows two
separate centers of HF-BSISO activities. One is located over
the IO/Bay of Bengal and the other is over the WNP. They
are mutually independent yet with limited interconnections
(Kikuchi and Wang 2009; Li et al. 2022). Finally, the cluster
analysis method commonly used in the ISO diversity study is
applied in the current work.

To gain a preliminary understanding on the factors in� uenc-
ing the diverse propagation patterns of the HF-BSISO over
WNP, we conducted a column-integrated MSE budget diagno-
sis (Maloney 2009; Sobel and Maloney 2013; Kim et al. 2014;
Wang et al. 2017; Jiang et al. 2018; Wang and Li 2020) and an-
alyzed the asymmetry of the local MSE tendency with respect
to the HF-BSISO convection center. The modulations of
HF-BSISO activities by the background states (Teng and
Wang 2003; Yang et al. 2008, 2014; Deng and Li 2016; Liu
et al. 2016; Wu and Cao 2017) are addressed along with the
MSE budget analysis.

The paper is organized as follows.Section 2 introduces the
data and methods.Section 3describes the diverse propagation
patterns of the HF-BSISO over WNP as revealed by objective
cluster analysis. The column-integrated MSE budget diagnosis
and the preferred background states associated with the diverse
propagation patterns are examined in section 4. Concluding
remarks and discussion are given insection 5.

2. Data and methods

a. Data and time-scale decomposition

The datasets used in this study include (i) the observed daily
OLR from the National Oceanic and Atmospheric Adminis-
tration (NOAA) ( Liebmann and Smith 1996), (ii) the ERA5
reanalysis from the European Centre for Medium-Range
Weather Forecasts (Hersbach et al. 2018), (iii) the Group for
High Resolution Sea Surface Temperature (GHRSST) level 4
AVHRR_OI Global Blended Sea Surface Temperature
Analysis (GDS2) from NCEI, Ver. 2.1 ( Reynolds et al. 2007),
and (iv) the Climate Prediction Center (CPC) Merged Analy-
sis of Precipitation (CMAP; Xie and Arkin 1997 ). The OLR
data are daily at a 2.58 3 2.58 spatial resolution. The raw
ERA5 reanalysis is available hourly with a 0.2583 0.258spa-
tial resolution and has been preprocessed to daily and 183 18
by using temporal and area averaging. The sea surface tem-
perature (SST) data are daily at a 0.2583 0.258spatial resolu-
tion. The CMAP precipitation data are available at pentad
with a 2.583 2.58spatial resolution.
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A time-scale decomposition was performed to extract the
HF-BSISO signal and explore the in� uences on HF-BSISO
activities by the background states and interactions across
time scales (Table 1). By retaining the annual mean and its
� rst three Fourier harmonics, we � rst obtained a slow-change
component of the climatological annual cycle (slow-AC).
Components on various time scales were obtained by apply-
ing Lanczos bandpass� lters (Duchon 1979) or high/low-pass
� lters to the raw data or the raw anomaly (Raw-Anom) (i.e.,
data with the slow-AC component already removed). Based
on the subject interested in the current study, the synoptic
(, 10 days) perturbations and the HF-ISO (10–25 days)
anomalies were extracted from the Raw-Anom, and the full
background state (Bkg, . 25 days) for the HF-ISO variability
was obtained by applying a 25-day low-pass� lter to the raw
data. Since the Bkg contains the slow-AC component, in
some cases, the“ Bkg_Anom ” with the climatological summer
mean removed is examined to better reveal differences in
the background states associated with the diverse HF-BSISO
patterns.

b. Identification of HF-BSISO events and the
cluster analysis

Two WNP target areas were de� ned in the study. The
“ WNP event area” refers to the longitude–latitude box of
1108–1358E, 7.58–22.58N (marked by the solid rectangular box
in Fig. 1a). The WNP event area is used for identifying HF-
BSISO events, almost covering the region with the highest
OLR variabilities on the HF-ISO time scale. In addition, a
larger “ WNP clustering area” (1008–1608E, 108S–308N, marked
by the dashed rectangular box inFig. 1a) was chosen for cluster
analysis. The WNP clustering area is not con� ned to the Northern
Hemisphere since the BSISO also contains equatorial activities
(Wang and Xie 1997; Lee et al. 2013).

We de� ned May–November as the boreal summer season
over the WNP since the area-averaged standard deviations of
the HF-ISO OLR anomaly in both target areas were above
their respective annual means during the period (Fig. 1c).
Physically, it is argued that the WNP monsoon is largely an
oceanic monsoon that has a delayed annual cycle (Wang and
LinHo 2002). It also agrees with the annual variations of the
global OLR and low-level wind � elds (Wang and Ding 2008).
The period of 1979–2020 boreal summers (from May to
November) is used in the research.

