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Abstract

The western North Pacific (WNP) intraseasonal oscillation (ISO) is the strongest over the globe, its prediction is the corner-
stone for subseasonal prediction of the Asian summer monsoon. Yet, our understanding of the diversity of the WNP ISO is
limited, which challenges our modeling and prediction efforts. We study the diversity of observed WNP ISO by performing
cluster analysis on propagation patterns of ISO events, targeting three clusters: westward, northeastward, and northwestward
propagations. The westward cluster exists within the WNP, while the other two are related to the northeastward propagating
rain band originated from the central equatorial Indian Ocean and to the northwestward propagating dipole across the western
Pacific and Indian Ocean, respectively. Moist static energy (MSE) tendency contributing to these different propagations is
mainly due to horizontal advection, while radiative heating mainly maintains the ISO’s development. Background sea surface
temperature (SST) and MSE anomalies partly determine this ISO diversity, especially for those ISOs with large similarity.
The westward cluster is related to warm SST anomalies in the western Indian Ocean, as a combination of seasonal cycle and
internal interannual-to-interdecadal variability. The northeastward cluster is related to the cold Pacific Meridional Mode
and La Nifia-like pattern, while the northwestward cluster is related to the opposite warm background, both as the internal
variability. Our finding of the background-affected ISO diversity over the WNP can be conducive to both model simulation
and subseasonal prediction of the Asian summer monsoon.

Keywords Intraseasonal oscillation - Western North Pacific - Diversity - La Nifia - Pacific Meridional Mode - Western
Indian Ocean

1 Introduction
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Zhao et al. 2015) and extreme rainfall and heatwave events
over the Asian summer monsoon region (Chen et al. 2016;
Hsu et al. 2016, 2017), are also modulated by the ISO over
the WNP. Understanding the ISO over the WNP is essen-
tial for improving the subseasonal prediction of tropical
cyclone activity and Asian summer monsoon.

Our current numerical models still face huge challenges
in their capability to model the ISO over the WNP (Lee et al.
2015; Neena et al. 2016; Jie et al. 2017). One reason lies in
the complexity of the ISO propagation over the WNP. Differ-
ent from the zonal propagation of the boreal-winter Madden
Julian Oscillation (MJO), which shows diversified propaga-
tions in terms of fast eastward propagation, slow eastward
propagation, standing, and jumping (Wang et al. 2019a), the
boreal-summer ISO has northeastward propagation over the
Indian Ocean (Yasunari 1979; Annamalai and Sperber 2005;
Liu et al. 2016), and has northwestward propagation over the
western Pacific (Murakami 1984; Lau and Chan 1986; Nitta
1987; Chen and Murakami 1988; Wang and Rui 1990; Hsu
and Weng 2001; Kemball-Cook and Wang 2001). The ISO
over the WNP also shows westward propagation (Murakami
1980; Wang and Rui 1990; Chen and Chen 1995; Kikuchi
and Wang 2009) and even southward propagation (Liu et al.
2002; Lau et al. 2012). These complicated propagations of
the boreal-summer ISO can also be observed by using the
Multiple Object Tracking method as in Singh and Kinter
(2020), though their work focused on the tropical ISO in
all seasons. The diversity of the ISO over the Indian Ocean
was studied by Pillai and Sahai (2015), which classified the
ISO propagation into three types: eastward only, northward
only, and northeastward propagations. The diversity of the
WNP ISO, which is the strongest over the globe during late
summer, however, has not been studied systematically.

