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ABSTRACT

Atmospheric rivers (ARs), conduits of intense water vapor transport in the midlatitudes, are critically
important for water resources and heavy rainfall events over the west coast of North America, Europe, and
Africa. ARs are also frequently observed over the northwestern Pacific (NWP) during boreal summer but
have not been studied comprehensively. Here the climatology, seasonal variation, interannual variability, and
predictability of NWP ARs (NWPARs) are examined by using a large ensemble, high-resolution atmospheric
general circulation model (AGCM) simulation and a global atmospheric reanalysis. The AGCM captures
general characteristics of climatology and variability compared to the reanalysis, suggesting a strong sea
surface temperature (SST) effect on NWPARs. The summertime NWPAR occurrences are tightly related to
El Niflo—Southern Oscillation (ENSO) in the preceding winter through Indo-western Pacific Ocean capacitor
(IPOC) effects. An enhanced East Asian summer monsoon and a low-level anticyclonic anomaly over the
tropical western North Pacific in the post-El Nifio summer reinforce low-level water vapor transport from the
tropics with increased occurrence of NWPARs. The strong coupling with ENSO and IPOC indicates a high
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predictability of anomalous summertime NWPAR activity.

1. Introduction

Atmospheric rivers (ARs), filament-shaped con-
duits of water vapor transport from the tropics to the
middle and high latitudes, are major transient features
of the global hydrological cycle (Zhu and Newell 1998;
Ralph et al. 2004; Gimeno et al. 2014). They occur
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within warm conveyor belts of extratropical cyclones
and are frequently observed over midlatitude oceans
(4-5 ARs are usually present at any time; Zhu and
Newell 1998). ARs are of great importance in merid-
ional water vapor transport (>90% of climatological
water vapor transport at the midlatitudes is ascribed to
ARs; Zhu and Newell 1998) despite their limited
widths (typically 300-500 km). They have substantial
impacts on human society in coastal regions and can
cause floods and landslides when they make landfall.
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Previous studies have examined the role of ARs in land
hydrology (rainfall, snow accumulation, and ending
droughts) over the west coast of North America (e.g., Bao
et al. 2006; Neiman et al. 2008; Dettinger et al. 2011;
Dettinger 2013; Payne and Magnusdottir 2014; Jackson
et al. 2016), South America (Viale and Nufez 2011),
Europe (e.g., Lavers et al. 2012; Brands et al. 2017;
Ramos et al. 2016), and Africa (Brands et al. 2017;
Gimeno et al. 2016). Recent studies pointed out that
near-surface strong winds associated with ARs also have
important socioeconomic impacts (Khouakhi and
Villarini 2016; Waliser and Guan 2017). Representation
of ARs in weather forecast models is greatly important
for prediction of AR-related extreme events (e.g., Wick
etal. 2013; Lavers et al. 2014; Nayak et al. 2014). Gimeno
et al. (2016) provided a comprehensive review on the
mechanisms of atmospheric moisture transport including
ARs. Guan and Waliser (2015) and Mundhenk et al.
(2016, hereafter M16) examined climatology of AR fre-
quency in global atmospheric reanalyses and revealed
that ARs are not only concentrated in the central-eastern
parts of the oceans but are also found over the north-
western Pacific (NWP).

Over East Asia, meridional water vapor transport
from the tropics peaks in boreal summer (Knippertz and
Wernli 2010) associated with the East Asian summer
monsoon (EASM). The mei-yu-baiu (MB) rainband
over China, the Korea Peninsula, and Japan during the
summer monsoon season brings a large amount of
rainfall (e.g., Ninomiya and Murakami 1987; Tao and
Chen 1987; Ninomiya and Akiyama 1992; Sampe and
Xie 2010). Seasonal variations of tropical forcing, the jet
stream, and land-sea thermal contrast (Nitta 1987;
Wang 1992; Kodama 1993; Ueda et al. 1995; Xie and
Saiki 1999; Ueda 2005; Ding and Chan 2005; Sampe and
Xie 2010) influence northward migration of the MB
rainband, determining the timing of rainy season onset
among southern to northern regions of the EASM (on-
set over southern China in early June and over the
Korea Peninsula and Japan in July, and withdrawal in
1-2 months; e.g., Tao and Chen 1987; Lau and Yang
1997; Wang and LinHo 2002). During the MB rainy
season, heavy rainfall events associated with anomalous
low-level water vapor transport from the tropics have
enormous socioeconomic impacts over East Asia (e.g.,
Matsumoto et al. 1971; Ninomiya 1980; Huang et al.
2007; Ninomiya and Shibagaki 2007; Manda et al. 2014).
Figure 1 shows, as an example, a strong MB front ac-
companied with an AR-like enhanced southwesterly
moisture transport (see section 2c¢) from the East China
Sea and western North Pacific that caused heavy rainfall
over western and central Japan. Miyatakogen (a station
on the mountains between the Pacific and Japan Sea
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coasts in Nagano Prefecture of central Japan) received a
record-breaking daily rainfall of 267 mm on 19 July 2006
(Fig. 1c). Heavy rainfall events associated with AR-like
moisture transport are not limited to the MB rainy
season. Hirota et al. (2016) examined a heavy rainfall
event of the autumn 2014 (after MB withdrawal) in
Hiroshima that killed 75 people in widespread landslides
and pointed out an importance of a filamentary trans-
port of water vapor from Indochina as a background
condition for the heavy rainfall. Over the NWP, detailed
behavior of summertime ARs has not been examined,
perhaps because the background water vapor is high,
unlike the wintertime eastern North Pacific (see section 5).
However, fluctuations of summertime AR activity over
the NWP may affect the probability of East Asian ex-
treme rainfall events.

