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Abstract

Atmospheric rivers (ARs), which are filamentary objects of
intense water vapor transport, play a critical role in shaping the
hydroclimate of East Asia. While recent studies have improved our
understanding of the climatological features of East Asian ARs, their
temporal variability is still not well understood. This study examines
the subseasonal variability of East Asian ARs that is associated with
the Pacific—Japan (PJ) teleconnection pattern during boreal summer.
The East Asian ARs are strongly modulated by the PJ pattern. During
the positive PJ, the Western North Pacific subtropical high expands
northwestward, and this results in pronounced AR activities over
Korea and Japan. When the negative PJ develops, the subtropical high
retreats southward but extends westward, resulting in enhanced AR
impacts over eastern China. The duration of AR events also increases
in the AR—favorable PJ phases, i.e., positive PJ in Korea—Japan and
negative PJ in eastern China, implying higher risks of hazardous AR
impacts in the respective regions. These changes are closely related
to the PJ—related quasi—stationary moisture transport with a
relatively minor contribution of transient weather systems. This
result suggests that East Asian ARs can be better understood and

predicted by monitoring the PJ pattern.
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Figure 1. The normalized time series distribution of the PJ index
during positive PJ (red line), and negative PJ (blue line). The thin
lines indicate individual PJ event indices, while the thick lines are the
average. The black lines denote the =1 standard deviation of the PJ
index.

Figure 2. The number of positive PJ events (red bars), and negative
PJ events (blue bars) in June, July, and August from 1979 to 2020.

Figure 3. (a) JJA climatology of IVT > 150 kg m~! s7!, vectors), and
850—hPa GPH (gpm, contoured). (b),(c) Asin (a) but for (b) positive
PJ, and (c) negative PJ. (d) JJA climatology of AR frequency (%,
shaded), and 850—hPa (gpm, contoured). (e),(f) Differences of AR
frequency (%, shaded), and 850—hPa GPH (gpm, contoured) from
JJA climatologies for (e) positive PJ, and (f) negative PJ. Only the
statistically significant differences are shown based on two—tailed
student’ s t test at the 95% confidence level. The number of degrees
of freedom corresponds to the number of PJ events. In (a) — (f), the
WNPSH boundary is highlighted by a bold 1,480—gpm contour. The
black boxed regions in (e),(f) denote the Korea—Japan (35—45° N,
124—144"° E) and eastern China (25—35° N, 106—122° E) domains
in this study.

Figure 4. As in Fig. 3d—f{, but derived from the original Guan and
Waliser (2015) algorithms.

Figure 5. (a) JJA climatology of AR precipitation (mm day ', shaded).
(b),(c) Differences in AR precipitation (mm day !, shaded) from JJA
climatologies for (b) positive PJ, and (c) negative PJ. Only the
statistically significant difference is displayed based on two—tailed
student’ s t test at the 95% confidence level. The number of degrees
of freedom corresponds to the number of independent PJ events.
(d)—(f) Asin (a)—(c), but for AR precipitation ratio (%, shaded)



Figure 6. (a),(b) Fraction of AR events for five different AR scales
(see the right diagram) during positive PJ (red line), and negative PJ
(blue line) in (a) Korea—Japan, and (b) eastern China. Filled circles
indicate statistically significant differences between the two PJ
phases based on two—tailed student’ st test at the 95% confidence
level. Red and blue bars represent the difference in fraction (%) from
JJA climatology for positive PJ, and negative PJ, respectively.
Hatched bars indicate statistically significant differences between the
JJA and each PJ phase based on two—tailed student’ s t test at the
95% confidence level. (c¢),(d) Differences in maximum IVT (left y—
axis), and AR duration (right y—axis) for AR events from JJA
climatologies in the (c) Korea—Japan, and (d) eastern China for
positive PJ (red box), and negative PJ (blue box). The ARs whose
centroids are located in the boxed regions in Figs. 3e,f are considered.

Figure 7. The number of AR events during 1979-2020 JJA
depending on AR scales (shaded) overlaid with 850—hPa GPH
climatology (gpm, contoured). The WNPSH boundary is highlighted
by a bold 1,480—gpm contour.

