A}

10

11

12

13
14

15

16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

Statistical Analysis of Remote Precipitation in Japan

Caused by Typhoons in September

Shinichi KODAMA'

Atmosphere and Ocean Research Institute
The University of Tokyo, Kashiwa, Japan

and

Masaki SATOH

Atmosphere and Ocean Research Institute
The University of Tokyo, Kashiwa, Japan

October 20, 2021

1) Corresponding author: Shinichi Kodama, Atmosphere and Ocean Research Institute
The University of Tokyo, 5-1-5, Kashiwanoha, Kashiwa-shi, Chiba 277-8564 Japan.
Email: kodama@aori.u-tokyo.ac.jp



32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

50

51

Abstract

During the autumn rainy season, typhoons located far from Japan sometimes cause

significant precipitation in Japan. In this study, we characterized remote precipitation events

in September for 40 years from 1980 to 2019. We also analyzed cases in which remote

precipitation did not occur despite approaching typhoons, as well as cases in which heavy

precipitation was not affected by typhoons. We characterized the environmental fields of the

remote precipitation cases by comparing them with these other two cases.

Statistical analysis showed that remote precipitation tended to occur when the typhoons

were located over the southern or southwestern oceans of mainland Japan and when the

tracks of the typhoons were northward or recurving. The composite analysis of the remote

precipitation cases showed that the extension of the subtropical high was retreating to the

east for the two days before the remote precipitation. By contrast, the cases in which remote

precipitation did not occur showed the opposite pattern: the extension of the subtropical high

was strengthening to the west when typhoons were approaching over the southern or

southwestern oceans of the Japanese archipelago. Furthermore, the remote precipitation

occurred to the equatorward jet streak entrance of the 200 hPa jet, whereas the 200 hPa jet

streak was shifted to the west in the cases where remote precipitation did not occur. The

vertical cross-section of the northward water vapor flux showed that the northward water

vapor inflow from the middle troposphere was larger in cases of remote precipitation than in

cases in which heavy precipitation was not caused by typhoons. In addition, our results
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suggest that the contribution of the wind speed to this difference in the water vapor flux was

greater than that of the water vapor mixing ratio.
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1. Introduction

During the autumn rainy (Akisame, in Japanese) season, typhoons located far from Japan

can increase the supply of water vapor in Japan, resulting in significant precipitation. Wang

et al. (2009) referred to this type of precipitation as remote precipitation due to the indirect

effect of typhoons and distinguished it from precipitation due to the direct effect of typhoons,

i.e., the effects of the eyewall and spiral rain bands. Remote precipitation is thought to be

caused generally by warm and moist northward winds to the east of the typhoons, which

stimulate the Akisame front.

There have been several studies on remote precipitation in Japan caused by the indirect

effect of typhoons during the Akisame season. Wang et al. (2009) conducted the

hypothetical typhoon vortex removal experiment for Typhoon Songda in 2004, which

suggested the importance of the northward water vapor transport enhanced by the typhoon.

Murata (2009) argued that in addition to the supply of water vapor, the dynamic effect of

mountainous terrain contributed to the remote precipitation for Typhoon Meari in 2004.

Ninomiya (2013) pointed out the influence of a weak shortwave mid-latitude trough on the

remote precipitation caused by Typhoon TRIX in 1965. Moreover, Kitabatake (2002)

suggested that the involvement of frontogenesis and associated vertical motion was

responsible for the heavy remote precipitation caused by Typhoon Saomai in 2000. Saito

(2019) and Saito and Matsunobu (2020) have described the influence of upper-level

ageostrophic winds on the remote precipitation caused by Typhoon Melor in 2009.
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Remote precipitation caused by typhoons is also observed in the Baiu season (early

summer rainy season). Using potential vorticity analysis, Yoshida and Itoh (2012) revealed

that the indirect supply of water vapor from Typhoon Maggie in 1999 caused remote

precipitation. Hirata and Kawamura (2014) statistically analyzed the remote impact on Japan

of two primary tracks of typhoons in the Baiu season. In addition, Kawamura and Ogasawara

(2006) and Yamada and Kawamura (2007) studied the interaction between typhoons and

the Pacific-dJapan pattern from the Baiu season to the Akisame season and found that the

remote precipitation is related to the strengthening of the subtropical high to the east of

Japan.