El Nifio-Southern Oscillation (ENSO) affects the
interannual variability of wintertime AR landfalls over
the west coast of North America via a meridional at-
mospheric teleconnection called the Pacific-North
American pattern (e.g., Bao et al. 2006; Payne and
Magnusdottir 2014). During El Nifio winters, landfalling
ARs increase over California and Central America as a
result of equatorward shifts of the subtropical jet and
storm track over the North Pacific. ENSO also affects
the wintertime AR frequency over the NWP (more ARs
over the subtropical western North Pacific during El
Nifio winters, and vice versa; Guan and Waliser 2015;
M16). Over Europe, Lavers et al. (2012) showed that the
wintertime landfalling ARs are closely related to the
Scandinavian pattern (Mailier et al. 2006; Bueh and
Nakamura 2007), which influences positions of the jet
stream and storm track.

In contrast to winter, it is still unclear whether and
how summertime AR variability is controlled by climate
modes. The statistical relationship between ARs and
climate modes is difficult to evaluate only from ob-
servations because of small sample sizes (i.e., global
atmospheric reanalyses are typically only available since
1979) and dominant midlatitude atmospheric internal
variability, limiting our ability to study the mechanisms.
This study examines seasonal AR variation and in-
terannual variability of summertime ARs over the NWP
by using both long-term (since 1958) global reanalysis
and high-resolution historical (since 1951) atmospheric
general circulation model (AGCM) simulations. The
large ensemble size of the latter contributes to increased
signal-to-noise ratio in relationship between climate
modes and midlatitude AR variability. Our results
suggest a strong coupling of summertime AR activity
with a major tropical mode, indicating high predict-
ability. Section 2 describes data and methods including
observations, large ensemble simulation, and AR detection
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FIG. 1. An example of an AR in the western North Pacific de-
tected by IVT in JRA-55. (a) Surface weather chart at 0000 UTC
19 Jul 2006. Contours represent sea level pressure (hPa). Vectors
indicate horizontal wind (ms ') averaged between 900- and
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algorithm used in this study. Section 3 presents the cli-
matology and seasonal variation of ARs based on global
reanalysis and the ensemble simulation. Section 4 ex-
amines the relationships among the interannual vari-
ability of ARs over the NWP, sea surface temperature
(SST), and atmospheric circulation patterns. In section 5,
we present a summary and discussion.

2. Data and methods
a. Observations and reanalysis

We use the Japanese 55-year Reanalysis (JRA-55;
Kobayashi et al. 2015) at 1.25° X 1.25° spatial resolution
to examine historical variation (for 1958-2010) in AR
occurrence (see section 2c¢). Seasonal and interannual
variations of ARs are compared with SST from HadISST
(Rayner et al. 2003) at 1.0° X 1.0° spatial resolution (for
1951-2010), precipitation from the Global Precipitation
Climatology Project, version 2.2, at 2.5° X 2.5° spatial
resolution (for 1979-2010; Huffman et al. 2009), and sur-
face and three-dimensional variables (sea level pressure,
horizontal wind, and thickness) from JRA-55. The spa-
tial resolution of ARs and atmospheric variables from
JRA-55 is identical to those in large ensemble simulation
(see sections 2b and 2c).

b. Large-ensemble simulation

In the midlatitudes, atmospheric internal variability
greatly affects positions and behaviors of individual ARs
(e.g., Hagos et al. 2016). The great importance of at-
mospheric internal variability results in a low signal-to-
noise ratio in forced components of AR variability
induced by historical radiative forcing, sea ice, and
modes of SST variability including ENSO (see section 4a).
In this study, we use an ensemble (10 member)
historical simulation (for 1951-2010) with a high-
resolution AGCM (Mizuta et al. 2017) to increase