In addition, the change of mean state has been found to
determine the ISO change over the WNP, mainly on the
interannual time scale (Liu et al. 2016; Wu and Cao 2017).
The higher-frequency northwestward propagating ISO with
a period shorter than 30 days was found to be intensified
over the WNP during a central-to-eastern Pacific warm-
ing summer associated with the El Nifio developing phase,
with contributions from both easterly vertical shear anomaly
and enhanced background moisture (Teng and Wang 2003;
Deng and Li 2016; Liu et al. 2016; Wu and Cao 2017). The
lower-frequency northeastward propagation with a period
longer than 40 days, however, has been observed during a
cold summer related to the La Nifia decaying phase, because
of enhanced background moisture over the Maritime Conti-
nent (MC) (Liu et al. 2016; Wu and Cao 2017). The south-
ward propagation of the ISO originated from extratropical is
only active in early summer, and the northward propagation
dominates in late summer, which is related to the northward
penetration of the East Asian summer monsoon (Tao and
Chen 1987; Linho and Wang 2002; Lau et al. 2012).
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Whether the ISO originated from the Indian Ocean can
reach the western Pacific is determined by the mean state
over the MC. The MC topography tends to block the east-
ward propagation of the ISO (Zhang and Ling 2017; Burley-
son et al. 2018), limiting heat flux (Maloney and Sobel 2004;
Sobel et al. 2008) and moist statistic energy (MSE) genera-
tion (Raymond 2001; Adames and Kim 2016) and consum-
ing energy via diurnal cycle (Hagos et al. 2016; Sun et al.
2019a). The eastward MSE gradient should favor the ISO
passing over the MC (Fu et al. 2017; Jiang 2017). Therefore,
a systematic exploration of the underlying mechanism for
the ISO diversity over the WNP is much needed.

To deepen our understanding of the ISO over the WNP
and to improve subseasonal prediction of local extreme
weather and Asian summer monsoon, we objectively detect
the diversity of the ISO over the WNP and explore their
underlying mechanisms. The paper is organized as follows.
In Sect. 2, we introduce the data and method used in this
study. In Sect. 3, we present the dominant mode of the ISO
over the WNP. The diversity of the WNP ISO is discussed
in Sect. 4. Different backgrounds that affect the diversity
are discussed in Sect. 5, and our findings are summarized
in Sect. 6.

2 Data and methods

To represent the convection of the ISO, we use daily-mean
Advanced Very High-Resolution Radiometer (AVHRR)
interpolated outgoing longwave radiation (OLR) data
from the National Oceanic and Atmospheric Administra-
tion (NOAA) satellite (Liebmann 1996). This dataset has
been used for both boreal-winter MJO and boreal-summer
ISO (Wheeler and Hendon 2004; Lee et al. 2013). We also
use daily SST, horizontal wind, air temperature, pressure
velocity, specific humidity, geopotential height from 1000
to 100 hPa, surface latent and sensible heat fluxes, and net
thermal and solar radiation from the European Centre for
Medium Range Weather Forecasts (ECMWF) reanalysis-
interim (ERA-interim) data (Dee et al. 2011). The hori-
zontal resolution for these data is 2.5° X 2.5°. Daily aver-
aged precipitation of the 3B42 version 7 of the Tropical
Rainfall Measurement Mission (TRMM) during the period
1998-2018 (Huffman et al. 2007) is used, to focus on the
precipitation anomalies associated with the ISO over the
WNP. Our study period is from 1980 to 2018.

MSE is often used to reveal the dominant processes for
the eastward propagation of boreal-winter MJO (Maloney
2009) and northward propagation of boreal-summer ISO
(Jiang 2017; Wang and Li 2020). MSE is defined as the
sum of sensible heat, latent heat, and potential energy, i.e.,
m = c,T + gz + Lq, where T is temperature, z is height, and
q is specific humidity.c, = 1004 J K~ kg~! is the specific
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heat at constant pressure, g = 9.8 m s~ is the gravitational
acceleration, and L =2.5¢6 ] kg_l is the latent heat of vapori-
zation at 0 °C. According to Maloney (2009), the column-
integrated MSE budget can be calculated as follows:

(O™ — (V. VY — (@2 + LH + SH + (LW) + (SW)
ot op

where V is horizontal wind; w is pressure velocity; p is
pressure; LH and SH are latent and sensible heat fluxes at
the surface, respectively; LW and SW are longwave and
shortwave radiative heating rates, respectively. The angle
brackets represent mass-weighted vertical integral from
1000 to 100hPa. Specifically, (LW)and (SW) are defined as
the difference between the top and surface radiative fluxes.

