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Abstract Boreal summer intraseasonal oscillation (BSISO) profoundly impacts Northern Hemisphere
monsoon onsets and breaks, tropical cyclones, and many climate extremes. BSISO exhibits more complex
propagation patterns than the dominant eastward propagation of the Madden-Julian Oscillation.
Previous studies have extensively examined the dominant northeastward propagating BSISO mode and
its northward component, but this mode only accounts for about half of the total cases. We conducted

an objective cluster analysis of the two-dimensional BSISO propagation and revealed two new forms of
BSISO propagation besides the northeastward propagation: the dipolar northward propagation and the
eastward expansion. We investigate processes governing the different propagation forms using moisture
tendency analysis. We show that the propagation diversity is related to BSISO’s circulation structural
asymmetries and the associated moistening processes. The Rossby-wave component in the background
zonal wind shear favors northward propagation while the Kelvin-wave component favors eastward
propagation. The circulation differences are affected by the variation of background states, especially
those season-dependent variations. The results provide insights into the BSISO diversity and potential
precursors for foreseeing BSISO propagation.

1. Introduction

Tropical intraseasonal oscillation (ISO) exhibits pronounced seasonality (Madden, 1986; B. Wang &
Rui, 1990). The boreal summer intraseasonal oscillation (BSISO), active mainly over the Indo-Pacific warm
pool region, is more complicated than its winter counterpart, the Madden-Julian Oscillation (MJO) (Mad-
den & Julian, 1971, 1972), due to the coexistence of equatorial eastward, off-equatorial westward, and north-
ward propagating low-frequency modes and their interactions (Lau & Chan, 1986; Pillai & Sahai, 2016; B.
Wang & Xie, 1997).

The BSISO has profound impacts on global weather and climate systems (Krishnamurti & Subrahman-
yam, 1982; Zhang, 2013), such as monsoon onsets and breaks (T. C. Chen et al., 2000; B. Goswami, 2012;
B. N. Goswami & Xavier, 2003; Krishnamurthy & Shukla, 2000; Sikka & Gadgil, 1980), tropical cyclones
(B. N. Goswami et al., 2003; Moon et al., 2018; Nakazawa, 1986), floods and droughts (Parthasarathy &
Mooley, 1978; Yihui et al., 2004), extreme surface temperature (Naumann & Vargas, 2010), and many more.
Successful prediction of BSISO is of great social and economic concern, but it remains a significant chal-
lenge (S.-S. Lee et al., 2015; J. Neena et al., 2017; J. M. Neena et al., 2014). One of the problems is that the
numerical model cannot realistically simulate the propagation features of the BSISO, such as the northward
propagation over the Asian monsoonal regions (Jiang et al., 2018; J. Neena et al., 2017).

Besides eastward propagation from the Indian Ocean (I0) to western Pacific (WP), BSISO exhibits salient
northward propagation over the Asian-Pacific monsoon region and off-equatorial westward propagation
over the northern WP (T. C. Chen & Murakami, 1988; Kemball-Cook & Wang, 2001; Krishnamurti & Sub-
rahmanyam, 1982; Lau & Chan, 1986; Murakami et al., 1984; B. Wang & Rui, 1990; Yasunari, 1979, 1980).
Statistically, the canonical BSISO, defined as the leading modes of multivariate empirical orthogonal
function (EOF) analysis on outgoing longwave radiation (OLR) and low-level wind anomalies (Kikuchi
et al., 2012; JI.-Y. Lee et al., 2013; Wheeler & Hendon, 2004), usually originate from the equatorial IO and
propagates eastward and northward simultaneously, forming a northwest-southeast tilted convection band
due to stretching by the eastward and northward propagation and finally decaying over the South China Sea
(SCS). However, there is a considerable deviation from this canonical form, manifested by the diverse phase
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evolution of individual events (J.-Y. Lee et al., 2013). It was shown that the canonical northeastward propa-
gating BSISO accounts for about only half of the BSISO events (Pillai & Sahai, 2016; B. Wang & Rui, 1990)
that have origins over the IO. Besides the canonical propagation form, it was also found that there are inde-
pendent northward propagating BSISO (Pillai & Sahai, 2016; B. Wang & Rui, 1990). The propagation tracks
of BSISO also show sub-seasonal dependence (Kemball-Cook & Wang, 2001). Comprehensive knowledge
of the causes of diverse BSISO propagation tracks is critical for understanding BSISO propagation mecha-
nisms and improving model simulation and prediction of BSISO.