To resolve the diversity of the HF-BSISO over WNP, the
� rst step was to identify individual events. We focused on the
WNP event area and selected local HF-BSISO events based
on the criterion that the area-averaged HF-ISO OLR anom-
aly should be below minus one standard deviation for three
successive days. Day 0 of an event refers to the date when
the HF-ISO OLR anomaly reaches the local minimum, and
positive (negative) days denote the dates after (before) day 0.
A total of 320 HF-BSISO events were identi � ed in the 42 years
from 1979 to 2020, roughly 7–8 events in a boreal summer
(7 months from May to November). A smaller event area
(1158–1258E, 108–208N) has also been tested, and the events
thus obtained overlapped well with those obtained from the
current con� guration.

The second step was to apply aK-means cluster analysis
with “ squared Euclidean” as the distance metric (Kaufman
and Rousseeuw 2009; Wilks 2019) to objectively classify the
diverse propagation patterns of the HF-BSISO over WNP.
Considering the complex BSISO propagation characteristics,
variables for cluster analysis consist of the horizontal patterns
of the HF-ISO OLR anomaly over the WNP clustering area
from lead/lag days 2 8 to 1 8 with a 2-day interval, roughly
covering a complete life cycle of an HF-BSISO event. With
the fact that the initial centroids were randomly selected in the
algorithm, the K-means clustering with a particular parameter
setting was repeated 5000 times to obtain the optimum result.

We used the silhouette value as a criterion to assess the skill
of a clustering result and to remove the events that were
“ poorly” clustered. A higher silhouette value indicates that
the member is well matched to its own cluster and poorly
matched to neighboring clusters. Likewise, a higher mean sil-
houette value implies a better overall skill. The clustering re-
sult with a total of four clusters was chosen to perform further
analyses because the mean silhouette value reaches a local
maximum when the cluster number equals four. By setting
the minimum threshold of the silhouette value to 0.015, a total
of 206 events were retained in the clustering result. It was not
surprising that around one-third of the events were excluded
as “ outliers,” since the HF-ISO component was more sensi-
tive to synoptic-scale perturbations than the LF-ISO and
therefore contained more noise even after � ltering. Selection
of different thresholds of a silhouette value does not change
the overall composite characteristics of the four clusters,
except that retaining more events with lower silhouette val-
ues results in less statistical signi� cance for weaker signals.

TABLE 1. Abbreviations, implications, and processing procedures related to time-scale decomposition in the study.

Component
(abbreviation) Implication Processing procedure

Slow-AC Slow climatological annual cycle. Sum of the annual mean and� rst three Fourier harmonics of
the climatological annual variation.

Raw-Anom Raw anomaly. Removing the slow-AC from the raw data.
Synoptic Synoptic-scale (, 10 days) anomaly. Applying a 10-day high-pass� lter to the Raw-Anom.
HF-ISO High-frequency (10 –25-day) intraseasonal anomaly. Applying a 10–25-day bandpass� lter to the Raw-Anom.
Bkg Full background state for the HF-ISO variability. Applying a 25-day low-pass � lter to the raw data.
Bkg_Anom Background state with the climatological summer

mean removed.
Removing the May–November mean of slow-AC from the Bkg.
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We have also tested different areas for performing the cluster
analysis. The predominant diverse patterns remained stable, only
that a wider zonal range (608E–1808) caused stronger composite
ampli� cations over the equatorial IO in some clusters. There-
fore, we decided to keep the current settings as the study focused
on the WNP area.

The composite analysis was applied to the four HF-BSISO
clusters to compare their propagation patterns and preferred
background states. The Bkg/Bkg_Anom patterns were ob-
tained by compositing the three-pentad average, with the cen-
tral day being day 0 of an HF-BSISO event.

c. Column-integrated MSE budget diagnosis

The moist static energyM at a constant pressure level is de-
� ned as

M ; CpT 1 L eq 1 gz, (1)

where T is the air temperature, q is the speci� c humidity, z is
the geopotential height, Cp is the speci� c heat capacity at
constant pressure (5 1004 J K2 1 kg2 1), L e is the latent heat of
vaporization (5 2.53 106 J kg2 1), and g is the gravitational ac-
celeration (5 9.8 m s2 2). The column-integrated MSE budget
equation can be written as (Neelin and Held 1987)

h� tMi � 5 h2 Vh ? =hMi � 2 hv� pMi � 1 Q�
r 1 Q�

t , (2)

where Vh is the horizontal wind vector, =h is the horizontal
gradient operator, v is the vertical pressure velocity,p is the
pressure, Qr represents the sum of the shortwave and long-
wave radiative heating in the entire air column, and Qt repre-
sents the sum of the surface upward sensible and latent heat
� uxes. The angle brackets represent a mass-weighted vertical
integration from the surface to a 100-hPa level. As described
in section 2a, a temporal variable X was decomposed into the
three components as follows:

X 5 X 1 X � 1 X * , (3)

where X , X� , and X * represent the Bkg (. 25 days), HF-ISO
(10–25-day), and synoptic (, 10 days) variabilities, respectively.

3. Diverse propagation patterns of HF-BSISO
over WNP

The HF-BSISO events identi� ed over the WNP area can
be objectively classi� ed into four clusters, including two
northwestward-propagating patterns (NW-propagating I and II),
a westward-propagating pattern (W-propagating), and a quasi-
standing oscillation pattern (standing oscillation). A total of 40,
48, 51, and 67 events were identi� ed for each pattern, respectively,
after removing the poorly clustered cases according to the silhou-
ette values. The composite OLR and circulation features on the
HF-ISO time scale for the four clusters are described below.

a. NW-propagating I

The NW-propagating I pattern ( Fig. 2) is characterized by
northwestward-propagating HF-ISO convection anomalies

over the WNP, with a southwest–northeast-tilted band struc-
ture after the mature stage (denoted by the dashed line in
D 1 1). The convection anomaly emerges over the equatorial
western Paci� c east of New Guinea. It propagates northwest-
ward and develops, with the anomalous convection centers
being located along the southwestern periphery of the western
Paci� c subtropical high (WPSH) to the east of the Philippines.
The dissipation takes place rapidly after it arrives at the coast
of East Asia (EA). It has a mean northwestward propagation
speed of about 4.3 m s2 1.

A noteworthy feature of the NW-I pattern is that a south-
westward and a northeastward extension of the convection
anomaly, into the equatorial eastern IO and into the northern
Paci� c, respectively, occurs after the mature stage (day1 1 to
1 3 for the wet phase or day2 5 for the dry phase as shown in
Fig. 2). Correspondingly, the cyclonic circulations associated
with the wet anomalies tilted in the southwest–northeast
direction. So are the anticyclonic circulation anomalies associated
with the dry anomalies. Thus, a salient southwest–northeast-
tilted band structure is formed. The southwest branch over
the equatorial IO maintains for another several days. The
northeast branch, however, decays quickly due possibly to the
colder background SST.

b. NW-propagating II

The NW-propagating II pattern ( Fig. 3) shares similarities
with the NW-I in the northwestward propagation. However,
notable differences can be discovered and summarized as fol-
lows. First, the propagation paths, as shown in the bottom
panels of Figs. 2 and 3, indicate that the propagation vector
has a larger northward component in NW-I than in NW-II.
Thus, the NW-II ’s propagation path shifts signi� cantly west-
ward. At the peak phases of the wet/dry anomaly, their cen-
ters are located to the west of the Philippines in NW-II,
whereas their centers are located to the east in NW-I. With a
geographically westward shifted and longer path, NW-II has a
faster mean propagation speed (5.6 m s2 1) than that of NW-I
(4.3 m s2 1). Second, the NW-II does not have an apparent
southwest–northeast-tilted band structure; the low-level cy-
clonic and anticyclonic circulation anomalies are more like
north–south orientated in NW-II, differing from the south-
west–northeast orientated in NW-I. Along with the tilted
structure, more intense low-level cyclonic and anticyclonic cir-
culation anomalies associated with the wet/dry anomaly are
found in NW-I (depicted by magenta arrows in Fig. 2e), sug-
gesting a tighter coupling between the wet and dry anomalies.
Third, NW-II suppresses the subtropical EA precipitation
at its decay phase (day1 3 and day 1 5), whereas NW-I’s
dry anomaly affects the subtropical EA at the peak phases
(day 2 1 and day1 1).