Research on East Asian regions other than Japan has also been conducted. Byun and

Lee (2012) performed a statistical analysis of remote precipitation cases on the Korean

Peninsula, distinguishing between typhoons that made landfall in China and those that did

not. Yuan et al. (2018) conducted a statistical analysis of the remote precipitation caused by

tropical cyclones in the Bay of Bengal.

By contrast, a region of precipitation caused indirectly by the effects of tropical cyclones

over North America is called a predecessor rain event (PRE) (Cote 2007). PRE is generally

explained as a phenomenon in which tropical cyclones in the Atlantic Ocean recurve and

move northward into the mid-latitudes, forming a rain band that stagnates on North America

about 1000 km north of the tropical cyclones, resulting in heavy precipitation (Kitabatake

2012). Galarneau et al. (2010) conducted a statistical analysis of PRE in a 14-year period
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and analyzed in more detail the case of tropical cyclone Erin in 2007. Schumacher et al.

(2011) studied the same tropical cyclone by conducting a sensitivity experiment with removal

of water vapor. They showed that although the precipitation was enhanced by water vapor

from Erin, it was the environmental field that generated the precipitation, even in the absence

of Erin. Moreover, Schumacher et al. (2012) extracted both recurved and non-recurved

conditions from the 2007 Erin and the 2008 lke ensemble forecasts and found that the

increased water vapor transport due to recurving did not necessarily enhance the

precipitation. Many other studies have aimed to clarify the mechanism of PRE and the

indirect effects of tropical cyclones (Bosart and Carr 1978; Ross and Kurihara 1995; Bosart

et al. 2012; Moore et al. 2013).

The environmental fields of PRE in North America and of remote precipitation in Japan

are very different, and their underlying mechanisms are not necessarily the same. PRE in

North America occurs over land, while remote precipitation in Japan occurs mainly over the

ocean or adjacent areas. However, they have some factors in common, such as the mid-

latitude systems and water vapor transport from tropical cyclones. Despite many individual

case studies, there have been no statistical analyses to clarify the mechanism of remote

precipitation in Japan during the Akisame season. The purpose of this study is to identify the

differences between the environmental fields of remote precipitation cases and those of

cases in which remote precipitation did not occur even when typhoons were approaching.

In addition, we compare remote precipitation cases with heavy precipitation cases that are
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not influenced by typhoons and clarify the effect of typhoons on remote precipitation from

the viewpoint of water vapor flux.

2. Data and methods

2.1 Data

In this study, we used Best Track Data from the Regional Specialized Meteorological

Center (RSMC) Tokyo-Typhoon Center, which provides information on typhoons occurring

from 1951 to the present. For precipitation and other physical parameters, we used the

European Centre for Medium-Range Weather Forecasts (ECMWF) Reanalysis v5 (ERA5)

data, which provides a variety of physical parameters from 1950 to the present with a

horizontal resolution of 0.25 degrees in latitude and longitude and 37 pressure levels from

1000 hPa to 1 hPa. Hourly data on pressure levels (Hersbach et al. 2018a), hourly data on

single levels (Hersbach et al. 2018b) and monthly averaged data on single levels (Hersbach

et al. 2019) were used in this study. The Global Satellite Mapping of Precipitation (GSMaP)

(Kubota et al. 2007) was used to analyze the distribution and intensity of precipitation areas

and to confirm the reproducibility of the ERAS precipitation data. The GSMaP provides

hourly data for rainfall intensity from 2000 to the present in the region 60°S—60°N with a

horizontal resolution of 0.1 degrees in latitude and longitude.

2.2 Methods
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The analysis period of this study is every September from 1980 to 2019. We first extracted

the days when daily precipitation of 40 mm or more was recorded at 33 or more grid points

in the rectangular domain covering the major part of Japan [130-150°E, 30—40°N],

regardless of whether or not typhoons were approaching. The daily precipitation was

obtained by totaling the hourly precipitation from 00 UTC to 23 UTC from the ERA5 data.