Figure 8. JJA climatology of (a) AR-related IVTAur (kg m ' s},
shaded), and (b) AR-related IVTALr (kg m~! s7!, shaded) overlaid
with 850—hPa GPH (gpm, contoured). The AR-related IVTA

components are determined by considering the spatial overlap of AR
and IVTA.

Figure 9. (a),(b) PDF (%) of ARs in (a) Korea—Japan, and (b)
eastern China as a function of MI during JJA (black line), positive PJ
(red bars), and negative PJ (blue bars). (¢),(d) Differences in IVTAZR
(left y—axis), IVTALR (left y—axis), and MI (right y—axis) from JJA
climatologies in the (c) Korea—Japan, and (d) eastern China for
positive PJ (red box), and negative PJ (blue box). The ARs whose
centroids are located in the boxed regions in Figs. 3e,f are considered.

Figure 10. (a) — (f) AR-relative composites of (top) 850—hPa GPHA
(gpm, contoured) and IVTA (kg m~'s™}, shaded), and their (middle)

. F 'w.l..: T | = 1
11 """\-!'II'_.l'



HF and (lower) LF components during (a) —(c) JJA, (d) — (f) positive
PJ for ARs in Korea—Japan. Only the statistically significant GPHA is
shown based on two—tailed student’ s t test at the 95% confidence
level. Stipples indicate the statistically significant IVTA. The number
of degrees of freedom is determined by regarding consecutive Six—
hourly AR snapshots as one event. (g) —() As in (a)—(c), but for
ARs in eastern China. (j)— () As in (d)— (f), but for ARs in eastern
China during negative PJ. In (f),(1), “A” and “C” indicate the PJ—
related LF anticyclone and cyclone, respectively. The ARs whose

centroids are located in the boxed regions in Figs. 3e,f are considered.

Figure 11. As in Fig. 10, but for (a) — (c) ARs in Korea—Japan during
negative PJ, and (d) —(f) ARs in eastern China during positive PJ.
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1. Introduction

Atmospheric rivers (ARs) are filamentary objects of intense
water vapor transport and play a substantial role in shaping the
global and regional hydroclimate. Early AR studies have focused
on the cool-season ARs affecting western coasts of North
America (Bao et al., 2006; Ralph et al., 2006; Neiman et al., 2008;
Dettinger et al., 2011; Ralph & Dettinger, 2012). However, ARs
are now considered ubiquitous across the regions including
monsoon regions (Dhana Laskhmi & Satyanarayana, 2020; Liang
& Yong, 2021; Park et al. 2021), Southern Hemisphere (Viale et
al., 2018; Ye et al., 2020), and even in high latitudes (Nash et al.,
2018; Wille et al., 2019) and continental interiors (Nayak &
Villarini, 2017; Akbary et al., 2019). As such, ARs play a critical
role in both regional and global hydroclimate (Waliser & Guan,
2017; Paltan et al., 2017), although their formation mechansims
could be spatioseasonally different (Gimeno et al. 2021; Park et
al. 2023).

Among others, East Asia is increasingly noticed as one of

the region most susceptible to AR impacts. East Asian ARs are
1



observed throughout the year (Kamae et al., 2017a,b), but they
are most pronounced in the summer monsoon period (Mundhenk
et al., 2016; Pan & Lu, 2020; Liang & Yong, 2021). The summer
prevalence of East Asian ARs is related to the western North
Pacific subtropical high (WNPSH) which expands close to the
Asian continent and thereby facilitates AR formation through
enhanced monsoon southwesterly (Pan & Lu 2020; Park et al.,
2021). About 35-70% of summer monsoon rainfall is associated
with ARs (Park et al. 2021; Kim et al. 2021; Kwon et al., 2022).
The East Asian ARs are particularly active in early monsoon
period (June—July) when the WNPSH extends westward with
enhanced pressure gradient along its northern boundary (Park et
al. 2021). Although reduced in late monsoon period (August—
September), ARs are still observed along the northern flank of
the WNPSH.

In addition to distinct seasonal and subseasonal
climatologies, East Asian ARs are also characterized by
significant interannual variability. Kamae et al. (2017a) found
that East Asian ARs become enhanced in the post—El Nifio

summer. The anomalous warm Indian Ocean in the El Nifo-
2



decaying season drives the Kelvin wave-induced Ekman
divergence over the subtropical western North Pacific, leading
to the anomalous westward extension of the WNPSH, a process
known as Indo-western Pacific Ocean capacitor effect (Xie et al.,
2009, 2016). This reinforces the low-level monsoon
southwesterly with increased AR occurrences in East Asia
(Kamae et al., 2017a,b; Naoi et al., 2020).