A pilot study of MJO diversity was focused on northern winter MJO (B. Wang et al., 2019). The MJO diver-
sity was studied by cluster analysis on one-dimensional equatorial eastward propagation of the MJO. How-
ever, the study of the BSISO diversity requires an analysis of two-dimensional (2D) movement of the BSISO
convective activity. Such an objective and systematic study has not yet emerged. Previous studies on BSISO
diversity are either subjective (e.g., B. Wang & Rui, 1990) or not systematic (e.g., Pillai & Sahai, 2016, in that
study the propagation directions are pre-defined). This work attempts a systematic and objective description
of BSISO propagation diversity and an in-depth grasp of underlying mechanisms.

The frequency of BSISO has two spectrum peaks. One is on a 30-80 day period, and the other is on a 10-30
day period (J.-Y. Lee et al., 2013). In this study, we focus on the 30-80 day regime. Moreover, we focus on
those BSISO events that originate from IO, as IO is a primary origin for BSISO events (Lau & Chan, 1986;
B. Wang & Rui, 1990). We will reveal the diversity of 2D propagation forms associated with the observed
BSISO using an objective and systematic method, and explore the causes of propagation diversity to seek
potential precursors for predicting the BSISO propagation. The results may advance our understanding of
the mechanisms governing the complex BSISO propagation behaviors and improve the BSISO simulation
and prediction.

2. Materials and Methods
2.1. Data and Method

The daily averaged OLR data on a 2.5° squared resolution from NCEP/NOAA interpolated OLR data set
(Liebmann & Smith, 1996) for the period of 1979-2016 (38 years) are used here to represent the convection
signals over the tropics. For the horizontal and vertical winds, temperature, geopotential height, specif-
ic humidity, and sea surface temperature (SST), we use daily averaged ERA-Interim reanalysis data (Dee
et al., 2011). The surface latent flux is also obtained from ERA-Interim. The reanalysis data were interpo-
lated to 2.5° x 2.5° grids in order to match with the OLR data. The anomalous intraseasonal fields were
obtained by first removing the time mean and climatological annual cycle, and then applying a 30-80 day
band-pass filter (Duchon, 1979).

2.2. Cluster Analysis

Following B. Wang et al. (2019), the K-means cluster analysis is used to objectively classify the BSISO events
according to their propagation patterns. The K-means method clusters data by dividing the samples into
several groups of equal variances, minimizing a criterion known as within-cluster sum-of-squares (Kau-
fman & Rousseeuw, 2009). In short, the K-means method finds a classification of data such that objects
within each cluster are as close to each other as possible, and as far from objects in other clusters as possible.

To apply K-means method to cluster BSISO events, the first step is to identify individual BSISO event. Since
the equatorial IO is a popular origin for the BSISO events (Lau & Chan, 1986; B. Wang & Rui, 1990), we
define a BSISO event if the box-averaged intraseasonal OLR over the equatorial IO (5°S-10°N, 80°-100°E)
is below its mean minus one standard deviation. There are 102 events during the 38 year (1979-2016) boreal
summer (May to October) period. We choose a reference date, defined as day 0, for a selected BSISO event
as the day when the box-averaged OLR over equatorial I0 (5°S-10°N, 80°~100°E) reaches its minimum.

The second step is to apply cluster analysis to the sequential pentad mean maps of the intraseasonal OLR
anomalies associated with the selected events. As the duration of a phase (out of total eight phases for a
cycle) for the 30-80-day BSISO modes is about a pentad, using sequential pentad mean maps could well de-
pict the phase evolution of the BSISO. The pentad 0 is defined as the pentad mean of intraseasonally filtered
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daily data with the central date being day 0. Pentad 1 (—1) is defined as pentad mean succeeding (preceding)
pentad 0, and so on. The temporal domain for cluster analysis is from pentad —1 to pentad 3, while the spa-
tial domain is from 60°E to 170°E and 15°S to 25°N. A five-point zonal running mean smoothing is applied
to the pentad maps to remove small scale noises before applying the cluster analysis.

In K-means cluster analysis, a “distance” between each object in data must be defined so that we can meas-
ure how close each cluster member is to the corresponding cluster centroid. Here, we use squared Euclidean
distance as the metric of “distance.” To perform the K-means analysis, one needs to specify the number of
clusters, which is determined by the silhouette values that measures how well a cluster member is clustered.
The optimal cluster number is determined if an increase of cluster number leads to a sharp decrease of
mean silhouette value. Based on this criterion, three clusters are optimal for the selected BSISO events. In
our analysis, the cluster members with silhouette values lower than 0.05 are further excluded from the cor-
responding clusters as they are considered “poorly” clustered. By removing 13 “outliers,” 89 events remain
in the three clusters.