The threshold value of 40 mm was selected to ensure that representative remote

precipitation cases were included. The minimum number of 33 grid points was chosen

because this represents about 1% of all grid points in the rectangular domain and excludes

rainfall events that are too localized. The rectangular domain was chosen because it

includes the area with mean September precipitation of about 250 mm or more, calculated

from the 40 years of ERAS data covering our study period. As a result, we obtained 618

precipitation days. Up to this point, we had not considered whether or not the precipitation

was due to the indirect effects of typhoons.

To define the days when typhoons were remotely located, we referred to Tsuguti and Kato

(2014); we extracted the cases in which the distance between a typhoon center and a

precipitation center was between 500 km and 1500 km. Typhoons in this study are those

with a maximum wind speed of at least 34 knots. Typhoons above 34 knots are classified as

grades 3, 4, and 5 in the Best Track Data. The typhoon center was defined as the position

at 12 UTC on the day of precipitation, and the precipitation center was defined as the location

of maximum daily precipitation in the rectangular domain. In the case of multiple typhoons
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within 500-1500 km of the precipitation center on the same day, only the typhoon closest to

the precipitation center was considered. In addition, to confirm the remote impact of

typhoons on precipitation areas, we referred to Galarneau et al. (2010) to check the

connection between the typhoon and the precipitation; we defined the precipitation as

remote if both the typhoon center and the precipitation center were surrounded by a contour

with daily average precipitable water of 50 mm or more. For cases of remote precipitation

caused by the same typhoon, we counted only the first day on which the above criteria were

satisfied. As a result, we extracted 58 remote precipitation cases. Hereafter, we refer to

these cases of remote precipitation in Japan as “PRE” cases, to acknowledge their similarity

to PRE in North America.

We also extracted the cases in which PRE did not occur, i.e., heavy precipitation did not

occur even though typhoons were approaching Japan. These cases are hereafter referred

to as “non-PRE” cases. To obtain these cases, we first extracted the days when daily

precipitation of less than 40 mm was recorded at all grid points in the rectangular domain.

From this list, we selected the cases in which the distance between the typhoon center and

the median precipitation point, which was defined from the precipitation centers of the 58

PRE cases, was between 500 km and 1500 km. In addition, we excluded cases where the

typhoons were determined to be typhoons of the extracted PRE cases. As with the PRE

cases, for non-PRE cases caused by the same typhoon, we counted only the first day on

which the above criteria were satisfied. As a result, 31 non-PRE cases were extracted.
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Finally, we also extracted cases of heavy precipitation that was not due to the influence

of typhoons. We defined the days when daily precipitation of 80 mm or more was recorded

at 33 or more grid points in the rectangular domain. Next, we selected the cases in which

the distance between the typhoon center and the precipitation center was more than 2000

km, as well as cases for which typhoons were not observed on the Best Track Data.

Precipitation cases due to tropical depression (maximum wind speed of less than 34 knots,

grade 2 on the Best Track Data) or extratropical cyclone (grade 6 on the Best Track Data)

were also excluded. For cases of heavy precipitation on consecutive days, we counted only

the first day. As a result, 24 cases of heavy precipitation without the influence of typhoons

were extracted. These cases are hereafter referred to as "non-typhoon” cases.

3. Results

3.1 Statistical data

Figure 1 shows the positions of typhoon centers and precipitation centers for PRE, non-

PRE, and non-typhoon cases, as well as the rectangular domain used to define the

precipitation location. Statistical analysis of the PRE cases showed that the typhoon centers

at the time of PRE occurrence were widely distributed in the zonal areas over the southern

and southwestern oceans of Japan between 120°E and 150°E (Fig. 1a). The precipitation

centers were also widely distributed within the rectangular domain [130-150°E, 30—40°N]