The aforementioned studies indicate that the climatology
and variability of East Asian summer ARs are closely associated
with the WNPSH. However, there 1s a lack of investigation into
how the ARs are modulated by the Pacific-Japan (PJ)
teleconnection pattern. The PJ pattern is typically characterized
by meridionally propagating low—level Rossby wave train forced
by convective activity around the Philippine Sea (Nitta, 1987;
Kosaka & Nakamura 2006). The enhanced tropical convection
excites the positive PJ pattern featured by the northward
expansion of the WNPSH (Figure 3b), while the suppressed
convection excites the negative PJ pattern with meridionally—
confined but westward-extended WNPSH (Figure 3c). The

WNPSH variability associated with the PJ pattern brings the
3



anomalously wet and dry periods in East Asia (Kosaka et al.,
2011; Kubota et al., 2016; Noh et al., 2021). Although not
documented in the literature, the PJ modulation of East Asian
hydroclimate is conjectured to be to some extent via the
modulation of AR activity given the fact that the AR activity is
greatly synchronized with the WNPSH variability.

The present study first documents the close relationship
between East Asian AR variability and the PJ pattern. This is
achieved by utilizing the long-term AR catalog and PJ index
(Section 2). The AR frequency and its rainfall impacts are
compared between the positive and negative PJ patterns (Section
3.1). The hydrological impacts of ARs in the two phases are
further detailed by considering the hazardous and beneficial AR
events (Section 3.2). The key process behind the PJ modulation
of East Asian ARs i1s analyzed by using a recently—devised
multiscale AR index (Section 3.3). In the last, the results are

summarized along with a discussion (Section 4).



2. Data and Methods

2.1. Dataset

The fifth—generation European Centre for Medium—
range Weather Forecasts atmospheric reanalysis (ERAD;
Hersbach et al., 2020) data is used. All variables are used in 37
pressure levels with a horizontal resolution of 1.5° x 1.5° and a
temporal resolution of 6 h for 1979—2020. The anomaly is
defined as the deviation from the daily climatology. For the
precipitation analysis, the gauge—based daily precipitation
analysis from the Climate Prediction Center (CPC; Xie et al.,
2007) dataset with a resolution of 0.5° x 0.5° is used. As the
influence of the PJ pattern is dominant in the summer, only

June—August (JJA) is considered.

For AR analyses, we use the 42—year AR catalog
produced by Park et al. (2023) who applied the modified AR
detection algorithm of Guan and Waliser (2015) to ERAb data

with same spatiotemporal resolution. The algorithm



automatically detects ARs based on integrated water vapor

transport (IVT) anomaly (IVTA) where IVT is computed as

IVT = [IVT|, IVT = —§f3°° "P2 o (ui + vi)dp (1)

1000 hPa

where i and j are the unit vectors in the zonal and
meridional directions, respectively; u and v are the zonal and
meridional winds, respectively; q is the specific humidity; g is
the gravitational acceleration. The algorithm first searches for
an object as a collection of grid points with IVTA>150 kg m™!
s~ !, The geographical conditions (length>2000 km and length—
to—width ratio>2) are applied to filter out a non—filamentary
object. An object trapped in the deep tropics without a
considerable poleward moisture transport is also discarded by
examining the location of AR centroid and the object—mean IVT.

Readers are referred to Park et al. (2023) for details.

2.2. PJ index

The PJ pattern is identified by computing a point—based
PJ index suggested by Kubota et al. (2016). The index is

defined as the difference of the normalized 850—hPa
6



geopotential height (GPH) anomaly (GPHA) between Taiwan

(22 °N, 120 °E) and Japan (35 °N, 140 “E) as
P] index = [GPHA"35N140E — GPHA 32N 120°8] / 2 (2)

where asterisk indicates the normalization by the standard
deviation of the values for each grid point. To eliminate the
transient fluctuation, a 10—day Lanczos low pass filter is
applied to the index (Duchon, 1979). The positive and negative
PJ events are selected based on 1.0 standard deviation of the
PJ index. In order to ensure the independence of the samples,
the individual PJ events (either positive or negative) are
separated by at least one day. The positive PJ events are
characterized by southwest—northeast dipole of anomalous
cyclone over the Philippine Sea and anomalous anticyclone over
Japan (Figure 3e). The negative PJ patterns exhibit the
mirrored anticyclone—cyclone dipole (Figure 3f). On average,
both of the positive and negative PJ patterns last 5 days (Figure
1). The specific PJ events are not concentrated in a particular

month, but are evenly distributed throughout the season



(Figure 2). Consequently, the subsequent analyses are not

significantly affected by the monthly variation of PJ events.