1000-hPa levels. Light and dark shading indicate regions where
absolute wind speeds exceed 10 and 20 ms ™!, respectively. (b) IVT
(kgm~'s™") and outline of a detected AR (red line; see section 2¢
for detail). Black rectangle represents the central Japan region
shown in (c). (c) Land rainfall (mm day ') over central Japan on
19 Jul 2006 derived from a gridded (0.05° X 0.05° resolution)
APHRODITE surface meteorological dataset (APHRO_JP V1207,
Kamiguchi et al. 2010). Gray (400 m) and black (1200 m) contours
indicate topography (ETOPO2v2; National Geophysical Data
Center 2006). Arrows indicate IVT vector (kgm 's™'). Red ar-
rows indicate the regions where the AR exists. Red circle repre-
sents Miyatakogen station.
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the signal-to-noise ratio and capture the relationship be-
tween variability in AR occurrence and climate modes.
The ensemble simulations were performed with the Me-
teorological Research Institute AGCM (MRI-AGCM),
version 3.2 (Mizuta et al. 2012), at a horizontal spectral
resolution with triangular truncation at wavenumber 319
and linear Gaussian grid (TL319; equivalent to 60-km
mesh), with 64 vertical layers (Murakami et al. 2012). The
AGCM was driven by observation-based SST and sea ice
(Hirahara et al. 2014) and historical radiative forcing
(greenhouse gases, aerosols, and ozone) for 1951-2010.
For each member run, SST perturbations were added to
the best estimate of SST to account for uncertainties in
analysis (Hirahara et al. 2014). The perturbations are
based on empirical orthogonal functions of the interannual
variations of the SST analysis [see the appendix of Mizuta
et al. (2017)]. Sea ice concentration was derived from
a quadratic equation on the sea ice-SST relationship
(Hirahara et al. 2014). The ensemble mean of the simu-
lations can be regarded as approximations of forced at-
mospheric response to the radiative forcing, SST, and sea
ice (Kamae et al. 2017). This dataset, called the Database
for Probabilistic Description of Future Climate Change
(d4PDF), is used to evaluate historical variations of at-
mospheric responses to global SST variability (Kamae
et al. 2017). More details of the experimental setup and
simulated climate variations can be found in Mizuta et al.
(2017) and Kamae et al. (2017).

c¢. Detection of ARs

We use an AR detection algorithm developed by
M16. The original source code was provided by B. D.
Mundhenk (see the appendix of M16). We use 6-hourly
atmospheric variables (specific humidity and horizontal
wind) at 1.25° X 1.25° spatial resolution from JRA-55
and d4PDF ensemble simulation. Previous studies used
two different atmospheric variables, integrated water
vapor (e.g., Ralph et al. 2004) and vertically integrated
water vapor transport (IVT) between 1000 and 300 hPa
(e.g., Lavers et al. 2012), to detect ARs from three-
dimensional atmospheric fields (Gimeno et al. 2014;
Guan and Waliser 2015; and references therein). IVT is
determined as

\/ 1 (300 2 1 P 2

IVT = (—J qudp) + (—J qup) ,

& J1000 & J1000

where ¢ is specific humidity, g is the acceleration due to
gravity, and « and v are zonal and meridional wind, re-
spectively. We refer anomalous IVT fields from its daily
climatology (determined by long-term mean for 1958—

2010 in JRA-55 and 1951-2010 in d4PDF, respectively)
to exclude effects of background seasonal cycle of
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tropospheric water vapor content. An anomalous IVT
threshold of 140kgm 's™! is used to detect AR-like
water vapor transport. In previous studies, another IVT
threshold (the 85th percentile in each grid) was em-
ployed for AR detection (e.g., Lavers et al. 2012; Nayak
et al. 2014; Guan and Waliser 2015). The derived cli-
matology and variability of North Pacific AR activity
(Guan and Waliser 2015) were generally similar to those
derived from the current method (see section 4 in M16).
Next the identified water vapor transports with small
area (<7.8 X 10°km?) or short length (<1500km) or
small length-width ratio (<1.325) are removed. In ad-
dition, east—-west-oriented bands of IVT with a center of
mass equatorward of 20°N are also removed because
they are commonly found tropical moisture swells.
More details of the detection algorithm are found in
an appendix of M16. We adjust several parameters
from the original code because the horizontal resolution
of atmospheric variables from JRA-55 and d4PDF
(1.25° X 1.25°) is different from that used in M16 (0.50° X
0.67°). The adjustments in the parameters affect re-
sultant climatology of AR frequency (e.g., Guan and
Waliser 2015), but its spatial pattern and interannual
variability are qualitatively consistent among results
from different parameter choices (see section 5).

Figure 1 shows an example of detected feature causing
extreme heavy rainfall over Japan in July 2006 (see
section 1). A meridionally elongated narrow mois-
ture plume in the midlatitude western North Pacific
is associated with 1) an extratropical cyclone (near
Kamchatka) and associated cold front, similar to ARs
in other parts of the North Pacific domain (e.g., Ralph
et al. 2004; M16), and 2) an enhanced MB front over the
Yellow Sea, the Korea Peninsula, and Japan. The latter
is a unique feature compared to the wintertime North
Pacific ARs. In the western North Pacific, individual
detected features reveal complexity of shapes and as-
sociated synoptic weather patterns (Knippertz and
Wernli 2010; M16; see the discussion in section 5 herein).
This study mainly examines monthly and seasonal-mean
statistics of AR frequency and associated large-scale
climate variability modes. AR frequencies are calcu-
lated based on the number of 6-hourly periods during
which an AR exists over a given grid point divided by the
total number of periods.