(Fig. 1b). Most of the tracks of the typhoons were northward or recurving, with few westward
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typhoon tracks (Figs. 2a-2d). The distances between the typhoon center and the

precipitation center were between 500 km and 1500 km, but distances of more than 1000

km were more frequent (Fig. 3a). Examination of the direction of the precipitation centers

from the typhoon centers indicated that PRE tended to occur to the north to northeast of the

typhoons (Fig. 3b). In other words, PRE tended to occur when the typhoons were located

over the southern or southwestern oceans of the Japanese archipelago. Four cases were

excluded from Fig. 3b because their azimuths were not within 90 degrees. Examination of

the central pressure of the typhoons at the time of PRE occurrence showed that typhoons

above 980 hPa, which were relatively weak, still caused PRE (Fig. 3c). For the typhoons

that persisted for more than 6 days, we compared the time of minimum central pressure with

the time of central pressure at PRE occurrence. We found that six typhoons occurred before

the time of minimum central pressure, five typhoons occurred at the time of minimum central

pressure, and 18 typhoons occurred after the time of minimum central pressure. This result

is similar to that of the statistical analysis of North American PRE (Galarneau et al. 2010), in

which tropical cyclones tended to weaken when PRE occurred. Finally, Figure 4 shows the

relationship between the central pressure of the typhoons and the maximum daily

precipitation. One case with extremely high precipitation was excluded. Figure 4 indicates

that the intensity of the remote precipitation is not affected by the intensity of typhoons.

Based on this result, we did not take into consideration the effects of the difference in the

strength of typhoons on precipitation in the following analysis. The mean of the maximum
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daily precipitation of the 58 PRE cases was about 125 mm.

For the non-PRE cases, the typhoon centers were widely distributed, similar to those of

the PRE cases (Fig. 1c vs 1a), but the typhoons tended to be located more eastward than

those of the PRE cases. Most of the tracks of the typhoons were northward or recurving, but

some typhoons moved westward without recurving (Figs. 2e—2h). We note that the typhoons

with a relatively strong central pressure below 960 hPa did not cause remote precipitation

in Japan, and were categorized as non-PRE typhoons (Fig. 3d).

The distribution of the precipitation centers of the 24 non-typhoon cases is shown in Fig.

1d. It is not so different from that of the PRE cases (Fig. 1b). The mean daily maximum

precipitation of the extracted cases was about 157 mm.

3.2 Composite analysis

1) PRE cases

Time evolution of the horizontal distribution of the 500 hPa geopotential height (contour),

the precipitable water (shaded), and the vertical integrals of water vapor flux (vector) were

investigated by composite analysis (Fig. 5). These are the composite maps during the period

from Day-2 (two days before PRE occurrence) to Day+1 (one day after PRE occurrence).

In these composite analyses, we referred to Galarneau et al. (2010); the precipitation

centers of the 58 PRE cases were shifted to their median values at Day0. The composite

maps for Day-2, Day-1, and Day+1 were obtained after shifting the latitude and longitude
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by the same amount as at DayO in each case. The results show that the high precipitable

water exceeding 50 mm entered the rectangular domain from Day-2 to DayO, and the

extension of the subtropical high (represented by the 5880 m line) was retreating to the east

from Day-2 to Day0. The retreat of the subtropical high is similar to the OT cases (tropical

cyclones over the East China Sea) on the Korean Peninsula (Byun and Lee 2012). Moreover,

the clear northward water vapor flux was observed between the typhoons and the

subtropical high on Day0O and Day+1. Figure 6 shows the composite maps of the 200 hPa

geopotential height (black contour), the 200 hPa isotach (blue contour), the 700 hPa vertical

velocity (shaded), and the 850 hPa horizontal wind (vector) from Day-2 to Day+1. The

precipitation area (represented by the median point of precipitation and the 700 hPa

ascending basin) was located on the equatorward jet streak entrance of the 200 hPa jet on

Day0. This positional relationship is consistent with the PRE statistical analyses for North

America and East Asia (Galarneau et al. 2010; Byun and Lee 2012; Moore et al. 2013; Yuan

et al. 2018). In the lower troposphere at 850 hPa, northward horizontal winds were also

observed at Day0 and Day+1. The 850 hPa equivalent potential temperature gradient at