2.3. Multiscale index of ARs

The underlying mechanism for AR modulation by PJ
patterns is investigated by using a AR multiscale index (MI;

Park et al. 2023):

IvTAZR
IVTAAR (3)

MI=
Here, IVTAAR = IVTAAR + IVTALR, and IVTAZR and IVTALR are the
AR—mean high— (HF) and low—frequency (LF) IVTA,
respectively. The Lanczos filter is applied with a 10—day period
cutoff. The MI measures the relative importance of HF and LF
IVTA to ARs. The MI is set to O for negative IVTARR (.e.,
IVTAAR < IVTAR ) and 1 for negative IVTALR (i.e., IVTAAR <
IVTALZR) so that MI ranges from O to 1. The closer Ml is to 1, an
AR i1s dominated by transient moisture transport, while an AR
with MI closer to O is more closely associated with quasi—

stationary moisture transport.



3. Results

3.1. AR responses to PJ pattern

The WNPSH and AR frequency during the positive and
negative PJ are compared with their JJA climatologies (Figure
3). The AR frequency is defined as the percentage ratio of the
number of AR—existing time steps to the number of all time
steps at each grid point. The climatological southwesterly IVT
organizes along the boundary of the WNPSH (Figure 3a; see
bold contour for the WNPSH boundary). The AR activity is
pronounced in the same region with a maximum frequency of
~20% in the baiu frontal zone and the Pacific open ocean
(Figure 3d). The spatial coherence of monsoon southwesterly
and AR activity has been well documented in the literature (Pan
& Lu, 2020; Park et al., 2021).

However, both the WNPSH and AR frequency
substantially change when the PJ pattern develop (Figures 3b,e
and 3c,f). When the positive PJ develops, the northern

boundary of the WNPSH shifts northward with a well—defined



ridge around the Korean Peninsula and monsoon trough over
the Philippine Sea (Figure 3b). This directly results from the
positive PJ anomalies—cyclone—anticyclone dipole in the
southwest—northeast direction (Figure 3e). The AR activity is
enhanced over Korea—Japan and the Philippine Sea but
suppressed in southeastern China and the Pacific open ocean.
When negative PJ develops, on the contrary, the WNPSH
retreats southward but extends westward (Figure 3c) due to
the anticyclone—cyclone dipole (Figure 3f). The AR activity
also exhibits a mirrored change from that in the positive PJ.
The PJ modulation of AR activity is robustly found when the
original version of Guan and Waliser (2015) algorithm is used
in AR detection (Figure 4).

Figure 5 compares the AR precipitation and its ratio to
total precipitation between JJA, positive PJ and negative PJ.
Here, AR precipitation is defined as precipitation in a grid
where AR is identified for at least 12 hours per day (i.e., two
time steps; not necessarily consecutive). To consider the
spatial coincidence, the AR grids are linearly interpolated into

the CPC grids. In the climatological sense, AR precipitation 1s
10



widely distributed along the Meiyu—Changma—Baiu region
(Figure 5a) with a local maximum (~8 mm day~!) in western
Japan. The ARs accounts for 30-50% of summer rainfall in
eastern China, and over 60% in Korea and western Japan
(Figure 5d), consistent with previous quantification (Park et al.,
2021).

During the positive PJ, AR precipitation increases in
Korea (by up to 3 mm day ') but decreases in inland eastern
China (by 1-2 mm day~'; Figure 5b). The increase is also
marginally observed in the southeast coast of China. The
mirrored AR precipitation change is evident during the negative
PJ (Figure 5c¢). This is consistent with the AR frequency
change in Figures 3e,f. However, the AR precipitation change
is not simply proportional to total precipitation change. When
analyzing the difference of AR precipitation ratio from its JJA
climatology, we find that the ratio increases in the regions
where AR precipitation increase while it decreases in the
regions where AR precipitation decrease (Figure b5e,f). One
exception 1s the Japanese main islands in which the AR

precipitation does not change much, but its ratio significantly
11



increases and decrease in positive and negative PJ,
respectively. This implies that the PJ pattern alters the relative

importance of ARs in regional hydroclimate.