The composite analysis is then applied to the three BSISO clusters to compare their structures. To remove
small scale noise, a five-point zonal running mean smoothing is applied to the intraseasonally filtered data
when performing the composite analysis.

2.3. Moisture Tendency Diagnosis

As the tropical precipitation or convection activity is tied to the column integrated moisture (Bretherton
et al., 2004), we will analyze the moisture budget to diagnose the propagation mechanisms of the BSISO
convection. The vertically integrated moisture equation is:

XD _ Ly ey - %y _ 0y
=YV gl (0 /L )

where q is the specific humidity, V is the horizontal components of the wind, @ is the vertical velocity, and L
is the latent heat of vaporization. The angle brackets represent mass-weighted vertical integration from 1,000
to 200 hPa, and the primes denote the intraseasonal component. O, is the moisture sinks defined by Yanai
et al. (1973). In tropics, the O, to some extent represents the condensational heating. (Q,) / L = (P - E) rep-
resents the column integrated moisture sinks, where P is the precipitation (condensation) and E is the evap-

oration. Since in the convection zone, the vertical moisture advection often collocates with the condensation

. . N ’ N ’

and they tend to cancel each other, we define an in-column process as —(a)a—q) - QT’D —-E' = —(a)a—q) -P
P P

, which represents the net vertical moistening due to convection and large-scale dynamics. The terms of

Equation 1 are first calculated by daily data and then the filtering process described above was applied to

the variable to retrieve the intraseasonal component.

To further identify the relative contribution of eddy-eddy and eddy-mean flow interactions on the horizon-
tal moisture advection, we decompose each variable into a background low-frequency (>90 days) compo-
nent, an intraseasonal component (30-80 days), and a high-frequency (<30 days) component. Thus, the
horizontal moisture advection can be expressed as:

~V -Vg) =~V'-Vg) =V -Vq) =¥V Vg +res’ )

where overbar denotes background low-frequency component, asterisk denotes high frequency component,
and res” denotes the residual term of the horizontal moisture advection.

3. Diversity of BSISO Propagation and the Associated Circulation Features

102 BSISO events during the 38 year (1979-2016) boreal summer (May to October) period are identified
based on the convective anomalies over the equatorial IO (5°S-10°N, 80°-100°E). The K-means analysis
clusters these BSISO events into three optimal clusters (see Materials and Methods section for details).
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Figure 1. Time evolution of OLR and low-level circulation for the three BSISO modes. Shown are composited OLR anomalies (shading, in units of W m™), 850
hPa normalized geopotential height anomalies (contour with an interval of 0.3), and anomalous winds (vector, in units of m s™) from pentad —2 to pentad 3 for
(left column) the canonical mode, (middle column) the northward dipole mode, and (right column) the eastward expansion mode. The solid contour indicates
positive value, the dashed contour indicates negative value, and the zero contour is omitted. The normalized geopotential height anomaly on each grid point

is obtained through dividing the geopotential height anomaly by its corresponding standard deviation. Pentad 0 (denoted as P 0) is the pentad mean with day

0 (when the equatorial Indian Ocean OLR reaches a minimum) being the central date, and pentad 1 is the pentad succeeding the pentad 0. The OLR and wind
vectors are only shown for those above the 95% confidence level.

Figure 1 shows that the three BSISO clusters exhibit distinct 2D propagation forms. In the first cluster (left
column), the enhanced convection originates from IO (pentad —2) and propagate northward and eastward
simultaneously, stretching into a tilted convection band from India to the equatorial WP. The period of this
cluster is about 40 days, implied by the out-of-phase relation between pentad —1 and pentad 3. This cluster
essentially resembles the leading BSISO mode defined by the multivariate EOF (J.-Y. Lee et al., 2013; Wheel-
er & Hendon, 2004). Therefore, we refer to this cluster as canonical mode.

The second cluster (middle column) features a northward propagating east-west seesaw dipole between
the 10 and WP. This is manifested by the northward propagation of a dipole (with enhanced convection
over 10 and suppressed convection over WP) from equator (pentad —2) to India and SCS (pentad 3). Note
that as this dipole propagates northward, there is a reversed dipole developed to its south (pentad 2 and 3),
signifying the development of second half cycle. Since the northward propagation is predominant in this
cluster without eastward propagation, we refer to this cluster as northward dipole mode. The period for this
cluster is bout 40-50 days.
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The third cluster (right column) is a relatively weak eastward propagating mode with an approximate 40 day
period. Note that the enhanced convection center over central IO is primarily stationary (not propagating)
from pentad —1 to +1 but with an intensification from pentad —1 to pentad 0. The eastward “propagation”
in this cluster is essentially a sudden eastward expansion of convection anomalies from the IO to WP on
pentad 0 and followed by the decay of convection over the 10 and WP from pentad 1 to 2. For this reason,
we call it eastward expansion mode.