DayO is relatively large over Japan, indicating a frontal structure (Fig. 7a). To identify the

layer in which water vapor entered the precipitation areas, we show the vertical cross-

section between 130°E and 150°E along the latitude 30°N, which corresponds to the lower

edge of the rectangular domain (Fig. 7b). This shows that the water vapor flux entered up to

the middle troposphere at 500 hPa. The details of the water vapor flux are discussed below.
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2) Non-PRE cases

We constructed composite maps for the 16 non-PRE cases in which the typhoon centers

were located within [130-140°E, 20-30°N] on Day0. The area was chosen because the

typhoon centers were clustered there. Figure 8 shows the 500 hPa geopotential height

(contour), the precipitable water (shaded), and the vertical integrals of water vapor flux

(vector) from Day-2 to Day+1. In contrast to the PRE cases (Fig. 5), the high precipitable

water exceeding 50 mm did not enter the rectangular domain from Day-2 to Day-0. In

addition, the extension of the subtropical high was strengthening to the west from Day-2 to

Day0; this was in contrast to the PRE cases, where the subtropical high was retreating.

Moreover, the clear northward water vapor flux was not observed from Day-2 to DayO.

Figure 9 shows the 200 hPa geopotential height (black contour), the 200 hPa isotach (blue

contour), the 700 hPa vertical velocity (shaded), and the 850 hPa horizontal wind (vector)

for 16 non-PRE cases from Day—2 to Day+1. This shows that the jet streak entrance was

located more westward in the non-PRE cases than in the PRE cases. A similar result was

obtained from previous East Asian PRE analysis (Yuan et al. 2018). The 850 hPa northward

horizontal winds were not observed from Day—2 to Day0. In addition, the 850 hPa equivalent

potential temperature for the non-PRE cases on Day0 had a weaker gradient than in the

PRE cases, indicating that the front over Japan was more obscure than in the PRE cases

(Fig. 10). The northward water vapor flux component was hardly seen compared to that of
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the PRE cases (not shown).

3) Non-typhoon cases

In the non-typhoon cases, as in the PRE cases, we made composite maps by aligning the

precipitation centers of the 24 cases to the point of their median value. On DayO, the

subtropical high extended far to the west, and the precipitation area was located on the

equatorward jet streak entrance of the 200 hPa jet (Figs. 11a, b). The 850 hPa equivalent

potential temperature on Day0 indicates that a frontal zone locates over mainland Japan, as

in the PRE cases (Fig. 11c). Although the northward water vapor flux component was

observed in the lower troposphere at around 900 hPa, it was not clearly seen in the middle

troposphere (Fig. 11d). The northward water vapor flux was smaller than that in the PRE

cases (Fig. 7b).

4. Discussion

The composite analysis of the PRE cases showed that the extension of the subtropical

high was retreating to the east from Day-2 to DayO, while the non-PRE cases showed it

strengthening to the west; the tendencies of the extension of the subtropical high are

opposite for the PRE cases and the non-PRE cases. Because the typhoons on DayO in the

non-PRE cases were located more eastward than in the PRE cases (Fig. 1), we compared

the tendencies of the extension of the subtropical high using the cases in which the typhoons
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are located in about the same area. Composite maps were created for 16 non-PRE cases

in which the typhoon centers on Day0 were located within the area [130-140°E, 20-30°N].

Then, we analyzed 18 PRE cases in which the typhoon centers were located within the

same area. The time series of the composite of 500 hPa geopotential height averaged over

the region [130-140°E, 27.5-32.5°N] is shown in Fig. 12, which shows the change in the

geopotential height from 48 hours before PRE occurrence. The region [130-140°E, 27.5—

32.5°N] was chosen because water vapor was particularly entering the precipitation area

from that region. The periodic variations for both the PRE and non-PRE cases represent the

daily variation in the subtropical high. The change in the geopotential height from Day-2 (-

48 h) to Day0 shows a decreasing tendency in the PRE cases and an increasing tendency

in the non-PRE cases, confirming the characteristic differences in the extension of the

subtropical high between the two groups.