To select a longer period to cover most of the ISO signals,
including the 12-25-day oscillation and 30-80-day boreal-
summer ISO, a 12-80-day Butterworth band-pass filter is
applied for all variables to extract the intraseasonal signals
(Russell 2006). Note that the results are not sensitive to
the selection of ISO range for filtering. Instead of studying
WNP area-averaged OLR anomalies, we use the principal
component (PC) of the dominant ISO mode over the WNP
as the WNP ISO index, which is calculated by perform-
ing the Empirical Orthogonal Function (EOF) analysis on
the boreal-summer intraseasonal OLR anomalies over the
WNP. More details are given in Sect. 3. An ISO event over
the WNP is defined when the WNP ISO index is above one
standard deviation for three consecutive days. Using a differ-
ent threshold does not change the results qualitatively. When
two consecutive events happen within 12 days, we select the
stronger one as one event and drop the smaller one because
the ISO is supposed to have a period longer than 12 days.
Day 0 is defined as the day when the WNP ISO index expe-
riences its maximum for each ISO event. Because the ISO
period mainly peaks within 60days, the 61-day average with
center on day 0 is selected to represent the background.

To identify the diversity of the ISO propagation, the
K-means cluster, a centroid-based cluster method (Wilks
2011) widely used in atmospheric sciences (Wang et al.
2019a, b), is adopted here. In this method, the members are
allocated to a specific number of clusters defined by their
centroids; thus, the within-cluster sum of squares is mini-
mized by repeating the process. After identifying individual
ISO, the K-mean cluster is used to objectively classify the
propagating patterns associated with the ISO over the WNP.
Members for cluster analysis cover the spatial patterns of
intraseasonal OLR anomalies on days — 12, —9, — 6, —3,
and 0 over the Indo-Pacific region (40° E-180°, 20° S—40°
N) for all selected ISO events. The silhouette value deter-
minates how similar an event is to its own cluster compared
with the other clusters (Kaufman and Rousseeuw 2009), and
a high silhouette value indicates that the member is well

matched to its own cluster and poorly matched to the neigh-
boring clusters.

3 Dominant ISO mode over the WNP

During the boreal summer, the ISO usually prevails over
the equatorial Indian Ocean, South Asian monsoon, and
WNP regions when the Asian summer monsoon is formed
(Fig. 1a), which is consistent with many previous obser-
vations (Lawrence and Webster 2002; Li and Wang 2005;
Wang et al. 2009; Liu and Wang 2013). The ISO intensity
over the WNP exhibits a robust seasonal cycle, with its peak
from June to October (Fig. 1b). May, as a transitional month
for the South China Sea monsoon onset (Kajikawa and Wang
2012; Wang et al. 2018), has lower ISO intensity than the
months of June to October (JJASO) over the WNP. The ISO
intensity over the WNP becomes stronger than those over
the South Asian monsoon region and the equatorial Indian
Ocean from June (not shown), and remains the strongest
over the globe from June to October. Therefore, we define
JJASO as the boreal summer for studying the ISO over the
WNP. The region (110°-140° E, 10°-22.5° N) is defined as
the WNP in this work, covering both the South China Sea
(110°-120° E, 10°-22.5° N) and Philippine Sea (120°-140°
E, 10°-22.5° N). The boreal-summer intraseasonal OLR
anomalies averaged over the WNP show a broad and sig-
nificant period from 12 to 60days (Fig. 1c). Results from
5-day smoothing rather than band-pass filtering show similar
results (not shown).