3. Climatology and seasonal variation of AR
occurrence

This section examines seasonal AR climatology in
d4PDF and compares them with the global reanalysis to
validate the AGCM simulation. Figure 2 compares AR
climatology in the Northern Hemisphere in JRA-55 and
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FIG. 2. Climatology (for 1958-2010) of seasonal-mean frequency (%) of ARs in the Northern Hemisphere.
Averages for (a),(b) DJF, (c),(d) MAM, (e),(f) JJA, and (g),(h) SON from (left) JRA-55 and (right) 10-member
ensemble mean of d4PDF historical simulations. Solid contours represent annual-mean frequency (14%).

d4PDF ensemble mean. The ARs are most frequent
over the midlatitude (20°-60°N) central North Pacific
and North Atlantic, consistent with previous studies
(e.g., Guan and Waliser 2015; M16). The distributions
of ARs and their peak occurrence show seasonal shifts
in zonal and meridional directions. Over the North Pa-
cific, AR frequency in December-February (DJF) is
displaced southeastward from its annual mean, then
shifts westward, northward and eastward in March—
May (MAM), June-August (JJA), and September—
November (SON), respectively. The peak position of
AR frequency is found in the NWP (the western—central
and central-eastern North Pacific) in MAM (JJA and
SON). The frequency of landfalling AR also shows
seasonal variation in accordance with the zonal and
meridional shift of the climatological AR distribution
(e.g., M16). Frequencies of AR landfalling over the west
coast of North America and Europe peak in SON and
DJF. In contrast, peaks of AR frequency are found in
JJA and SON over northern Europe, eastern Europe,
and western and northern Russia. ARs over the far east-
ern area of the Eurasian continent are most frequent in
JJA. These seasonal variations are generally consistent

with previous studies (Guan and Waliser 2015; M16).
The d4PDF ensemble mean (Figs. 2b,d,f,h) corresponds
well with JRA-55, indicating that the AGCM can re-
produce the mean AR frequency and its seasonal vari-
ation. Hereafter we mainly introduce results from the
d4PDF because it has a larger sample size and thus shows
more robust statistics than JRA-55.

Next we focus on ARs over the NWP and East Asia
(Fig. 3). The ARs are broadly found all the seasons
particularly over southern China and the Pacific coast of
Japan. From DJF to MAM, the AR distribution shifts
westward, substantially increasing over western Japan
and southern China (Figs. 3a,b). The ARs concentrated
in a narrow latitudinal band (20°-35°N) in DJF and
MAM expand in the meridional direction in JJA, re-
sulting in a substantial increase in AR frequency over
Indochina, the South China Sea, and the Philippines in
addition to northern Japan, the Korea Peninsula, and
eastern Siberia (Fig. 3c). Frequency of landfalling
ARs over the Eurasian continent is greatly reduced in
SON. Figure 4 shows the frequency of ARs in JRA-55
and d4PDF averaged over the NWP region (25°-45°N,
125°-150°E; hereafter NWPARSs) shown as rectangles in
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FIG. 3. Asin Figs. 2b,d,f,h, but for East Asia. Black rectangles indicate the NWP region (25°-45°N, 125°-150°E, used
in Figs. 4 and 6-8).

Fig. 3. The model reproduces seasonal variation of
NWPARs with the maximum in June-July (13%-16%)
and minimum in December (6%), similar to JRA-55.
The interannual variability in 10-member ensemble
mean in d4PDF (gray shading in Fig. 4) is smaller than
that in JRA-55 (range between blue thin lines) because
atmospheric internal variability is suppressed in the
ensemble mean (Kamae et al. 2017). However, the in-
terannual variability in the d4PDF ensemble mean is
still substantial, suggesting the importance of forcing by
SST variability (see section 4a).

Figure 5 shows seasonal variations of precipitation
and AR frequency averaged over 125°-150°E. Here the
AGCM can reproduce the detailed spatial distribu-
tion of EASM precipitation and its seasonal variation
(Kusunoki 2017). Springtime precipitation peak at

29°-33°N (2-3mmday ') is enhanced and shifts north-
ward (33°-37°N) accompanied with the onset and the
migration of the MB rainband (4-6mmday '). ARs
have their peak (at 27°-29°N) south of the rainband in
MAM. In May-June, the maximum of AR occurrence
shifts northward, concurrent with the MB rainband (at
31°N in June and at 36°-39°N in August). The ARs and
MB rainband as a part of EASM show generally similar
seasonal migration in June and July, but the ARs are
also found during boreal winter and early spring, distinct
from the EASM system. The summertime ARs are
displaced south of the rainband, a meridional configu-
ration consistent with observations that heavy rainfall
events are accompanied with enormous transports of
low-level water vapor from the south (e.g., Ninomiya
and Akiyama 1992). In the next section, we examine