3.2. Modulation of hazardous versus beneficial AR events

Not all ARs bring hydrological extremes. Their impacts
can be either beneficial or hazardous. The hydrological impacts
of ARs are detailed by comparing AR scale which was proposed
by Ralph et al. (2019). The AR scale has five ranks, i.e., Catl-
Catb (from weak to strong), with differing maximum IVT and
duration of AR events at a given location (see the right diagram
in Figure 6). The hazardous AR impacts are generally
associated with the stronger and locally more persistent AR
events (e.g., Catb ARs). Although this scaling was originally
designed to target landfalling ARs in the U.S. west coast, it has
been also applied to western Europe (Eiras—Barca et al., 2021)
and even the global domain (Guan et al., 2023).In East Asia
summer, higher—rank AR events are more concentrated along

the WNPSH boundary (Figure 7). However, we particularly pay
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attention to Korea—Japan and eastern China (boxed regions in
Figures 3e,f) where the AR activity greatly responds to PJ
patterns (see section 3.1). Here, an AR event is defined at each
grid point as consecutive time steps during which an AR is
observed. Following Park et al. (2023), the 6—h break is
allowed in counting AR events to consider the “flickering” issue
in the gridded AR data.

In Korea—Japan, the fraction of high—rank AR events is
larger in the positive PJ than the one in the negative PJ. The
fraction of Catd events is particularly increases compared to its
climatology. In the negative PJ, the fraction of low—rank AR
events is larger than positive PJ. The difference between the
positive and negative phases is related to local duration and
maximum IVT of AR events (Figure 6¢). During the positive PJ,
both maximum IVT and local duration increased relative to their
climatology, whereas during the negative PJ, both decreased.
The magnitude of the increase and decrease 1s greater in
negative PJ, resulting in the greater change in the AR scale.

Conversely, the AR events in eastern China are more

hazardous in the negative than positive PJ (Figure 6b). Note
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that the fraction of Cat2-Catb events in the negative PJ is
slightly larger than its climatology. In particular, the fraction of
Cat4d events 1is significantly increased compared to its
climatology, with slightly increased local duration of AR events.
During the positive PJ, although there is no significant change
in AR scale, the fraction of no—rank AR events increases as the
local duration of AR events decreases (Figure 6d). However,
the inter—phase difference in AR scales is smaller than the one
in Korea—Japan (cf. Figures 6a,b), which is likely due to local
duration and maximum IVT of AR events increase and decrease
in opposite directions.

To sum up, ARs in Korea—Japan become more
hazardous in the positive than negative PJ. Likewise, ARs in
eastern China pose a greater risk of hydrological extremes in
the negative than positive PJ. Combined with section 3.1, the
PJ pattern modulates the AR frequency but also the
hydrological benefits/hazards of individual ARs, with the latter

being closely associated with AR duration.
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3.3. Multiscale diagnosis of PJ modulation of ARs

Although the AR response to the PJ pattern is well
synchronized with the related WNPSH variability (see Figure
3), it does not explain the detailed mechanisms. The ARs are
multiscale in nature, especially in East Asia summer (Park et
al., 2023). Indeed, the ARs in East Asia summer are associated
with both HF and LF moisture transports which are both
pronounced along the WNPSH boundary (Figure 8). This
implies that the PJ pattern can modulate the AR activity via not
only the intensification/weakening of quasi—stationary
monsoon flow (@.,e., direct effect) but also the modulation of
traveling weather systems (i.e., indirect effect) along the
WNPSH boundary. Their relative contribution is assessed in
this section by using MI (see Eq. 3).