What are the circulation features associated with these BSISO modes? In tropics, the circulation associated
with the low-frequency convective heating is primarily depicted by the Kelvin-wave response and the Ross-
by-wave response (Gill, 1980). The Kelvin-wave response to the east of enhanced convection heating in low
level is manifested as low pressure and easterly wind anomalies that have Gaussian distribution about equa-
tor, while the Rossby-wave response to the west of enhanced convection heating in low level is manifested
as a pair of cyclonic gyres straddling about the equator, with westerly wind anomalies over the equator and
easterly wind anomalies to the north of equator.

As shown by Figure 1, a noticeable feature distinguishing the modes having eastward propagation (the ca-
nonical mode and eastward expansion mode) and the northward propagating dipole mode is the strength of
the Kelvin-wave response to the east of convection. In the canonical mode and eastward expansion mode,
there are prominent signals of Kelvin-wave response to the east of the enhanced IO convection (e.g., pen-
tad —1 to 1). In contrast, in the northward dipole mode the signals of Kelvin-wave response to the east of
the convection anomalies are weak (pentad —1 and 0) or absent (other pentads). On the other hand, the
strength of the Rossby-wave zonal winds to the north of the equatorial convection anomalies distinguishes
the modes having northward propagating (the canonical mode and the northward dipole mode) and the
eastward expansion mode. In the canonical mode and the northward dipole mode, the Rossby-wave re-
sponses are more zonally oriented, and the associated zonal wind anomalies are significant, while in the
eastward propagating mode the Rossby-wave response is more meridionally elongated (pentad 0 and 1), and
the associated zonal wind anomalies are weak.

The finding here suggests that different propagation patterns of BSISO are associated with distinct circu-
lation structures along the propagation directions. This view expands the previous finding that the MJO
eastward propagation is associated with the zonal circulation asymmetries (B. Wang & Lee, 2017; B. Wang,
Lee, et al., 2018). The findings here also support that the Kelvin-wave response is a driver for the eastward
propagation of tropical ISO (G. Chen & Wang, 2018, 2019; 2020; Hendon & Salby, 1994; Maloney & Hart-
mann, 1998; Matthews et al., 2004; Salby et al., 1994; B. Wang et al., 2019), while the northward propa-
gation is associated with the Rossby-wave response (DeMott et al., 2013; Hsu & Weng, 2001; K-M. Lau &
Peng, 1990; Lawrence & Webster, 2002; Li, 2014; B. Wang & Xie, 1997).

4. Diagnosis of Moisture Tendency for Eastward and Northward Propagation

How can the circulation structural differences lead to the diverse propagation of BSISO? Since it can be
shown that the convection anomalies shown in Figure 1 are well collocated with the column-integrated
specific humidity anomalies, we will investigate the moisture budget to see what processes generate east-
ward or northward propagation tendency and how these processes are related to the circulation differences
among various BSISO modes.

4.1. Northeastward Propagation of the Canonical Mode

Figure 2 shows the spatial patterns of the moisture budgets for the three BSISO modes on pentad 0. For the
northeastward propagating canonical mode, the positive moisture tendency is located to the northeast of
the IO enhanced convection (Figure 2a), signifying the northeastward propagation. The horizontal mois-
ture advection contributes to the positive tendency to the north of the IO convective center (Figure 2d),
which is principally collocated with the Rossby-wave zonal wind anomalies, consistent with previous stud-
ies (Adames et al., 2016; Jiang et al., 2018). Figure 3 further quantifies each term’s relative contribution to
the positive tendencies over the IO sector (50°-100°E). It confirms that the horizontal moisture advection is
the main process causing the northward propagation tendency. It can be shown that this positive horizon-
tal moisture advection is dominated by the advection of background moisture by the intraseasonal winds
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Figure 2. Moisture budget on pentad 0 for the three BSISO mode. The first row shows the OLR anomalies (shading, in units of W m™2), the second row shows
the horizontal moisture advection (shading, in units of kg m™ day™), the third row shows the in-column process (combined effect of moistening by vertical
moisture advection and drying by precipitation, shading, in unit of kg m™* day™"), and the fourth row shows the surface evaporation (shading, in units of kg
m™ day™"). Also shown in each penal are the corresponding moisture tendency (contour with an interval of 0.1 kg m™ day™") and 850 hPa winds (vector, in
units of m s™). The solid contour indicates positive value, the dashed contour indicates negative value, and the zero contour is omitted. The wind vectors are
only shown for those above the 95% confidence level.