It is worth noting that the propagation paths of NW-I and
NW-II largely follow the southwestern periphery of the
WPSH, where the background southeasterly prevails. This
suggests that the background steering� ow affects the propa-
gation in both patterns, and the position of the background
WPSH could serve as a key factor contributing to the differ-
ences in their propagation paths. Another noteworthy feature
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FIG . 2. (a)–(h) Spatial–temporal evolutions of OLR (shading) and 850-hPa winds (vectors) for the NW-propagating I
pattern. Composite HF-ISO anomalies that are statistically signi� cant at or above a 95% con� dence level are shown. The
numbers in the upper-left corners indicate the lead/lag days relative to day 0. The dashed line in D1 1 denotes the hori-
zontal structure of the rainband, and the magenta arrows highlight the associated low-level circulation anomalies of the
wet and dry phases. (i) Composite full Bkg of the vertical shear of the zonal wind (difference of the U component of
wind between 200 and 850 hPa; shading) and 850-hPa winds (vectors) for the NW-propagating I pattern. Magenta circles
mark the propagation paths of the wet centers, with the numbers inside denoting the lead/lag days.
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FIG . 3. As in Fig. 2, but for the NW-propagating II pattern.
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is that the NW-I exhibits a sudden northward jump during the
initiation stage, whereas the NW-II shows a continuous and
straight northwestward propagation path. This results in dif-
ferent geographic locations for the convection centers of
NW-I and II during their subsequent development, with NW-
II shifting further westward. How the background states po-
tentially in � uence the diverse propagation patterns between
NW-I and NW-II during their developing and initiation stages
will be discussed in the following section.

c. W-propagating

This is a previously known pattern, characterized by the
westward propagations of a dipolar anomalous convection
centers roughly along 158N from 1508 to 908E (Fig. 4). Cy-
clonic (anticyclonic) low-level circulation anomalies are asso-
ciated with the enhanced (suppressed) anomalies, suggesting
that it is likely a convectively coupled equatorial Rossby wave
propagating along the latitude band about one Rossby radius
of deformation away from the equator. The wet anomaly
reaches the maximum strength over the Philippines (1208E) at
day 0 and tends to dissipate over the Bay of Bengal. The aver-
aged westward propagation speed is about 5 m s2 1. The
follow-up dry anomaly emerges over the southeastern Philip-
pine Sea (58N, 1508E) at day 2 4 before the wet anomaly
reaches its maximum intensity. Notably, the wet anomaly at
day 2 4 displays a meridionally elongated shape, implying that
the zonal wavelength is shorter than the meridional wave-
length. Such a Rossby wave structure could have a ray path
bent southeastward, indicating a southeastward energy propa-
gation. Thus, the Rossby wave energy propagation excited by
the preceding cyclonic anomalies could initiate the follow-up
dry anomaly.

d. Standing oscillation

The standing oscillation pattern (Fig. 5) was less reported
in previous literatures. It is characterized by a quasi-biweekly
standing oscillation of anomalous convections that centered
around the northeast of the Luzon Island (198N, 1258E) and
covered a large area of off-equatorial WNP (58–258N, 1108–
1508E). The phase transition from dry to wet phases features
a rapid northeastward migration and shrink of the dry (anticy-
clonic) anomalies at day 2 4 and a dissipation southeast of
Japan (day 2 2). The emergence of the convection anomaly
over the Luzon Island at around day 2 2 is abrupt, in associa-
tion with the sudden establishment of an inverse cyclonic
trough behind the decaying dry (anticyclonic) anomalies. The
transition from wet to dry anomalies at day 1 4 experiences
an opposite process. The abrupt phase transition of the 10–25-
day standing oscillation could cause sudden changes of the
tropical cyclone motion and failure of the S2S forecast. Un-
derstanding the cause of such an abrupt transition is of utmost
importance.

4. Background states and column-integrated MSE
budget diagnoses

Previous analysis indicates that the primary characteristic
of the diversity of the HF-BSISO over WNP is the existence

of diversi� ed propagation forms. In this study, a column-
integrated MSE budget diagnosis, along with an examination of
the background state, is conducted to gain preliminary insights
into the factors in� uencing these diverse propagation patterns.
The MSE budget method is commonly utilized in the moisture
mode framework, which emphasizes that the asymmetry of
the column-integrated MSE tendency with respect to the
convection center promotes the propagation of the latter. It
is currently widely accepted in explaining the eastward prop-
agation of MJO ( Maloney 2009; Raymond and Fuchs 2009;
Sobel and Maloney 2013; Kim et al. 2014; Adames and Kim
2016; Wang et al. 2017; Adames and Maloney 2021) and the
northward propagation of BSISO ( Jiang et al. 2018; Gao et al.
2019; Wang and Li 2020; Li et al. 2020).