In the non-PRE cases, the area of the jet streak entrance was located more to the west

than in the PRE cases, and there was no clear frontal area over Japan. Mid-latitude factors

such as a jet streak and a front are important in determining whether remote precipitation

will eventually occur. However, the extension of the subtropical high, which influences the

amount of northward water vapor transport, may also be important in determining whether

or not PRE occurs when typhoons are approaching. To clarify the mechanism of the

extending change of the subtropical high during approaching typhoons, it is necessary to

understand the dynamics of the interaction between typhoons and the subtropical high.
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Vertical cross-sections of the northward water vapor flux component for the PRE cases

and the non-typhoon cases showed that water vapor flux was observed mainly in the lower

troposphere in both cases, but differed between the two cases in the middle troposphere

(Figs. 7b, 11d). We analyzed this difference in the northward water vapor flux component

further. The water vapor flux is a product of air density p, water vapor mixing ratio q,,, and

wind speed v. We investigated whether g, or v contributed more to the difference in the

water vapor flux by ignoring the contribution of p, because its difference is smaller than that

of g, or v. The difference in the water vapor flux between the PRE cases and the non-

typhoon cases can be expressed by linear decomposition as follows (1).

A(qv) = (qV)pre — (qQV)nT

= (qnr + AqQ)(Vyr + AV) — (qV)pr

=qnr AV + Aq - vyr + Aq - Av + qur - Uy — (qQU)Nr (1)

Here, the values with subscripts PRE and NT represent the PRE and non-typhoon cases,

respectively, and A represents the difference between the two cases [A() = ()pre — Onrl-

The first term qyr - Av of equation (1) represents the contribution from the anomaly in the

wind speed, the second term Aq - vyr represents the contribution from the anomaly in the

water vapor mixing ratio. The value of the fourth term qyr - vyr minus the fifth term (qv)yr

is smaller than the third term Aq - Av. The results up to the third term in equation (1) are

shown in Fig. 13. The contribution from the anomaly in wind speed (Fig. 13a) was the largest;

that is, the contribution of the wind speed to the difference in the northward water vapor flux
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component was larger than that of the water vapor mixing ratio. The difference in the water

vapor flux between the PRE cases and the non-typhoon cases can be approximated by the

first term of equation (1) [A(qv) = quyr - AV]. Itis interesting that the effect of the water vapor

flux is also observed above the middle troposphere in the PRE cases. The cause of the

enhanced water vapor flux in the middle troposphere is a topic for future studies.

5. Conclusions

The purpose of this study is to clarify the statistical characteristics of precipitation in Japan

associated with PRE, i.e., remote precipitation indirectly caused by typhoons, in September

for 40 years from 1980 to 2019. In particular, we examined the locations, the tracks, and the

intensity of the typhoons that cause PRE in Japan. In addition, we studied the differences in

the environmental fields between three cases: the cases of PRE (PRE cases), the cases in

which remote precipitation did not occur (non-PRE cases), and the cases in which heavy

precipitation in Japan was not affected by typhoons (non-typhoon cases).

Statistical analysis of the PRE cases showed that PRE tended to occur when the typhoons

were located over the southern or southwestern oceans of mainland Japan and were moving

northward or recurving. The distance between the typhoons and the precipitation areas of

PRE exceeded 1000 km in most cases. PRE occurred regardless of typhoon intensity; in

some cases, PRE occurred when the central pressure of the typhoons was above 980 hPa.

We also found that most of the PRE occurred in the weakening phase of the typhoons. No
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characteristic relationship was found between the central pressure of the typhoons and the

maximum daily precipitation at the time of PRE occurrence.

The results of the composite analysis of the three cases showed the following

characteristics. First, the extension of the subtropical high south of Japan was retreating for

the PRE cases during the two days before PRE occurrence, while it was strengthening for

the non-PRE cases. Second, the 200 hPa jet streak entrance was close to the precipitation

area for the PRE cases; specifically, the precipitation occurred on the equatorward jet streak

entrance. By contrast, for the non-PRE cases, the 200 hPa jet streak entrance was located

to the west compared to the PRE cases, and thus heavy precipitation was not enhanced

around Japan. Third, the 850 hPa equivalent potential temperature showed that the

precipitation area was characterized by the frontal zone for the PRE cases. Fourth, the

vertical cross-section of the northward water vapor flux component showed that the water

vapor was transported to Japan in the PRE cases and the non-typhoon cases. In both cases,

water vapor transport from the lower troposphere was prominent; in the PRE cases, water

vapor transport from the middle troposphere was also observed. In addition, the contribution

of the wind speed to this difference in the water vapor flux was greater than that of the water

vapor mixing ratio.