(Figure 4a), consistent with the previous analysis (Jiang et al., 2018; Pillai & Sahai, 2016). In fact, the ad-
vection of background moisture by intraseasonal winds was found to be an important factor in triggering
the monsoonal active or break conditions over India (Annamalai, 2010). The horizontal moisture advection
also contributes to the positive tendency to the northeast of the IO convection center over the Southeast
Asia (Figure 2d), which is attributed to the advection of intraseasonal moisture by the background mon-
soonal wind (see Figure 5). The advection of intraseasonal moisture anomalies by the background winds
was found to be important in simulating the northward propagation of BSISO (Ajayamohan et al., 2011).
The combined effect of the horizontal moisture advection (Figures 5d and 5g) forms a tilted positive mois-
ture tendency band to the northeast of the IO active convection.

On the other hand, the positive moisture tendencies to the east of the IO enhanced convection over the
equatorial Maritime continent (MC) are mainly attributed to the in-column process (Figure 2g), which
leads to eastward propagation of IO enhanced convection toward the MC (Figures 1g and 1j). This contrasts
with the MJO in boreal winter, of which the horizontal moisture advection is found to play a more signifi-
cant role for the eastward propagation (Jiang, 2017; Jiang et al., 2020; Kim et al., 2014, 2017; Maloney, 2009).

This in-column process over MC, the net vertical moistening due the convection and large-scale dynamics,
is associated with the circulation anomalies in the east-west direction. Figure 6a shows that to the east of the
IO enhanced convection center, the low-level moistening coincides with the ascending motions induced by
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Figure 3. The moisture budget over different regions: (a) I0 (50°-100°E averaged) and (b) equatorial IO-WP (5°S-5°N
averaged) for the canonical mode; (c) IO (50°-100°E averaged) and (d) MC-WP (120°-160°E averaged) for Northward
Dipole mode; (e) equatorial IO-WP (5°S-10°N averaged) for eastward expansion mode.

the boundary layer convergence, suggesting that the shallow and congestus convection induced by the Kel-
vin-wave-related boundary layer convergence plays an important role in generating the eastward moisture
tendency (Adames, 2017; G. Chen & Wang, 2018; B. Wang et al., 2019; L. Wang & Li, 2020).

As also shown by Figures 2j and 3b, the evaporation contributes to the positive moisture tendencies over the
equatorial central Pacific. These evaporation anomalies are caused by the Kelvin-wave easterly anomalies
superposed on the background mean easterly flows over the equatorial central Pacific.

In short, the northward propagation of the canonical mode over 10 is mainly driven by the moistening
caused by horizontal moisture advection associated with the Rossby-wave response, while the eastward
propagation along equator is mainly driven by the moistening caused by in-column process associated with
the Kelvin-wave response.
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Figure 4. Different components of horizontal moisture advection over IO
region (50°-100°E averaged) for the (a) canonical mode and (b) northward
dipole mode. The red line denotes the total moisture advection, the blue
line the advection of background (>90 days, denoted as L) moisture

by intraseasonal (30-80 days, denoted as I) wind, the orange line the
advection of intraseasonal moisture by background wind, the brown line
the advection of high-frequency (<30 days, denoted as H) moisture by
high-frequency wind, and the dashed black line the residual term. The
residual term is obtained by subtracting the blue, orange, and brown lines

from the red line.

4.2. Northward Propagation of the Dipole Mode

For the northward dipole mode, there are positive (negative) moisture
tendencies to the north of the IO (WP) enhanced (suppressed) convection
(Figure 2b), signifying a dipolar northward propagation. However, the
mechanisms for the northward propagation in the IO region and the WP
region are different. In the IO region, the northward propagation mech-
anism is the same as the canonical mode. The positive tendencies to the
north of the I0 enhanced convection are dominated by the horizontal
moisture advection (Figures 2e and 3c), which is attributed to the ad-
vection of background moisture by the zonal wind of the Rossby-wave
response (Figure 4).

On the other hand, the negative moisture tendencies over the Philippine
Sea, which signify the northward movement of the WP suppressed con-
vection, are largely explained by the in-column process and evaporation
(Figures 2h, 2k, and 3d). These negative in-column process and evapora-
tion anomalies are associated with the underlying negative SST anoma-
lies (Figure 7). The negative SST anomalies could induce negative surface
evaporation anomalies and anomalous boundary layer divergence that
leads to negative vertical moisture advection (in-column process) anom-
alies. Note that the generation of negative SST anomalies (Figure 7h) can
be attributed to the Rossby-wave zonal winds in the previous pentads
(pentad —2, Figure 7b), which induces positive evaporation anomalies
(Figure 8) that cools the sea surface (Figure 7). Thus, it suggests that the
northward propagation over WP is associated with the air-sea interaction,
consistent with the previous results on the northward propagation mech-
anism of the ISO over the WNP (Hsu & Weng, 2001; Liu & Wang, 2014;
B. Wang & Zhang, 2002; T. Wang, Yang, et al., 2018; Yang et al., 2020).