1 Aucust 2017 KAMAE

25
d4PDF
20'JRA55
15
NS
10 L
5F
O 1 1 1 1 1 1 1 1 1 1
J FM AM J J A S ONWD

Month

FIG. 4. Seasonal variation in monthly-mean climatology (for
1958-2010) of frequency of ARs (%) averaged over the NWP re-
gion (hereafter NWPARs). Thick blue and black lines represent
JRA-55 and the 10-member ensemble mean of d4PDF. Range of
thin blue lines and gray shading represent interannual variability
(10) in JRA-55 and the ensemble mean of d4PDF.

interannual variability and potential predictability of
NWPAR activity in JJA.

4. Interannual variability of AR frequency and
atmospheric circulation

a. The northwestern Pacific ARs and SST

Figure 6 compares historical variations of NWPARs
in JJA between JRA-55 and d4PDF. Here the 10-member
ensemble mean (black line) and intermember spread
of d4PDF (gray shading) indicate forced atmospheric
response to SST and radiative forcing and unforced
atmospheric variability, respectively (Kamae et al.
2017). The interannual variability in JRA-55 contains
both forced and unforced variability, resulting in a
larger variability than the d4PDF ensemble mean. The
two time series (JRA-55 and ensemble mean d4PDF

a Frequency of ARs JRA55 & Precip GPCP
50°N
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time series) show statistically significant (at the 99.9%
level) positive correlation (R = 0.68) for 1979-2010,
indicating that 46% of interannual variability can be
explained by the forced response. The correlation is
limited (R = 0.18) before 1979, however, resulting in a
lower correlation (R = 0.33) for 1958-2010 (but is still
statistically significant at the 95% level) than 1979-2010.
Relatively sparse observations assimilated to JRA-55
before 1979 (Kobayashi et al. 2015) may reduce the
correlation. We should also note that this shift in the
correlation is concurrent with interdecadal enhance-
ments of ENSO amplitude and ENSO-EASM coupling
since the late 1970s (Wu and Wang 2002; Wang et al.
2008; Xie et al. 2010; Chowdary et al. 2012; Kubota et al.
2016). The interdecadal variations of ARs are worth
examining in future studies.

Guan and Waliser (2015) and M16 pointed out that the
wintertime NWPARs are significantly affected by ENSO
(i.e., more NWPARSs during El Nifio years). In contrast,
the summertime NWPARs do not show a significant
correlation (R = —0.08) with Nifio-3.4 SST (5°S-5°N,
170°-120°W; yellow line in Fig. 6). Figure 7a shows a
spatial pattern of the regression coefficient of SST with
NWPARs in JJA. Here statistical tests are based on a
10-member ensemble of d4PDF historical simulations.
While the correlation is insignificant over the equatorial
Pacific (Figs. 6 and 7a), the north Indian Ocean (5°-25°N,
40°-100°E) SST (purple line in Fig. 6) correlates signifi-
cantly (at the 99.9% level) with NWPARs (R = 0.71).
Positive SST correlations with the NWPARs can be found
over the tropical Indian Ocean, tropical Atlantic, and
tropical southeastern Pacific (20°-5°S). This SST pattern
resembles the summertime SST anomaly after El Nifio
(e.g., Fig. 7a in Xie et al. 2016). Figure 7b shows SST

b d4PDF

40°N

30°N

2 4 6 8

10

12 14 16 18 20

FIG. 5. Seasonal variations in monthly-mean climatologies of precipitation (black contours; 2,4, and 6 mm day ')
and AR frequency (shading; %) averaged over 125°-150°E from (a) Global Precipitation Climatology Project,
version 2.2, and JRA-55 (1979-2010) and (b) d4PDF (1958-2010). Thin gray contours represent AR frequency of

22% and 24%.
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correlation coefficients with the ensemble mean of d4PDF.

regression during November—-December of the preceding
year and January of the target year [ND(—1)J(0)] on
JJA(0) NWPARSs. Here the numerals inside parentheses
indicate the target year (0) and the preceding year (—1) of
the summertime NWPARs. The NWPARs in JJA(0)
correlate (R = 0.53) significantly (at the 99.9% level)
with the preceding winter El Nifo (Fig. 7b, red line in
Fig. 6). This strong correlation suggests a substantial
ENSO control on the following summer’s NWPARs
with a half-year lag. Figure 8 shows the lag correlation
between JJA(0) NWPARs and SST. The Nifio-3.4 SST
(black lines in Fig. 8) shows a significant positive corre-
lation in the preceding fall to winter both in d4PDF and
JRA-55 (R = 0.68 and 0.47 in d4PDF and JRA-55,

respectively). The ENSO, particularly El Nifio, tends to
decay rapidly in the spring (e.g., Burgers and Stephenson
1999; An and Jin 2004; Ohba and Ueda 2009), resulting in
the limited simultaneous correlation between the JJA(0)
NWPARs and Nifio-3.4 SST.