Figures 9a,b show the PDF of ARs as a function of MI in
Korea—Japan, and eastern China, respectively. In Korea—Japan,
during the positive PJ, the peak value is about 31% in the MI
range of 0.5—0.6. Compared to JJA, the values below 0.6

increase and those above 0.6 decrease. This indicates a

15



decrease in the contribution of HF processes and an increase
in the contribution of LF processes (Figure 9c), resulting in a
decrease in the MI wvalue. This indicates an increased
contribution of LF processes, which explains the increase in AR
duration and hence the increased risk of AR. On the other hand,
during negative PJ, the MI distribution is slightly skewed to the
right, indicating that the contribution of LF processes has
decreased, resulting in the increased value of MI (Figure 9c¢).
The relative decrease in the LF contribution reduces the AR
duration and therefore the AR hazard.

In eastern China, during negative PJ, the MI distribution
is skewed to the left, indicating the increase in LF contribution,
hence the increase in duration. During positive PJ, except for
0.2—0.3, the MI value below 0.6 decreased, with the notable
increase of the MI value between 0.7—0.8. This results in an
increase in the average MI value (Figure 9d) and hence a

decrease in duration.
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3.4. Related weather systems

The above results confirm that the relative change in the
contribution of IVTALr leads to the change in AR duration. This
section describes the weather conditions that drive the change
in IVTApr and IVTALr. Figure 10 shows the AR-relative
composite of the GPH anomaly at 850 hPa and IVTA, and their
high—frequency and low—frequency components. The AR-
relative composite is constructed with respect to the AR
centroid, where the AR centroid is defined by considering the
mass—weighted IVT over the grid points covered by the AR.

In Korea—Japan, the negative and positive GPH anomaly
are oriented northwest—southeast during the JJA. In between,
the positive IVTA develops along the enhanced pressure
gradient (Figure 10a). Decomposing the anomalies into high—
frequency and low—frequency components shows that both
play an important role in shaping the ARs. The high—frequency
components show the zonal wave pattern that is part of the
transient surface cyclone and anticyclone. A positive IVTApnr

appears in the southeastern part of a transient surface cyclone

17



(Figure 10b). The low—frequency components show the
quasi—stationary low and high anomalies, between which a
positive IVTArr develops (Figure 10c). During the positive PJ,
positive IVTA appears between two cyclonic and anticyclonic
circulations (Figure 10d). The high—frequency component
shows moisture transport associated with the surface transient
cyclone, which is slightly weakened compared to JJA (Figure
10e). The low—frequency component shows the circulation
corresponding to the positive PJ pattern, which is distinct from
the average JJA pattern (Figure 10f). This is a result of the PJ
pattern directly triggering the circulation. The IVT ALr develops
between the circulation directly induced by the PJ pattern and
continuously follows the edge of the quasi—stationary
anticyclonic circulation. The decreased MI value indicates that
the contribution of moisture transport caused by transient
cyclones decreases and the moisture supply directly induced
by the PJ pattern increases compared to the JJA pattern.

In eastern China, positive IVTA is also found between
the negative and positive GPH anomaly during the JJA (Figure

10g). While the magnitude of the two circulations in Korea—
18



Japan is quite comparable, in eastern China the positive GPH

anomaly 1s well developed relative to the negative GPH anomaly.

The high—frequency components reveal the weakened surface
transient cyclone compared to the Korea—Japan (Figure 10h).
This 1s consistent with a previous study showing that
extratropical cyclone intensity is stronger in Korea—Japan and
in the Pacific open ocean (Lee et al.,, 2019). In the low—
frequency component, a positive IVTALr appears between a
weak negative GPH anomaly and a relatively well—developed
positive GPH anomaly (Figure 10i). During negative PJ, the
high—frequency component also shows moisture transport by a
transient cyclone (Figure 10k). In the low—frequency
component, a GPH anomaly pattern corresponding to the
negative PJ pattern appears, and a positive IVTArLr appears
between the two circulations (Figure 101).