To investigate the speci� c processes in� uencing the propa-
gation of different archetypes of the HF-BSISO over WNP,
we selected the developing stages of the wet phases for col-
umn-integrated MSE budget diagnosis. Day 2 3 was chosen
for NW-I, NW-II, and W-propagating patterns, whereas day
2 2 was chosen for the standing oscillation pattern due to its
weaker HF-ISO convection anomaly on day 2 3.

The asymmetry of the column-integrated MSE tendency
with respect to the convection center is typically maximized
along the direction of propagation. Speci� cally, to examine
the north–south and west–east asymmetries,� ve rectangular
boxes are de� ned. The convection box is selected to be as
symmetric as possible around the negative maximum center
of the HF-ISO OLR anomaly, and its edges are aligned as
closely as possible with the contour line where the OLR is
2 10 W m2 2. The northern box is the same size as the convec-
tion box and is positioned directly to its north, sharing a com-
mon border. Similarly, the southern/western/eastern box is
de� ned in the same manner.

The preferred background states associated with each ar-
chetype of the HF-BSISO over WNP, along with their MSE
budget diagnoses, will be analyzed below. As the primary
purpose of this work is to elucidate the diversity of the HF-
BSISO over WNP using observational data, only the domi-
nant processes are examined. Further in-depth dynamical
studies will be necessary in future research to fully understand
the propagation and initiation mechanisms of the HF-BSISO in
this region.

a. Background states

Previous studies employing the moisture mode theory have
noted that interactions between intraseasonal anomalies and
background states are generally the predominant factors in
causing the spatial asymmetry of the column-integrated MSE
tendency. Therefore, it is necessary to� rst analyze the simi-
larities and differences of the preferred background states as-
sociated with the diverse propagation patterns.

As shown in Fig. 1d, the tropical Asian summer monsoon is
characterized by strong low-level westerlies originating from
cross-equatorial � ows. Over the WNP, the low-level wind
� elds shift to southeasterlies on the southwestern margin of
the WPSH. The monsoonal westerlies are largely con� ned in
the lower troposphere. In the presence of the South Asian
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FIG. 4. As in Fig. 2, but for the W-propagating pattern.
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high, strong easterlies prevail from mid- to upper-level tropo-
sphere to its south (Fig. 1e). Therefore, there exists a wide area
of the easterly vertical shear over the Northern Hemisphere
tropics during boreal summer, covering the low-level monsoonal
westerly regions (Fig. 1d, shading). It extends to approximately
1408E at 108N and near 1208E at 208N. The summer mean
column-integrated MSE has a maximum center around the
southern edge of the Qinghai–Tibet Plateau. Over the WNP, it
is essentially evenly distributed in the tropics to the east of the
Philippines; to the west, however, there is a weak north–south
uneven distribution with a maximum around 158N. In the sub-
tropical WNP, robust MSE gradients are observed.

Although the composite full background states for each ar-
chetype of the HF-BSISO over WNP do not appear to differ
considerably from one another (bottom panels in Figs. 2–5),
the removal of the common climatological summer mean
components allows for the detection of notable and statisti-
cally signi� cant differences. Figure 6 shows the deviations of
the composite background states relative to the summer mean
(i.e., the composite Bkg_Anom � elds) for each archetype.
Positive (negative) deviations of MSE largely coincide with
the convectively enhanced (suppressed) area depicted by the
OLR � elds in Fig. 6.

The composite Bkg_Anom � elds for the NW-I ( Fig. 6a)
are primarily characterized by a signi� cant reduction of mon-
soonal westerlies, a southward retreat of the monsoonal rain-
bands, and a weakening and an eastward retreat of the WPSH.
In addition, the convection is enhanced over the equatorial

western Paci� c, accompanied by low-level westerly anoma-
lies. This allows an eastward expansion of easterly vertical
shear over the equatorial region, as observed in the compos-
ite full background states (Fig. 2i). In contrast, the composite
Bkg_Anom � elds for the NW-II are characterized by enhanced
monsoonal westerlies (Fig. 6b). However, their amplitudes are
small over the WNP and do not signi� cantly impact the com-
posite full background states (Fig. 3i).

The composite Bkg_Anom � elds for the W-propagating
pattern (Fig. 6c) exhibit stronger enhancement of low-level
monsoonal westerlies and easterly vertical shear compared to
NW-II, along with a weaker reduction of WPSH compared to
NW-I. Another notable feature is the west –east elongated en-
hancement of the background rainband over the Northern
Hemisphere tropics, extending from the Indian Peninsula to
the date line. The standing oscillation pattern, on the other
hand, exhibits a little signi� cant signal in the monsoonal west-
erly region but shows a prominent low-level cyclonic circula-
tion anomaly in the subtropical WNP ( Fig. 6d).