Most previous studies defined an WNP index as the area
average of filtered OLR anomaly in a large domain (Hsu and
Weng 2001; Liu et al. 2016; Wu and Cao 2017). Whether
the ISO over the WNP is dominated by a uniform or a dipole
mode across the South China Sea and Philippine Sea is not
clear. We find that the ISOs averaged over the South China
Sea and Philippine Sea are highly correlated, with a cor-
relation coefficient of 0.53 (p<0.01) from June to October
during the whole study period of 1980-2018. To isolate the
dominant intraseasonal signals in the whole WNP, we per-
form the EOF analysis on the intraseasonal OLR anomalies
over the WNP during the boreal summer. The leading mode,
explaining 36 % of the total variance, shows uniform anoma-
lies over the WNP (Fig. 2a). The precipitation associated
with this leading mode shows similar results, except that
the precipitation anomalies are maximum over the Philip-
pine Sea and along the west coast of the Philippines, and
the anomalies over the east part of the Philippines are rela-
tively weak (Fig. 2b). The second and third modes exhibit
northeast-southwest and northwest-southeast oriented dipole
modes, respectively. This means that the peak phase of the
dominant ISO mode over the WNP is in phase between the
Philippine Sea and South China Sea. This leading mode
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Fig.1 Maximum intraseasonal oscillation (ISO) over the western
North Pacific (WNP). a Standard deviation of intraseasonal OLR
anomalies (W m™~?) during boreal summer from June to October over
the tropical Indo-Pacific region. The intraseasonal signal is obtained
by performing 12-80-day bandpass filtering. b Seasonal evolution
of ISO intensity (W m~?), represented by monthly standard devia-

is also highly correlated to the WNP area-averaged ISO.
Therefore, we can use this PC as an index to represent the
consistent ISO change over the WNP.

We use the PC of the leading ISO mode over the WNP
as an index to select 139 ISO events based on the criteria
given in Sect. 2. Similar results were obtained when using
the WNP area-averaged intraseasonal OLR anomalies as the
index (not shown). For all 139 ISO events, the ISO origi-
nates from the equatorial Indian Ocean on day —27, then
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tion of intraseasonal OLR anomalies over the WNP (110°-140° E,
10°-22.5° N). The red dots denote five maximum months. ¢ Power
spectrum (W2 m™%) of intraseasonal OLR anomalies averaged over
the WNP during boreal summer from June to October. The red dot-
ted and dashed lines denote red noise spectrum and 90 % confidence
level, respectively

propagates northeastward, and forms a southeast-northwest
tilted rain band spanning the Indian monsoon region to
the MC on day — 15 (Fig. 3), which is consistent with the
canonical northeastward propagation of the boreal-summer
ISO (Yasunari 1979; Annamalai and Sperber 2005; Liu et al.
2016). This tilted rain band, however, is very weak. The
northwestward propagation over the western Pacific, found
by many previous authors (Murakami 1984; Lau and Chan
1986; Nitta 1987; Chen and Murakami 1988; Wang and Rui
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Fig.2 Dominate mode of ISO over the WNP. a Three leading EOF
modes of intraseasonal OLR anomalies over the WNP during boreal
summer. Correlation coefficient with the WNP area-averaged intra-
seasonal OLR anomalies, multiplied by — 1, is given at the top right

1990; Hsu and Weng 2001; Kemball-Cook and Wang 2001;
Yang et al. 2013), is observed since day — 12. These weak
composited northeastward or northwestward propagations
mean that the propagations associated with the ISOs over
the WNP have greatly differences.

4 Diversity of ISO over the WNP

The K-mean cluster is applied to sorting out the propaga-
tion patterns of the WNP ISO, which are represented by the
patterns of intraseasonal OLR anomalies on days — 12, —9,
—6, —3, and 0 over the Indo-Pacific region (40° E-180°,
20° S—40° N) for all 139 selected ISO events. Sensitivity
experiments showed that the results were not sensitive to
the selection of the days used to represent the propagation of
the ISO (not shown). The ISOs over the WNP can be objec-
tively classified into three clusters of 41, 53, and 40 events,
respectively. Classifications into more than three clusters
will overproduce clusters that cannot be explained physi-
cally. Five events with negative silhouette values have been
removed since they are poorly matched to their own clusters

mm day‘1

corner of each panel. b Regressed intraseasonal TRMM precipitation
anomalies according to the three leading EOF modes in (a). Shading
shows significant signals at the 90 % confidence level

(Kaufman and Rousseeuw 2009). Selection of different sil-
houette values does not change the composite characteristics
of the three groups of ISOs (not shown), except for some
associated background change.