The AR-relative composite for the phase when AR is
less frequent in each region is shown in Figure 11. The negative
PJ over Korea—Japan shows a surface transient cyclone
pattern and a quasi—stationary circulation related to the PJ

pattern, while the positive PJ over eastern China does not.
19



During the positive PJ, the cyclonic circulation centered over
Taiwan interrupts the moisture transport from the tropics to
eastern China. In other words, the positive PJ pattern does not
provide favorable conditions for the occurrence of AR in
eastern China, and therefore AR—related synoptic patterns are
not well represented during the positive PJ. In summary,
IVTAur appears with a surface transient cyclone, IVTALr
appears with the quasi—stationary circulation directly induced
by PJ pattern. This implies that the PJ pattern affects the
WNPSH and subsequently the East Asian summer ARs, either
by touching an embedded system such as a surface transient
cyclone, or by directly altering the quasi—stationary circulation.
The change in the relative contribution of the two weather

systems to moisture transport results in a change in MI values.
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4. Summary and discussion

This study examines the modulation of the PJ pattern on
East Asian summertime ARs. During the positive phase of the
PJ, the WNPSH expands northwestward, resulting In
pronounced AR activity offshore region of South China, the
Korean Peninsula, and eastern Japan. In contrast, during the
negative phase of the PJ, the WNPSH contracts southward but
extends westward. It causes increased AR impacts in eastern
China and western Japan. Using the AR categories proposed by
Ralph et al. (2019), it is further found that the potential impacts
of ARs change. In Korea—Japan, more hazardous ARs increase
in positive PJ, and more beneficial ARs increase in negative PJ.
This is due to AR duration among the two factors that determine
AR category: maximum IVT and AR duration. In eastern China,
no significant change in the potential impact of AR i1s found.

To examine the changes in low—frequency IVTA, which
1s known to be strongly related to AR duration, IVTA is divided

into high—frequency and low—frequency components with a
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10—day cut—off time filtering. To examine the relative
contribution of each component quantitatively, the MI value,
which is the ratio of the high—frequency IVTA to the total IVTA,
i1s used. In Korea—Japan, during the positive PJ, the
contribution of low—frequency IVTA increased with MI
decreased, and during the negative PJ, the contribution of low —
frequency IVTA decreased with MI increased. In eastern China,
the changes in MI values for each PJ phase are relatively small.
By examining the weather conditions that lead to the difference
in each component, an AR—relative composite is constructed
with respect to the AR centroid. It reveals that the high—
frequency IVTA is associated with the surface transient
cyclone, and the low—frequency IVTA is associated with the
quasi—stationary circulation directly induced by PJ pattern.
Since ARs are associated with the up to 50% of summer
precipitation in East Asia, accurate prediction of ARs on
subseasonal to seasonal (S2S) timescales is essential. Several
studies have attempted to predict individual ARs, but have been
limited by the 1inability to accurately predict beyond the

synoptic weather timescale of 7—10 days (Wick et al., 2013;
22



Nayak et al., 2014; DeFlorio et al., 2018). In an attempt to
improve predictability at S2S timescales, beyond the synoptic
weather timescale, DeFlorio et al. (2019) evaluated the
prediction skill of ARs at S2S timescales by assessing the
AR1wk occurrence, which is the number of AR days per week.
Other attempts to improve the forecast skill of ARs include
studies that link ARs to slowly varying climate modes. Baggett
et al. (2017) suggested that the accuracy of predicting the
number of AR strikes per week over Alaska at 14—day lead
time improves significantly when both the Madden—Julian
oscillation (MJO) phase 7,8 and the easterly quasi—biennial
oscillation (QBO) are present. Mundhenk et al. (2018) also
showed that the certain MJO and QBO phase combinations
provide empirical subseasonal predictive skill for anomalous AR
activity. The PJ pattern has been recognized as a possible
contributor to S2S predictability (Kosaka et al., 2012, 2013).
Consequently, the PJ pattern holds potential for S2S 'forecasts
of opportunity', as described in Vitart et al. (2017), where
confidence 1n overall AR activity forecasts increases with

consideration of the particular background large—scale climate
23



variability. Therefore, the link between the PJ pattern and ARs
could improve the S2S prediction of ARs and the associated

East Asian summer extreme precipitation.
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Figure 1. The normalized time series distribution of the PJ index

during positive PJ (red line), and negative PJ (blue line). The thin
lines indicate individual PJ event indices, while the thick lines are the
average. The black lines denote the £1 standard deviation of the PJ

index.
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Figure 2. The number of positive PJ events (red bars), and negative