We conducted a more comprehensive time-scale decomposi-
tion, dividing the full background state into the seasonal prefer-
ence (obtained by compositing the slow-AC component), the
interannual–decadal anomaly (. 90 days), and the low-frequency
intraseasonal anomaly (25–90 days). It is particularly noted that
the NW-I and NW-II develop under contrasting seasonal pref-
erences (late summer vs midsummer) and interannual–decadal
backgrounds (El Niño–like vs La Niña–like). It is also noted
that the low-frequency intraseasonal anomalies signi� cantly shape

(a) NW-Propagating I (40 events) (b) NW-Propagating II (48 events)

(c) W-Propagating (51 events) (d) Standing Oscillation (67 events)

Bkg_Anom OLR (shading), U200-U850 (contour), UV850 (vector)
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FIG . 6. Composite Bkg with the climatological summer mean removed (i.e., the composite Bkg_Anom� elds) for each
cluster. The composites were performed for a three-pentad average centered at day 0 of each event. OLR (shading),
vertical shear of the zonal wind (difference of the U component of wind between 200 and 850 hPa, denoted by the
contours at an interval of 1 m s2 1 with 0 omitted and negative values dashed), and 850-hPa winds (vectors) are shown.
For shading and vectors, only those that are statistically signi� cant at or above 95% con� dence level are shown.
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the composite full background states for both the W-propagating
and standing oscillation patterns, suggesting pronounced inter-
actions between different intraseasonal time scales in the
BSISO. Given that various time-scale components can in� u-
ence the diversity of HF-BSISO through modulation of the
full background state, the main text will primarily focus on
the latter. For a detailed description of their respective char-
acteristics and contributions to the full background, please
refer to the supplemental material.

b. NW-propagating I and II patterns

The diagnostic results for the NW-I and NW-II patterns
during their respective developing stages of wet phases are
shown in Fig. 7. A signi� cant asymmetry relative to the anom-
alous convection center is observed in the column-integrated
MSE tendency on the HF-ISO time scale (h� tMi � ), with the
maximum occurring along the propagation direction for both
patterns (Figs. 7a,c). For each pattern, two boxes are selected
to cover the positive and negative centers of theh� tMi � , re-
spectively (green solid and dashed boxes in the left panels).
The difference between the averaged values in the two boxes
capturing the maximized asymmetric component is diagnosed
for terms in Eq. (2). The diagnostic results show negligible re-
siduals (Figs. 7b,d). The complete results after performing the

time-scale decomposition according to Eq.(3) are referred to
the supplemental material.

It has been observed that for both the NW-I and NW-II
patterns, the dominant contribution to the asymmetric h� tMi �

is the horizontal advection of the HF-ISO MSE anomaly by
the background � ow (h2 V h ?=hM� i � ). This highlights that
the background steering � ow primarily governs their north-
westward propagation, as per the moisture mode paradigm.
Consequently, the eastward retreat of the WPSH, as indicated
by the associated preferred background state, potentially leads
to a northeastward shift in the propagation path of NW-I.

A notable difference between the two patterns is that the
advection of background MSE by the HF-ISO meridional
� ow (2 hy�� yM i � ) contributes to a large negative value in
NW-I, whereas it is negligible in NW-II. This could also be
explained from the associated preferred background states.
We computed meridional cross sections along the zonal
extent of the previously de� ned convection box. The north–
south asymmetry of the h� tMi � relative to the convection
center is clearly observed (Figs. 8a,b). As shown in Figs. 8c–f,
the background MSE is generally evenly distributed along the
north–south direction in the Northern Hemisphere tropics.
A signi � cant meridional gradient emerges north of 208N,
characterized by a vertical structure that is bottom-heavy
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time scales. The complete diagnostic results after performing the time-scale decomposition are referred to the
supplemental material.
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and southward-tilting in the lower troposphere. The lower-
tropospheric gradient extends further south in the NW-I com-
pared to that in NW-II, corresponding to the reduced and
enhanced background convections north and south of 208N in
NW-I, respectively (Fig. 6a). Therefore, the lower-tropospheric
HF-ISO southerly � ow to the north of the convection box exerts
a greater negative MSE advection in the NW-I pattern.

The sudden northward jump during the initiation stage in
NW-I also causes a notable difference in propagation paths
between NW-I and NW-II, as discussed in section 3b. How-
ever, given the weak HF-ISO convection anomaly during the
initiation stage, h� tMi � and its asymmetry are weak as well.