The first cluster exhibits dominant westward propaga-
tion within the WNP (Fig. 4a). On day — 12 when the dry
ISO phase peaks over the WNP, a northeast-southwest tilted
wave train extends from the WNP to the south of Japan. The
cyclonic anomaly and wet ISO anomaly move southward to
the Philippine Sea on day — 6. Then, this wet ISO anomaly
extends westward to cover all the WNP region on day 0. We
call this group the westward cluster, in which the westward
propagating wave train is normally related to the quasi-
biweekly oscillation (Kikuchi and Wang 2009). Associated
with this local oscillation within the WNP, a northward
propagation of wet phase of ISO from the central equatorial
Indian Ocean to South Asia is also observed.

The second cluster, which is called northeastward clus-
ter, shows northeastward propagation from the equatorial
Indian Ocean to the WNP (Fig. 4b), and is related to the
canonical northeastward propagation of the boreal-sum-
mer ISO (Wang et al. 2009). The wet boreal-summer ISO,

@ Springer



H.Wang et al.

30Nt
20N
10N}

EQ},
108

30N
20N
10N

EQ},
108

30N
20N
10N}

EQyp
108

30N
20N
10N

EQ},
108

30N
20N
10N

EQ},
108

1-10

60E 90E 120E 150E 180E

60E 90E 120E 150E 180E

Fig.3 Climatology and diversity of ISO over the WNP. Composite OLR intraseasonal anomalies (W m~2) from day —27 to day 0 with interval
of 3days for all selected ISO events over the WNP. Shading shows significant signals at the 90 % confidence level

initiated from the central equatorial Indian Ocean on day
— 27 (not shown), propagates northeastward and forms a
northwest-southeast tilted rain band on day — 12 across
South Asia and the MC. This rain band can pass over the
MC without being suppressed and move to the western
Pacific; then, it propagates northward to the WNP, accom-
panied by strong cyclonic wind anomaly.

The third cluster, which is called northwestward cluster,
exhibits northwestward propagation of a dipole structure
across the Indian Ocean and western Pacific. This dipole
is separated by the MC where no significant intraseasonal
convection anomaly is observed (Fig. 4c). On day — 12, a
zonal dipole structure with its dry phase over the WNP and
its wet phase over South Asia is observed, accompanied by
another dipole structure in the equator, with wet phase in
the western Pacific and dry phase over the central Indian
Ocean. This equatorial dipole structure then propagates
northwestward and reaches South Asia and the WNP on
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day 0, followed by another out-of-phase dipole formed
near the equator.

Our northeastward cluster is related to the simultaneous
northward and eastward propagation defined by Pillai and
Sahai (2015), which focused on the ISO originated from the
central equatorial Indian Ocean. The Indian Ocean part of
our northwestward cluster is partly related to the northward-
only propagation in Pillai and Sahai (2015), while there is no
significant signal over the Pacific related to their northward-
only propagation over the Indian Ocean.

For these three clusters of ISOs over the WNP, the MSE
anomalies also show westward, northeastward, and north-
westward propagations. Their MSE anomalies coincide with
the OLR anomalies very well (Fig. 5), which means that the
MSE analysis is suitable for representing the propagation
of the ISO over the WNP and for diagnosing its diversity.