PJ events (blue bars) in June, July, and August from 1979 to 2020.
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Figure 3. (a) JJA climatology of IVT > 150 kg m~! s7!, vectors), and
850—hPa GPH (gpm, contoured). (b),(c) Asin (a) but for (b) positive
PJ, and (c) negative PJ. (d) JJA climatology of AR frequency (%,
shaded), and 850—hPa (gpm, contoured). (e),(f) Differences of AR
frequency (%, shaded), and 850—hPa GPH (gpm, contoured) from
JJA climatologies for (e) positive PJ, and (f) negative PJ. Only the
statistically significant differences are shown based on two—tailed
student’ s t test at the 95% confidence level. The number of degrees
of freedom corresponds to the number of PJ events. In (a) — (f), the
WNPSH boundary is highlighted by a bold 1,480—gpm contour. The
black boxed regions in (e),(f) denote the Korea—Japan (35—45° N,
124—-144° E) and eastern China (25—35° N, 106—122° E) domains

in this study.
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Figure 4. As in Fig. 3d—f, but derived from the original Guan and

Waliser (2015) algorithms.
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Figure 5. (a) JJA climatology of AR precipitation (mm day ', shaded).
(b),(c) Differences in AR precipitation (mm day !, shaded) from JJA
climatologies for (b) positive PJ, and (c) negative PJ. Only the
statistically significant difference is displayed based on two—tailed
student” s t test at the 95% confidence level. The number of degrees
of freedom corresponds to the number of independent PJ events.

(d)—(f) Asin (a)—(c), but for AR precipitation ratio (%, shaded).
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Figure 6. (a),(b) Fraction of AR events for five different AR scales
(see the right diagram) during positive PJ (red line), and negative PJ
(blue line) in (a) Korea—Japan, and (b) eastern China. Filled circles
indicate statistically significant differences between the two PJ
phases based on two—tailed student’ st test at the 95% confidence
level. Red and blue bars represent the difference in fraction (%) from
JJA climatology for positive PJ, and negative PJ, respectively.
Hatched bars indicate statistically significant differences between the
JJA and each PJ phase based on two—tailed student’ st test at the
95% confidence level. (¢),(d) Differences in maximum IVT (left y—
axis), and AR duration (right y—axis) for AR events from JJA
climatologies in the (c) Korea—Japan, and (d) eastern China for
positive PJ (red box), and negative PJ (blue box). The ARs whose
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centroids are located in the boxed regions in Figs. 3e,f are considered.
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Figure 7. The number of AR events during 1979-2020 JJA
depending on AR scales (shaded) overlaid with 850—hPa GPH
climatology (gpm, contoured). The WNPSH boundary is highlighted

by a bold 1,480—gpm contour.
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Figure 8. JJA climatology of (a) AR-related IVTAur (kg m ' s},
shaded), and (b) AR-related IVTALr (kg m ' s}, shaded) overlaid
with 850—hPa GPH (gpm, contoured). The AR-related IVTA

components are determined by considering the spatial overlap of AR

and IVTA.
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Figure 9. (a),(b) PDF (%) of ARs in (a) Korea—Japan, and (b)

eastern China as a function of MI during JJA (black line), positive PJ

(red bars), and negative PJ (blue bars). (c),(d) Differences in IVTA{R

(left y—axis), IVTALR (left y—axis), and MI (right y—axis) from JJA

climatologies in the (c¢) Korea—Japan, and (d) eastern China for

positive PJ (red box), and negative PJ (blue box). The ARs whose

centroids are located in the boxed regions in Figs. 3e,f are considered.
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Figure 10. (a) — (f) AR—relative composites of (top) 850—hPa GPHA
(gpm, contoured) and IVTA (kg m™'s™!, shaded), and their (middle)
HF and (lower) LF components during (a) —(c) JJA, (d) — () positive
PJ for ARs in Korea—Japan. Only the statistically significant GPHA is
shown based on two—tailed student” s t test at the 95% confidence
level. Stipples indicate the statistically significant IVTA. The number
of degrees of freedom is determined by regarding consecutive six—
hourly AR snapshots as one event. (g)—(i) As in (a)—(c), but for
ARs in eastern China. (j) —(1) As in (d)—(f), but for ARs in eastern
China during negative PJ. In (f),(1), “A” and “C” indicate the PJ—

related LF anticyclone and cyclone, respectively. The ARs whose
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centroids are located in the boxed regions in Figs. 3e,f are considered.
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Figure 11. As in Fig. 10, but for (a)-(c) ARs in Korea-Japan during negative PJ, and

(d)-(f) ARs in eastern China during positive PJ.
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