We aim to explain the sudden northward jump in terms of the
easterly vertical shear mechanism. The vortex tube pointing
southward, induced by the background easterly vertical shear,
is tilted by the north –south unevenly distributed vertical mo-
tion associated with the BSISO convection. This tilt induces a
positive (negative) barotropic vorticity anomaly to the north
(south) of the convention center. The Ekman effect further
gives rise to the north–south asymmetry in the boundary layer
convergence anomaly, driving the BSISO convection north-
ward (Jiang et al. 2004; Drbohlav and Wang 2005).

The initiation of the NW-I takes place where the back-
ground easterly vertical shear is robust (Figs. 2iand 9c) due to
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FIG . 8. Composite values for the (left) NW-I and (right) NW-II patterns at day 2 3. (a),(b) Meridional sections of
HF-ISO anomalies of OLR (gray areas) and column-integrated MSE tendency (blue bars). (c),(d) Meridional –vertical
sections of the meridional gradient of background MSE (shaded), background MSE (contours in units of 105 J kg2 1),
and HF-ISO meridional vertically overturning circulations (vectors). (e),(f) Horizontal maps of background MSE
(shading) and HF-ISO winds (vectors) at 850 hPa. A solid box in (e) and (f) delineates the convection box de� ned
in the text, and the dashed vertical lines in (a) and (b) marked the latitudinal boundaries. The meridional sections of
(a)–(d) are averaged along the longitudinal boundaries of the convection boxes. For shading in (c) and (d) and vectors
in (c)–(f), only those that are statistically signi� cant at or above 95% con� dence level are shown.
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the eastward expansion of the shear (Fig. 6a). In contrast, the
easterly shear is considerably weaker for the NW-II during
the initiation ( Figs. 3i and 9d). As a result, positive anomalies
of both the low-level vorticity and the barotropic vorticity
(represented by the average at 850 and 250 hPa) exhibit a fur-
ther northward extending relative to the HF-ISO convection
center in NW-I compared to that in NW-II. Consequently,
there are increased boundary layer convergence and moisten-
ing to the north in NW-I ( Fig. 9), potentially accelerating the
northward propagation during its initiation stage.

In summary, the NW-I pattern is associated with a preferred
background state characterized by a pronounced eastward ex-
pansion of the easterly vertical shear over the equatorial west-
ern Paci� c, along with an eastward retreat of the WPSH. The
easterly vertical shear accelerates the northward propagation of
convection during its initiation stage by inducing the barotropic

vorticity anomaly. Subsequently, the NW-I follows a propaga-
tion path shifted northeastward compared to NW-II, given that
the background steering � ow dominates the asymmetry of the
column-integrated MSE tendency during the developing stages.
The above background factors potentially contributed to the
diverse propagation patterns between NW-I and NW-II.

c. W-propagating and standing oscillation patterns

Given that the W-propagating pattern is predominantly
characterized by zonal migrations, and the standing oscillation
pattern also demonstrates an eastward expansion around its
mature stage, we� rst investigate their respective zonal asym-
metries of h� tMi � . The corresponding diagnostic results for
their developing stages are shown inFigs. 10a–d, where the
west–east asymmetry is calculated as the difference between
the previously de� ned western and eastern boxes.
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FIG . 9. (top) and (middle) Meridional and (bottom) meridional –vertical sections of composite values averaged
along 1458–1638E for the (left) NW-I and along 144 8–1678E for the (right) NW-II patterns. (a),(b) HF-ISO anomalies
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and the vorticity averaged at 850 and 250 hPa (black lines). A plot in the (top) or (middle) matches the vertical coordi-
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lineate the meridional extent of the convection box (region of active HF-ISO convection). (e),(f) HF-ISO anomalies
of divergence (shading), vorticity (contours at an interval of 102 6 s2 1, with 0 omitted and negative values dashed),
and meridional vertically overturning circulations (vectors). For shading and vectors, only those that are statistically
signi� cant at or above 95% con� dence level are shown. The numbers in the upper-left corners in (e) and (f) indicate
the lead/lag days for left and right, respectively.
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It is observed that for the W-propagating pattern, the ad-
vection of the HF-ISO MSE anomaly by the background
zonal � ow (2 hu� xM� i � ) dominants the west–east asymmetry
of h� tMi � and therefore promotes the westward propagation.
This effect also contributes to a higher h� tMi � west of the con-
vection center compared to the east in the standing oscillation
pattern, albeit much weaker.