In the northward dipole mode, there are also positive moisture tenden-
cies over the equatorial MC-WP region (Figure 2b). Why did not the
positive tendency lead to eastward propagation? Note that these equa-
torial positive moisture tendencies are attributed to both the horizontal
advection (Figure 2¢) and the in-column process (Figure 2h). However,
the horizontal moisture advection is located in the off-equatorial region,
which tends to attenuate the suppressed convection over the northern
WP rather than stimulate equatorial eastward propagation. On the other
hand, the Kelvin-wave response is weak (Figure 2h), so the shallow and
congestus convection and the associated low-level moistening are weak
(Figure 6b) compared to the canonical mode, explaining why there is no
eastward propagation of enhanced convection from the IO to MC in the
dipole mode.

In short, the northward propagation of the convection anomalies over
the IO in the northward dipole mode is driven by the same mechanism
as that of the canonical mode, while the northward propagation of the
convection anomalies over the WP is driven by the air-sea interaction.

4.3. Eastward Expansion Mode

For the eastward expansion mode, there are positive moisture tendencies to the east of the enhanced con-
vection, corresponding to the eastward propagation feature. The in-column process (Figure 2i) and sur-
face evaporation (Figure 21) are responsible for these positive moisture tendencies (Figure 3e). These pos-
itive in-column process and surface evaporation anomalies are associated with the Kelvin-wave easterly

anomalies.
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Figure 5. Spatial structures of different components of the horizontal moisture advection for the three BSISO modes. Shown are (first row) total horizontal
moisture advection (shading, in unit of kg m™ day‘l), (second row) the advection of background moisture by intraseasonal wind, (third row) the advection

of intraseasonal moisture by background wind, and (fourth row) the advection of high-frequency moisture by high-frequency wind. Also shown in each

penal are the corresponding moisture tendency (contour with an interval of 0.1 kg m™~> day™") and 850 hPa winds (vector, in unit of m s™"). The solid contour
indicates positive value, the dashed contour indicates negative value, and the zero contour is omitted. The wind vectors are only shown for those above the 95%

confidence level.

On the other hand, the positive moisture tendencies to the north of the enhanced convection are much
weaker than those in the canonical mode and northward dipole mode, resulting in no apparent northward
propagation of convection anomalies. This is due to the weak Rossby-wave zonal wind anomalies (Figure 1)
and the associated weak horizontal moisture advection (Figure 2).

In short, the eastward propagation of the eastward expansion mode is driven by the Kelvin-wave response,
while the weak Rossby-wave response leads to no apparent northward propagation.

5. Effects of Background Mean States

As the BSISO propagation diversity is attributed to the circulation differences, what causes these circulation
differences? To seek the essential mechanism that might drive BSISO, we examine the effects of the back-
ground states, as the background states could affect the circulation features of the BSISO.
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Figure 7. The evolution of SST anomalies associated with the three BSISO mode. The shading denotes the SST anomaly (in units of °C), the contour denotes
the moisture tendency (contour with an interval of 0.1 kg m~2 day™"), and the vector denotes the 850 hPa wind (in units of m s™). The solid contour indicates
positive value, the dashed contour indicates negative value, and the zero contour is omitted. The SST and wind anomalies are only shown for those above the
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For the northward propagation, the winds of Rossby-wave response affect the moisture advection and air-
sea interaction. What controls the strengths of the Rossby wave response? We speculate that the background
circulation plays a salient role as the theory indicates that the background circulation can significantly
affect the Rossby wave response (B. Wang & Xie, 1996; Xie & Wang, 1996).

The variation in the background circulation can be caused by the seasonal variation of the BSISO. To see
this, Figures 9a-9c show the frequency distribution of the three BSISO modes. It reveals that the canonical
mode tends to occur in May-June and the late summer season (September to October), the northward dipole
mode prefers to occur in May to June, and the eastward propagating mode occurs dominantly in the tran-
sitional season (May and October). The ,{2 tests (Wilks, 2014) show that the frequency distributions of the
three BSISO modes are significantly different from uniform distribution.
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Figure 8. The evolution of surface evaporation anomalies associated with the three BSISO mode. The shading denotes the surface evaporation anomaly (in
units of kg m™ day™"), the contour denotes the moisture tendency (contour with an interval of 0.1 kg m~> day™"), and the vector denotes the 850 hPa wind (in
units of m s™). The solid contour indicates positive value, the dashed contour indicates negative value, and the zero contour is omitted. The wind anomalies are
only shown for those above the 95% confidence level.