The MSE budget analysis is carried out to understand the
relative importance of the components of the MSE budget
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(a) Westward (41 events) (b) Northeastward (53 events) (c) Northwestward (40 events)
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Fig.4 Three types of ISO over the WNP. Composite intraseasonal
OLR (W m~2) and 850-hPa wind (m s~ ') anomalies from day — 12
to day O during boreal summer for a westward, b northeastward, and

in different propagations of the three clusters. The positive
MSE tendency anomaly in front of the convection, which
favors the ISO propagation, is found in all three clusters
(not shown). Let us take day — 6 as an example (Fig. 6).
The positive MSE tendency over the WNP is found in the
west (Fig. 6a), northeast (Fig. 6b), and northwest (Fig. 6¢)
of the convective center for the three clusters, respectively.
This positive MSE tendency for all three clusters is mainly
contributed by horizontal advection. The vertical advection
also has a positive feedback, but is very weak compared with
the horizontal advection. The surface heat fluxes, including
both latent and sensible heat fluxes, show negative anoma-
lies over the WNP. The radiative heating rate is in phase
with the convective center, maintaining the ISO rather than
favoring its propagation. To sum up, the horizontal MSE
advection contributes to these different propagations of the
three clusters, which is consistent with previous findings on
the boreal-summer ISO (Gonzalez and Jiang 2019; Wang
and Li 2020). The radiative heating, however, provides an
instability source for the ISO development.

We want to mention that this column-integrated MSE
budget is not closed, especially over the Indian Ocean. This
feature was mentioned in previous studies (Kiranmayi and

60E 90E 120E 150E 180E  60E 90E 120E 150E 180E  60E 90E 120E 150E 180E

¢ northwestward clusters. Shading and vector indicate significant
anomalies at the 90 % confidence level

Maloney 2011; Kim et al. 2014), which can originate from
the analysis increment in the model assimilation system
(Kim et al. 2014).

5 Background-affected ISO diversity

Previous studies showed that the background mean state
such as SST, humidity, and vertical shear can modulate
the propagation of MJO and boreal-summer ISO (Liu et al.
2016; Wu and Cao 2017; Wang et al. 2019a; Wang and Li
2019). Figures 7 and 8 show composited background SST
and column-integrated MSE anomalies as well as vertical
wind shear of selected ISO events for the three clusters,
where ISO events with higher silhouette values indicate
larger similarity in their own groups. The background SST
anomalies associated with the westward cluster depend on
the selection of ISO cases with different similarities, and the
positive SST anomalies over western Indian Ocean are more
significant for the composite ISOs with larger similarity
(Fig. 7a). The background eastern equatorial Pacific warm-
ing only occurs for those ISOs that are poorly matched with
the westward propagation. The negative Pacific Meridional
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Fig.5 Moist static energy (MSE) of three types of ISO over the
WNP. Same as Fig. 4, except for MSE (J m™~2). Composite intra-
seasonal OLR anomalies are shown by contours. Solid and dashed

Mode (Chiang and Vimont 2004) and La Nifia-like back-
ground are observed for the northeastward cluster, and the
background anomalies are stable for the ISOs with different
similarities (Fig. 7b). Note that even in the northeastward
ISO events with large similarity, La Nifia-like signals are
not statistically significant, and the SST anomaly is mainly
dominated by the negative Pacific Meridional Mode. The
positive Pacific Meridional Mode is observed for the north-
westward cluster, and the El Nifio-like background only
occurs for the ISOs with large similarity (Fig. 7c).

More significant background column-integrated MSE
and vertical wind shear (defined by the difference between
200- and 850-hPa zonal winds) changes are also observed
for the ISOs with larger similarity associated with these
SST changes (Fig. 8). For the westward cluster (Fig. 8a),
significant positive background MSE anomalies over the
western Indian Ocean and negative or neutral background
MSE anomalies around the MC show a clear indication of
the westward background MSE gradient anomalies over the
Indian Ocean as well as background westerly vertical shear
anomalies. The eastward propagation of the MJO over the
Indian Ocean is supposed to be suppressed by the west-
ward gradient of background MSE anomalies and westerly
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contours indicate OLR anomalies great than 5Wm~2 and less than
—5Wm™2, respectively, with contour interval of 5Wm™2

vertical shear anomalies (Adames and Kim 2016; Liu and
Wang 2016; Jiang 2017). Therefore, no ISO originated from
the Indian Ocean can pass over the MC and reach the WNP
(Fig. 4a).