The above delayed response of the NWPARs to ENSO
is consistent with the Indo-western Pacific Ocean ca-
pacitor (IPOC) effect (Xie et al. 2009, 2016). The brief
concept of the IPOC effect and associated physical
mechanisms were summarized as in Fig. 3 of Xie et al.
(2016). During the El Nifio winter, an anticyclonic cir-
culation anomaly develops over the tropical western
North Pacific (TWNP; 10°-20°N, 150°-170°E) through
local air-sea interactions (Wang et al. 2000). Southwest
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gression coefficients. Stippling indicates the areas with 95% statistical confidence.
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and TWNP (blue; 10°-20°N, 150°-170°E). Thick lines indicate the
>95% confidence level.

Indian Ocean warming forced by El Nifio acts to sustain
the surface northwesterly anomaly over the north Indian
Ocean during the following spring and early summer. The
weakened monsoon southwesterly reduces evaporation
from the sea surface, resulting in a north Indian Ocean
warming (Du et al. 2009; Xie et al. 2009; Figs. 7 and 8).
Eastward propagating equatorial Kelvin waves favored
by the warm Indian Ocean (Yang et al. 2007) contribute
to sustain the TWNP anticyclone during summer (see
next subsection for detail). This IPOC mode affects the
East Asian summer climate (e.g., Huang et al. 2004;
Kosaka et al. 2013; Wang et al. 2013), manifested as the
enhanced South Asian high (Yang et al. 2007), TWNP
anticyclone (Wang et al. 2003, 2013), and meridional
teleconnection initiated by convective activity around the
Philippines (Nitta 1987; Kosaka and Nakamura 2010). In
the next subsection, we show the relationships among
the IPOC-related SST anomaly, EASM, and AR activity
in post-El Nifio summer. The significant correlation
with Nifio-3.4 SST of the preceding fall to winter (Figs. 7
and 8) indicates a potential predictability of the anoma-
lous summertime NWPAR activity.

The ENSO effect on the summertime ARs is not
limited to the NWP. Figure 9 shows regressions of
JJA(0) ARs and low-level (at the 850-hPa level)
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circulation on ND(—1)J(0) Nifio-3.4 SST. Summer ARs
in JRA-55 are more frequent over the midlatitude North
Pacific and North Atlantic (Fig. 9a) after El Nifio. The
anomalous AR occurrence with low-level southwesterly
anomaly (Fig. 9a) indicates a dynamically enhanced AR
occurrence forced by El Nifio. The positive anomaly is
not limited to the central North Pacific and central
North Atlantic but also includes other regions such as
eastern China, the Pacific coast of Mexico, the east coast
of North America, northern Europe, and the Laptev
Sea. The results from the 10-member ensemble d4PDF
are generally consistent with JRA-55 but more statisti-
cally significant (Fig. 9b), possibly because of reduced
atmospheric noise. Over the NWP, the ARs are con-
centrated into a narrower latitudinal band (20°-40°N)
after the El Nifio than in normal years, resulting in a
great increase (small decrease) over the Pacific coast of
Japan (TWNP, northeastern China, and Sakhalin). The
AR distribution expands southwestward in the North
Pacific (and the North Atlantic), resulting in more ARs
over Southeast Asia and southern China. The anoma-
lous AR frequency is concurrent with the low-level cir-
culation anomaly (more ARs are accompanied by
anomalous southwesterlies, and vice versa), suggesting a
monsoon control of the NWPARs (detailed in the next
subsection).

b. Atmospheric circulation over the northwestern
Pacific and Indian Ocean

In the previous subsection, we identified the spatial
patterns of summer and preceding winter SST related
to the interannual variability of summertime NWPARSs
(Fig. 7). Next we examine atmospheric circulation co-
variability over East Asia with the NWPARs. Figure 10
shows regressions of JJA(0) precipitation and atmo-
spheric circulation on JJA(0) NWPARs. Generally the
regression patterns suggest an enhanced EASM, with a
stronger southwesterly monsoonal flow and pre-
cipitation over the South China Sea, the East China
Sea, southern China, the Korea Peninsula, and Japan
(Fig. 10a). This East Asian circulation pattern re-
sembles the condition after El Nifio (Fig. 9; e.g., Xie
et al. 2016) due to the IPOC effect (Figs. 6-8). During
the summers with more frequent NWPARs, SSTs over
the north Indian Ocean and South China Sea tend to be
higher than in normal years (Fig. 7a), resulting in the
tropospheric warming over the Indian Ocean (Fig. 10b)
and associated low-level anticyclone, easterly wind,
and negative precipitation anomalies over the TWNP
(Fig. 10a; Xie et al. 2009). In addition, the South Asian
high and land-sea thermal contrast are enhanced
(Fig. 10b), indicating a stronger EASM. During these
years, seasonal-mean climate anomalies including the