As a consequence of seasonal dependence, the background circulation (Figures 9d-9g) exhibits salient dif-
ferences between the modes having northward propagation (canonical mode and the northward dipole
mode) and the eastward expansion mode. The northward dipole mode has the strongest background zonal
easterly shear while the eastward expansion mode corresponds to the weakest easterly shear (Figure 9g).
The maximum difference of the background zonal easterly shear over the IO (averaged between 50°E and
100°E) is about 6.7 (5.1) m/s between the northward dipole (canonical) mode and eastward expansion
mode. These differences in background zonal easterly shear (Figure 9g, solid lines) lead to stronger baro-
tropic vorticity to the north of the IO enhanced convection in the northward dipole mode and canonical
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mode (Figures 6d and 6e). The reason is that strong background zonal easterly shear favors enhancing
the barotropic vorticity through coupling the baroclinic and barotropic modes and transferring energy
from heating-generated baroclinic mode to barotropic mode (Drbohlav & Wang, 2005; Jiang et al., 2004; B.
Wang, 2012; B. Wang & Xie, 1996, 1997; Yang et al., 2019). The enhanced barotropic vorticity explains why
the Rossby-wave zonal wind anomalies to the north of the convection anomalies are stronger in the canon-
ical mode and the northward dipole mode than the eastward expansion mode. The cyclonic barotropic vor-
ticity to north of the convective center could also induce boundary layer moisture convergence, promoting
northward propagation (Drbohlav & Wang, 2005; Jiang et al., 2004).

We also speculate that the variation in the background low-level moisture content (Jiang et al., 2018) may
be another factor contributing to northward propagation, as the background moisture is the energy source
for BSISO convection development and maintenance. The seasonal dependence of BSISO modes also affects
the low-level background moisture distributions. Figures 9h-9k show that the northward dipole and canon-
ical BSISO modes have higher background low-level moisture content over South Asia (80°-110°E) than
the eastward expansion mode. The high background moisture enhances the westward moisture advection
when the Rossby-wave easterly anomalies are prevalent, thereby promoting the northward propagation of
BSISO convection anomalies in the IO.

Why is the Kelvin-wave response so weak in the northward dipole mode that eastward propagation is ab-
sent? Figures 6g-6i show that the zonal extent of the Kelvin-wave response (measured by the equatorial
zonal wind) in the northward dipole mode is considerably shorter than those in the other two BSISO modes.
A smaller zonal scale leads to a weak Kelvin-wave interaction with the boundary layer convergence (G.
Chen & Wang, 2019). Thus, the Kelvin-wave response in the northward dipole mode is weak. Moreover,
the background moisture has prominent meridional asymmetry about the equator in the northward dipole
mode (Figure 9k), which is not favorable for the development of the equatorial symmetric component (such
as the Kelvin-wave response). These two factors conspire to suppress the development of Kelvin-wave re-
sponse in the northward dipole mode, prohibiting its eastward propagation.

6. Concluding Remarks

By using 2-D cluster analysis, the BSISO has been classified objectively into three archetypes: the northeast-
ward propagating (canonical) mode, the northward propagating seesaw dipole mode, and the eastward ex-
pansion mode. Each BSISO mode shows distinct circulation structure. The BSISO modes having northward
propagation (the northward dipole mode and canonical mode) have stronger Rossby-wave zonal winds to
the north of the convection anomalies than the BSISO mode without northward propagation (the eastward
expansion mode). The BSISO modes with eastward propagation (the canonical mode and the eastward
expansion mode) have stronger Kelvin-wave responses to the east of the convection anomalies than the
BSISO mode without eastward propagation (the northward dipole mode). A strong Rossby wave response
leads to northward propagation of convection by moistening the atmosphere to the north via advecting
the low-level background moisture (in the IO region) and through air-sea interaction (in the WP region).
A strong Kelvin-wave response leads to eastward propagation by moistening to the east via enhancing the
in-column process (net vertical moistening due to convection and large-scale dynamics) and surface latent
heat flux (evaporation).