The weak positive background column-integrated MSE
and associated easterly vertical shear anomalies over the
western Pacific are confined near the equator (Fig. 8a),
which cannot support the development of the ISO over the
off-equatorial region before entering the monsoon trough.
The negative background MSE anomalies over the WNP
tend to weaken ISO amplitude, while it cannot prevent the
ISO within the WNP because the mean MSE is 2.5 x 107 J
m~2, which is much larger than the anomaly of — 1.3 x 10°J
m~ 2 within the monsoon trough. Consequently, the ISO over
the WNP is separated from the equatorial ISO and exhibits a
local oscillation, which is dominated by the westward propa-
gation within the WNP.

For the northeastward cluster, the background eastward
MSE gradient anomaly from the Indian Ocean to the MC is
observed (Fig. 8b), which is associated with the cold SST
anomalies over the eastern equatorial Pacific and tropical
North Pacific (Fig. 7b), favoring the eastward propagation
of the ISO originated from the Indian Ocean (Adames and
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MSE budget terms (W m~2) of MSE tendency, horizontal advection
(meridional and zonal), vertical advection, surface heat fluxes (latent
and sensible), and radiative heating rate (shortwave and longwave) at

Kim 2016; Liu and Wang 2016). Therefore, the ISO over
the WNP is related to the northeastward propagation of the
ISO originated from the Indian Ocean. The western Pacific
is dominated by negative MSE and westerly vertical wind
shear anomalies, resulting in suppressed ISO there (Fig. 4b).
For the northwestward cluster, different from the west-
ward cluster whose background changes are only confined
near the equator, strong positive MSE and easterly verti-
cal wind shear anomalies over the western Pacific extend to
20°N (Fig. 8c), favoring the development and propagation
of the ISO there. As a result, the ISOs, separated by the
MC with negative background MSE anomaly, can prevail
over the western Pacific and Indian Ocean through the local
Walker circulation, forming a dipole structure (Fig. 4c).
The background changes include both annual cycle part
and internal variability part from interannual to interdecadal
time scales. The annual cycle is defined by the daily clima-
tology for each calendar day. The internal variability part is
calculated by performing composite on the anomalies with
respect to the annual cycle (Fig. 9a, b). The annual cycle
part is calculated by performing composite on the annual
cycle, and the summer average is removed (Fig. 9c, d). For

-40
120E  150E 180E 60E  90E  120E  150E  180E

day —6 for a westward, b northeastward, and ¢ northwestward clus-
ters. Solid and dashed contours indicate OLR anomalies great than
5Wm~2 and less than —5Wm™2, respectively, with contour interval
of 5Wm™?2

those ISOs with large similarity, the background anomalies
are mainly determined by the interannual-to-interdecadal
variability for the northeastward and northwestward clusters,
while the westward cluster is controlled by both the annual
cycle and interannual-to-interdecadal variability.

6 Summary and discussion

The WNP ISO is the strongest from June to October, which
has an important impact on the intraseasonal variability of
the Asian summer monsoon system. We draw the conclusion
that the leading mode of the ISO over the WNP exhibits in-
phase anomalies between the South China Sea and Philip-
pine Sea. The selected 139 WNP ISO events differ from each
other in terms of their propagations, and can be classified
into westward, northeastward, and northwestward clusters
using the K-mean cluster analysis. The westward cluster
is characterized by local westward propagation within the
WNP, which is related to the quasi-biweekly oscillation. The
northeastward cluster is related to the canonical propagation
of the boreal-summer ISO originated from the equatorial
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Fig.7 Background SST changes associated with three types of ISO
over the WNP. Background SST (K) are obtained by composit-
ing the 61-day average of daily anomalies (derived from climato-
logical boreal summer) with center on day O of selected ISO events
with silhouette value (SV) larger than 0, 0.01, 0.02, 0.03, 0.04, and
0.05 for a westward, b northeastward, and ¢ northwestward clus-
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ters. The black and green boxes denote the WNP (110°-140° E,
10°-22.5° N) and western equatorial Pacific (140°-180° E, 5° S-5°
N), respectively. Number at bottom right corner indicates the number
of selected ISO events in each cluster. Stippling indicates significant
anomalies at the 90 % confidence level