We have shown in this study that various factors were involved in PRE occurrence in

Japan. Although several characteristics were consistent with previous PRE studies, there

are still factors that are not yet clear. The mechanism of interaction between typhoons and
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the subtropical high and the extent to which water vapor around typhoons contributes to

PRE will require further investigation. Based on the results obtained in this study, it is hoped

that the mechanisms of PRE occurrence and strengthening in Japan will be clarified.
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List of Figures

Fig. 1. (a) Locations of typhoon centers in the 58 PRE cases (blue dots). (b) Locations of

precipitation centers in the 58 PRE cases (blue dots). (¢) Same as in (a) but for the

31 non-PRE cases (blue dots). (d) Same as in (b) but for the 24 non-typhoon cases

(blue dots). The red rectangle shows the extraction area [130-150°E, 30—40°N].

Fig. 2. (a—d) Tracks of typhoons in the PRE cases, divided into 10-year periods: 1980-1989,

1990-1999, 2000-2009 and 2010-2019. The blue dots show the typhoon centers.

(e—h) Same as in (a—d) but for the non-PRE cases. The blue dots show the typhoon
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487

488

489

490

491
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495

centers. The red rectangle shows the extraction area [130-150°E, 30—40°N].

Fig. 3. (a) Histogram of the distance (km) between typhoon centers and precipitation centers
in the PRE cases. (b) Histogram of the direction of precipitation centers from
typhoon centers in the PRE cases (azimuth; °), excluding four cases. (¢) Histogram
of the central pressures (hPa) of typhoons in the PRE cases. (d) Same as in (c) but
for the non-PRE cases.

Fig. 4. Histogram of typhoon central pressure (hPa) and maximum daily precipitation (mm)

in the PRE cases, excluding one case.

Fig. 5. Composite of 500 hPa geopotential height (contour; m), precipitable water (shaded;
mm) and vertical integrals of water vapor flux (vector; kg m™! s') for the 58 PRE cases
on (a) Day-2, (b) Day-1, (c) Day0, and (d) Day+1. The contour interval is 60 m. The
reference arrow is 400 kg m™* s*'. The red rectangle shows the extraction area [130-
150°E, 30—40°N]. The green cross mark shows the median point of precipitation on
Day0. The red dots on DayO show the locations of typhoon centers relative to the
median point of precipitation.

Fig. 6. Composite of 200 hPa geopotential height (black contour; dam), 200 hPa isotach
(blue contour; m s'), 700 hPa vertical velocity (shaded; Pa s') and 850 hPa
horizontal wind (vector; m s™') for the 58 PRE cases on (a) Day-2, (b) Day-1, (c)
Day0, and (d) Day+1. The black contour interval is 10 dam and the blue contour

interval is 5 m s™ (35, 40, 45 m s™'). The reference arrow is 10 m s™'. The red rectangle

24



496

497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

shows the extraction area [130-150°E, 30—40°N]. The green cross mark shows the

median point of precipitation on Day0. The blue dots on Day0 show the locations of

typhoon centers relative to the median point of precipitation.

Fig. 7. (a) Composite of 850 hPa equivalent potential temperature (shaded and contour; K)

for the 58 PRE cases on Day0. The contour interval is 3 K. The black rectangle
shows the extraction area [130—-150°E, 30—40°N]. The green cross mark shows the
median point of precipitation. (b) Composite of vertical northward water vapor flux
(shaded; g m? s™) for the 58 PRE cases on Day0 between 130°E and 150°E along

the latitude 30°N.

Fig. 8. Composite of 500 hPa geopotential height (contour; m), precipitable water (shaded;

mm) and vertical integrals of water vapor flux (vector; kg m™ s') for 16 non-PRE
cases on (a) Day-2, (b) Day-1, (c) DayO0, and (d) Day+1. The contour interval is 60
m. The reference arrow is 400 kg m™' s'. The red rectangle shows the extraction area

[130-150°E, 30—40°N]. The red dots on Day0 show the locations of typhoon centers.