5614

JOURNAL OF CLIMATE

a Regression Nifio3.4_NDJ(-1/0) vs ARs_JJA(0) JRA55
80°N = s = = 6
. A—FZ SIsexs b 4y p & §F SESWESY AV : < Lo,
TR - STEny
THT A 5 e L\_\’J_szﬁ??"?{'ﬁ:@'\ xm?i’ A{f, b <
60°N+tN ™~ Lo N~ Sppz2 Zﬁ;(’*l“/\ R 7T GERY M7 S Sy G A
INs 2 NFQNg\l,_x.L,x_—_vy,{\!\s .\g(;\h\y%&/ﬁ:hﬁl&z Uges
o 7> T T E P
40N'<57 w\yhrvhv}'@:”ﬂ"\kla\}/ﬂ;r?%:
e >>.4,7/'1a$—>/<>,z Lk NP T TN ez s O
oN 4 2> A 7 TEISA U ey ek B A MY L Z' >4 Q \A\§
20°N 1R L ™ 4 yaA av 4&» 7 {77 a8 TA R,
booMeTTtE - ¢ €1 Ty s >TFYT 75 >
C NS e - /e N

E

717,\_\
T

60°E 120°E 180° 120°W 60°W 60°E

%71 -1
0.5ms K

-2.8-24 -2 -16-12-08-04 0 04 08 1216 2 24 28 %K

FIG. 9. Spatial patterns of regression coefficients of JJA(0) AR frequency (shading; % K™')
and horizontal wind at the 850-hPa level (vector; ms™'K™!) in (a) JRA-55 and (b) d4PDF
10-member ensemble with ND(—1)J(0) Nifio-3.4 SST. A 5-yr high-pass filter was applied. Gray
contours represent climatology of AR frequency (14%). Stippling indicates the areas with 95%

VOLUME 30

statistical confidence.

increased SST and the enhanced southwesterly mon-
soonal flow on the northwestern flank of the TWNP
anticyclone facilitate more frequent occurrences of
NWPARs (Fig. 9).

The increased summertime AR frequency after El Nifio
are concentrated in the narrow latitudinal band and ex-
pand southwestward to Southeast Asia and southern
China (Fig. 9). This spatial pattern is consistent with the
low-level circulation anomaly: the enhanced monsoonal
southwesterly over the South China Sea, southern China,
the East China Sea, and western Japan (Figs. 9 and 10a)
associated with the TWNP anticyclonic anomaly
(Fig. 10a). The anomalous TWNP anticyclone is consis-
tent with the suppressed AR frequency over this region
(Fig. 9). In the midlatitudes, the westerly wind anomaly is
not found north of 40°N (Fig. 10a). The red line in Fig. 10a
represents the latitude of the peak westerly wind re-
gression onto the NWPARs. This axis is displaced south of
the climatological westerly wind axis (gray line in
Fig. 10a), suggesting that the low-level westerly axis shifts
southward when the NWPARs are more frequent than in
normal years. This southward shift is consistent with the
suppressed AR activity north of 40°N (Fig. 9). Generally
the anomalous pattern of summertime AR frequency
over the Far East and the western Pacific are consistent
with the anomalous circulation pattern, indicating the

importance of the ENSO-related EASM variability on the
NWPAR interannual variability.