An examination of the zonal –vertical section (Figs. 11c,d)
reveals that, � rst, the deep background easterlies west of
1508E are signi� cantly stronger in the W-propagating pattern
compared to the standing oscillation pattern. This is consis-
tent with the higher easterly vertical shear in this region, as
observed in the preferred background state (Fig. 6c). Second,
the HF-ISO MSE anomalies and the associated zonal gradients
in the W-propagating pattern are also more intense than those in
the standing oscillation pattern. Noting that their HF-ISO OLR
anomalies are of comparable intensity, the larger amplitudes of
MSE anomalies in the W-propagating pattern may arise from an
increased water vapor supply facilitated by the more convective
background state. The two reasons above combine to result in a
much greater2 hu� xM� i � term in the W-propagating pattern.

In contrast to the other archetypes, the standing oscillation
pattern exhibits a west–east asymmetry of h� tMi � character-
ized by higher values to the east. The primary contributor is
the sum of the surface upward latent and sensible heat� uxes
(Q�

t ) that is closely linked to the near-surface wind speed
(Fig. 11b), followed by the 2 hy� yM� i � term. These factors could
be relevant to the special horizontal structure of the standing
oscillation pattern.

As shown in Fig. 5d, the HF-ISO convection center of the
standing oscillation pattern during its developing stage is posi-
tioned northeast of the Luzon Island, with active convection
extending southeastward. This southeastward-extending high
MSE “ tail,” combined with the background southerly � ow,
explains the positive anomaly of the 2 hy� yM� i � term to the
east of the active convection center. Meanwhile, a dissipating
dry phase is observed northeast of the convectively enhanced
area. The cyclonic and anticyclonic low-level circulation anoma-
lies, respectively, associated with the wet and dry anomalies,
combine to give rise to a strong southeasterly anomaly east of
the active convection center. This is consistent with the back-
ground wind on the southwestern margin of the WPSH, leading
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FIG. 10. As in Fig. 7, but for the W-propagating pattern at (a),(b) day 2 3, the standing oscillation pattern at
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to an increase in the near-surface wind speed, whereas for the
other archetypes, dry phases are situated either west, northwest,
or southeast of the active convection center during the develop-
ing stages.

The higher h� tMi � to the east of the active convection center
facilitates the growth of the southeastward-extending tail and
eastward expansion of the convectively enhanced area. After
the mature stage, the standing oscillation pattern exhibits a
notable northeastward expansion (Fig. 5f), corresponding to
the positive h� tMi � there (Fig. 10e). The diagnostic result for
the latter ( Fig. 10f) demonstrates that the 2 hy� yM� i � term
plays a dominant role, which corresponds to the anomalous
southerly � ow on the eastern side of the convectively en-
hanced area and the meridional gradient of the climatological
summertime MSE over subtropical WNP (Fig. 1e).

A questionable issue arises from the fact that for all four ar-
chetypes, the active HF-ISO convection centers are situated
in similar geographic locations during the developing stages,
accompanied by the preferred background states that differ to
some extent but are not entirely unrelated to each other.
However, it remains unclear why the W-propagating and
standing oscillation patterns do not propagate northward like
NW-I and NW-II. We conducted a preliminary exploration by
diagnosing the north–south asymmetry of h� tMi � , calculated
as the difference between the northern and southern boxes
previously de� ned.

The diagnostic results (Fig. 12) demonstrate that the merid-
ional advections, predominantly driven by the 2 hy� yM� i � pro-
cess in most cases, consistently contribute to a higherh� tMi �

to the north of the HF-ISO convection centers. However, for
the W-propagating pattern, the potentially increasing MSE in
the northern box is largely dissipated by synoptic-scale non-
linear interactions (speci� cally the 2 hy*� yM* i � term, as shown
in Fig. S11in the online supplemental material). This nonlin-
ear term is either negligible or contributes only a very weak
positive anomaly in the other archetypes. The reasons for its
prominence in the W-propagating pattern, as well as the de-
tailed processes involved, require further study. For the stand-
ing oscillation pattern, the 2 hu�� xM i � term exhibits a large
negative anomaly in the northern box. This could arise from
both the higher zonal gradient of background MSE and larger
easterly anomalies in the eastern portion of the northern box.
However, the budget has a nonnegligible residual, suggesting
shortcomings in representations of surface heat� uxes and ra-
diative heating processes in this standing oscillation case. Ad-
ditional investigations using other observation-based datasets
are needed to fully understand the mechanisms behind the
standing oscillation pattern.

In summary, the zonal and meridional advections of HF-ISO
MSE anomalies by the background� ow predominantly contrib-
ute to the west–east and north–south asymmetries ofh� tMi � in
the W-propagating pattern, respectively. The zonal advection
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