The results here extend the conclusion of previous studies (B. Wang et al., 2019; B. Wang & Lee, 2017) from
boreal winter to boreal summer that the diversity of circulation structures signify diverse ISO propagation.
These results also potentially provide precursors for foreseeing BSISO propagation. For example, a strong
Kelvin-wave component to the east of the convection center suggests subsequent eastward propagation of

Figure 9. Different seasonal dependence of the occurrence for the three BSISO modes and the corresponding background states. (a-c) show the frequency
distributions of the three BSISO modes; (d—f) show the associated vertical shear of background zonal wind (defined as U200-U850, in units of m s™") and (g)
their averaged values over 50°~100°E; (h—j) show the low-level (1,000-600 hPa integrated) background specific humidity (in units of kg m~2) distribution and
(k) their averaged values over 80°-110°E. The frequency distribution for a particular month is calculated as the number of days when the BSISO events (only
the period from day —7 to day 17 is counted) occur in that month. The background states are obtained as a weighted mean of MJJASO monthly data with the
weights being the frequencies shown in (a—c). The thin solid contour indicates positive value, the thin dashed contour indicates negative value, and thick solid

contour is the zero contour.
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the convection center, while a strong Rossby-wave component to the north suggests subsequent northward
propagation.

The diverse circulation structures are affected by the variation of the background state, explained by distinct
seasonal dependences associated with different BSISO modes. The eastward expansion BSISO occurs dom-
inantly in the transitional season (May and October), while the northward dipole BSISO and the canonical
BSISO have peaks during June. In the northward dipole and canonical modes, strong background zonal
easterly shear occurs over the IO, resulting in a strong Rossby wave response. Moreover, the background
low-level moisture distributions are more equatorially asymmetric in these two modes. The strong Ross-
by wave response and large meridional asymmetry in the background moisture distribution conspire to
promote northward propagation over the IO in these two BSISO modes through enhancing the horizontal
moisture advection. On the other hand, the northward dipole BSISO is a convectively coupled system with
arelatively short zonal scale and occurs in a more meridionally asymmetric environment. These conditions
lead to weak or even absent Kelvin-wave response in the northward dipole BSISO, forbidding its eastward
propagation.

In short, this study objectively and systematically identified three types BSISO modes with distinct two-di-
mensional propagation features. The diverse propagation features are attributed to the BSISO circulation
structural differences, which are caused by the variations in the season-dependent background states.

It is interesting to ask whether other forcings could induce background state variation. For example, B.
Wang et al. (2019) have shown that the El Nino-Southern Oscillation (ENSO) and the associated changes of
background SST could regulate the propagation of boreal winter MJO through modifying the background
states. It is found that the three BSISO modes are not closely connected to the background SST change asso-
ciated low-frequency climate modes, such as ENSO or Indian Ocean dipole.

We used the equatorial IO as a reference location for selecting the BSISO events in this work. The reason is
that the equatorial IO is a prevailing origin for the BSISO (Lau & Chan, 1986). Using other reference loca-
tions will have similar results. We have tested the SCS-WP region (110°E-140°E, 5°N-15°N) as a reference
location, the similar three BSISO clusters are found, except that the eastward expansion BSISO is more
off-equatorially located. We have also done analysis on four clusters. It shows that the northward dipole
mode and the eastward expansion mode are also obtained in the four-cluster results, while the canonical
mode splits into two modes with very similar propagation patterns, which may not be physically separable.
Therefore, the three archetypes of BSISO found here are significant and representative.

In this study, the OLR is used as proxy of convection for cluster analysis. We have also performed cluster
analysis on TRMM precipitation data for period of 1998-2018. The results revealed that there are only two
modes identified in the precipitation data, that is, the canonical mode and the northward dipole mode,
while the eastward expansion mode is absent, contrasting to the OLR results. A possible explanation is that
precipitation and OLR have different features in the stratiform zone. If the convection activity is character-
ized by large area of stratiform clouds with light amount of precipitation, the OLR signals will be relatively
strong while the precipitation signals will be relatively weak. This seems to be the case for the eastward
expansion mode, which has stronger stratiform convection, as suggested by Figures 6a-6¢ that the level
of maximum vertical velocity is higher in this mode (around 300 hPa) than the other two modes (around
400 hPa). Thus, in the precipitation data, the eastward expansion mode is hard to be distinguished from
other modes, while in the OLR data it can be distinguished as an independent mode.

The findings here suggest that different BSISO events would have distinct impacts on global weather and
systems. It would be interesting to find out how different BSISO affect the global monsoon systems, tropical
cyclones, extreme weather events, and others. The knowledge obtained here may explain why some models
do not adequately simulate the northward propagation of the BSISO over the Asian monsoonal regions. It
would be of interest to determine how the global climate models in the Coupled Model Intercomparison
Project Phase 6 capture the BSISO propagation diversity, and how the BSISO diversity changes in the future
under global warming.
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