5. Summary and discussion

Using a global atmospheric reanalysis and a large-
ensemble AGCM simulation, we have investigated the
climatology and interannual variability of the sum-
mertime AR frequency over the Northern Hemi-
sphere. The large-ensemble simulation contributes to
identify the tropical mode controlling the interannual
variability of the North Pacific ARs. ARs are broadly
detected over the midlatitude oceans and make landfall
not only over the west coasts of the Northern Hemi-
sphere continents but also over East Asia. The
NWPARs peak in June—July and make landfall over
broad regions of the Far East including southern China
and western Japan. The interannual variability of
summertime NWPARs in JRA-55 is well reproduced
by the AGCM ensemble mean, indicating the strong
SST control. The interannual variability is closely re-
lated to the EASM strength modulated by Pacific and
Indian Ocean SST anomalies. When El Nifio develops
in the equatorial Pacific during boreal winter, the IPOC
mode influences the following summer atmospheric
circulations over the Indian Ocean, the western North
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Pacific, and East Asia at a half-year lag, producing a
summertime anticyclonic circulation anomaly over the
TWNP, an enhanced southwesterly monsoonal flow on
the northwest flank, and frequent ARs over Southeast
Asia, southern China, and western Japan. The high
correlation between the summertime NWPARs and
the Niflo-3.4 index of the preceding winter indicates
that modulations of summertime NWPAR activity and
associated heavy rainfall over East Asia are highly
predictable. Our results suggest that the probability of
summertime heavy rainfall associated with AR-like
features is increased over East Asia following El Nifio
events, while the risk of heavy rainfall associated with
tropical cyclone landfall is reduced (e.g., Du et al. 2011;
Mei et al. 2015). The seasonally lagged ENSO impacts
on the ARs are important for the prediction of AR
variability.
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The summertime NWPAR activity is largely con-
trolled by the atmosphere—ocean coupled mode over the
tropical Indian Ocean and Pacific and is tied to the
EASM variability, in contrast to the wintertime North
Pacific and North Atlantic ARs that are affected by the
jet stream, storm track, and Rossby wave breaking.
Substantial parts of the summertime NWPARs are
closely related to MB frontal activity (Fig. 1). However,
AR-related heavy rainfall events also occurred after MB
withdrawal (e.g., Hirota et al. 2016). This study only
focuses on seasonal mean AR activity, but individual
detected features suggest the complexity of the AR
behavior over the western North Pacific (Knippertz
and Wernli 2010; M16). The detection method em-
ployed in this study filters out tropical cyclones but
retains narrow moisture transport bands associated
with transitioning tropical cyclones. In addition, ex-
tratropical cyclones and NWPAR activities may also be
affected remotely by tropical cyclones (e.g., Yoshida
and Itoh 2012; Hirata and Kawamura 2014). These
synoptic-scale features associated with the NWPAR
activity are worthwhile to examine statistically. Mois-
ture sources of the AR-like features are also essential
for understanding formation mechanisms of ARs and
its roles in the global hydrological cycle (e.g., Knippertz
and Wernli 2010; Ramos et al. 2016). Hiraoka et al.
(2011) and Pan et al. (2017) showed that moistures from
the north Indian Ocean and the western North Pacific are
major sources of the summertime rainfall over East Asia,
but the contributions of moistures from other regions
including the middle and high latitudes are also sizable.
Further efforts at systematic classification of NWPAR
events based on moisture sources and synoptic weather
patterns (e.g., extratropical cyclones, tropical cyclones,
MB front, and the North Pacific high; e.g., Ohba et al.
2015) may contribute to a better understanding of for-
mation processes, climatology, variability, and socio-
economic impacts of NWPARs.

The AR statistics shown in this study may partly de-
pend on detection methods. Guan and Waliser (2015)
compared the performance of a detection scheme they
developed and detection schemes employed in previous
studies (Neiman et al. 2008; Lavers et al. 2011;
Gorodetskaya et al. 2014). They concluded that different
AR detection schemes showed good agreement (~90%)
in AR landfall dates. They also pointed out a high sen-
sitivity of IVT-based AR detection to length criterion
(Fig. 5 in Guan and Waliser 2015). Despite these sensi-
tivities, spatial patterns of the North Pacific AR clima-
tology and its interannual variability (e.g., dependence on
ENSO phases) are largely consistent among different
studies (e.g., Guan and Waliser 2015; M16), suggesting a
robustness of results shown in this study. It is worthwhile
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to examine dependence of the AR behavior shown in this
study to input data (Lavers et al. 2012; Guan and Waliser
2015) and criteria employed in the detection scheme
(anomalous IVT threshold, length, and length-width ra-
tio) under systematic framework.

This study focuses on the forced response to SST
variability, but the unforced internal variability of ARs
[see section 5 in Kamae et al. (2017)] also needs to be
examined. The influences of the positions and strengths
of extratropical cyclones, the upper-level jet stream, and
Rossby wave breaking (e.g., Horinouchi 2014; Payne
and Magnusdottir 2014) on the ARs over the western
Pacific should also be investigated. The delayed impact
of ENSO on summertime ARs is not limited to the NWP
but is also found over North America, the North At-
lantic, and Europe (e.g., more ARs over eastern North
America and England; Fig. 9). In this study, we did not
evaluate relative contributions of regional (e.g., the
equatorial Pacific, the Indian Ocean, and the western
North Pacific) and seasonal SST anomalies to the
anomalous AR activity. More detailed research on the
forced response to tropical SST variability and the in-
ternal variability of ARs is necessary for improved
seasonal predictions of AR activity, associated water
resource variations, and natural disasters.

This study only examines the frequency of AR occur-
rence. However, the AR strength, associated heavy
rainfall, and their interannual variability are greatly im-
portant for risks of AR-related extreme events. In addi-
tion, future changes in these risks are also important
topics. Water vapor increase resulting from atmospheric
warming, shifts of the upper-level jet stream, and changes
in low-level circulation patterns are important for the
future changes in ARs (Lavers et al. 2013; Gao et al. 2015;
Payne and Magnusdottir 2015; Hagos et al. 2016). Pre-
cipitable water over East Asia and the western Pacific is
projected to increase in a warming climate (e.g., Endo
and Kitoh 2014). Climate model simulations identified a
long-term southward shift of the low-level westerly axis
over the western Pacific (120°-150°E; e.g., Fig. 8 in Kitoh
2017). These thermodynamic and dynamic effects are
likely to affect AR frequency and strength over the NWP.
We plan to report on these changes in ARs and SST
warming effect (Mizuta et al. 2017) in the near future.
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