c) Northwestward
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Fig.8 Background MSE and vertical wind shear changes associated
with three types of ISO over the WNP. Same as Fig. 7, but for verti-
cally integrated MSE (shading; J m~2) and vertical wind shear (con-

Indian Ocean. The northwestward cluster, however, is
denoted by a northwestward propagation of a dipole struc-
ture across the western Pacific and central Indian Ocean.
The MSE exhibits divergent propagations associated with

@ Springer

tour; m s~ 1). Solid and dashed contours indicate vertical westerly and
easterly wind shear anomalies, respectively, with contour interval of
10ms™!

these three clusters. The MSE tendency leading the ISO
propagation is mainly contributed by horizontal advection,
while radiative heating mainly works to maintain the ISO
development.
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Fig.9 Internal variability and seasonal cycle of mean state changes.
Same as Figs. 7 and 8, except for a, b internal variability with anom-
alies derived from climatological annual cycle and for ¢, d climato-

The three clusters are partly affected by the background
changes, especially for those ISO events with large similar-
ity, as summarized in Fig. 10. The westward cluster is related
to a positive SST anomaly over the western Indian Ocean,
and the westward gradient of background MSE anomaly pre-
vents the eastward propagation of equatorial ISO (Fig. 10a).
The northeastward cluster is enhanced by the eastward gra-
dient of background MSE anomaly from the Indian Ocean
to the MC associated with a negative Pacific Meridional
Mode and La Nifa-like background (Fig. 10b). The positive
background MSE and easterly vertical wind shear anoma-
lies over the western Pacific, associated with the positive
Pacific Meridional Mode and EI Nifio-like pattern, enhance
the western Pacific ISO, which couples with out-of-phase
ISO over the Indian Ocean through a local Walker circu-
lation to form a northwestward propagating dipole mode
(Fig. 10c). These associated background changes mainly
come from interannual-to-interdecadal variability for the
latter two clusters, but come from both annual cycle and
internal variability for the westward cluster.

Compared with the large background changes asso-
ciated with the diversity of boreal-winter MJO (Wang
et al. 2019a), the background changes associated with the

logical annual cycle. Only ISO cases with silhouette value larger than
0.05 are composited

60E 90E 120E 150E 180 150W 120W 0w 60w

Fig. 10 Schematic diagrams for three types of ISO over the WNP.
Shown are different ISO propagations and associated mean state
changes for a westward, b northeastward, and ¢ northwestward clus-
ters. Clouds denote ISO convective center. Light blue and orange
colors denote wet and dry phases of the ISO, respectively. Arrow
denotes propagation of convection. Red shading denotes positive SST
anomaly, and blue shading denotes the negative one. Rectangles are
key regions with different changes of mean state
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diversity of boreal-summer WNP ISO are relatively weak.
This indicates the boreal-summer diversity is only partly
determined by the background mean states, and atmos-
pheric internal process also contributes to this diversity,
challenging accurate prediction of the boreal-summer
WNP ISO.

Due to the mean state-determined ISO diversity over the
WNP, a new empirical subseasonal prediction system needs
to consider these different types of mean states and asso-
ciated diversity. A thorough investigation of whether our
models can simulate this diversity of the ISO over the WNP
should be carried out in the future, since our current simula-
tions of boreal-summer ISO still face a big challenge (Lee
et al. 2015; Neena et al. 2016; Jie et al. 2017).
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