Fig. 9. Composite of 200 hPa geopotential height (black contour; dam), 200 hPa isotach

(blue contour; m s'), 700 hPa vertical velocity (shaded; Pa s') and 850 hPa
horizontal wind (vector; m s) for 16 non-PRE cases on (a) Day-2, (b) Day-1, (c)
Day0, and (d) Day+1. The black contour interval is 10 dam and the blue contour
interval is 5 m s™ (35, 40, 45 m s™'). The reference arrow is 10 m s™'. The red rectangle

shows the extraction area [130-150°E, 30—40°N]. The blue dots on Day0 show the
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locations of typhoon centers.

Fig. 10. Composite of 850 hPa equivalent potential temperature (shaded and contour; K) for

16 non-PRE cases on Day0. The contour interval is 3 K. The black rectangle shows

the extraction area [130-150°E, 30—40°N].

Fig. 11. (a) Composite of 500 hPa geopotential height (contour; m), precipitable water

(shaded; mm) and vertical integral of water vapor flux (vector; kg m' s') for the 24
non-typhoon cases on Day0. The contour interval is 60 m. The reference arrow is
400 kg m™ s'. The red rectangle shows the extraction area [130-150°E, 30—40°N].
The green cross mark shows the median point of precipitation. (b) Same as in (a)
but for 200 hPa geopotential height (black contour; dam), 200 hPa isotach (blue
contour; m s'), 700 hPa vertical velocity (shaded; Pa s™') and 850 hPa horizontal
wind (vector; m s') on Day0. The black contour interval is 10 dam and the blue
contour interval is 5 m s (35, 40, 45 m s™). The reference arrow is 10 m s™. (c)
Same as in (a) but for 850 hPa equivalent potential temperature on Day0 (shaded
and contour; K). The contour interval is 3 K. The black rectangle shows the
extraction area [130-150°E, 30—40°N]. (d) Same as in (a) but for vertical northward
water vapor flux (shaded; g m2 s™') on Day0 between 130°E and 150°E along the

latitude 30°N.

Fig. 12. Time series of composite for 500 hPa geopotential height (m) from Day-2 to DayO0

(18 PRE cases, red; 16 non-PRE cases, blue). The 500 hPa geopotential height is
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averaged over the region [130-140°E, 27.5-32.5°N], and the value 48 hours before

PRE occurrence is set to 0 m. The whisker marks represent standard deviation.
Fig. 13. Each component of the linear decomposition of vertical northward water vapor flux

(not including air density p) on DayO between 130°E and 150°E along the latitude

30°N (shaded; g kg' * m s™). (a) qur - Av, (b) Aq - vyr, (C) Aq - Av.
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554  Fig. 2. (a—d) Tracks of typhoons in the PRE cases, divided into 10-year periods: 1980—1989,

555 1990-1999, 2000-2009 and 2010-2019. The blue dots show the typhoon centers. (e—
556 h) Same as in (a—d) but for the non-PRE cases. The blue dots show the typhoon centers.
557 The red rectangle shows the extraction area [130-150°E, 30—40°N].
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562  Fig. 3. (a) Histogram of the distance (km) between typhoon centers and precipitation centers

563 in the PRE cases. (b) Histogram of the direction of precipitation centers from typhoon
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564 centers in the PRE cases (azimuth; °), excluding four cases. (¢) Histogram of the central

565 pressures (hPa) of typhoons in the PRE cases. (d) Same as in (c) but for the non-PRE
566 cases.
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571  Fig. 4. Histogram of typhoon central pressure (hPa) and maximum daily precipitation (mm)

572 in the PRE cases, excluding one case.
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576  Fig. 5. Composite of 500 hPa geopotential height (contour; m), precipitable water (shaded;

577 mm) and vertical integrals of water vapor flux (vector; kg m™ s) for the 58 PRE cases
578 on (a) Day-2, (b) Day-1, (c¢) DayO, and (d) Day+1. The contour interval is 60 m. The
579 reference arrow is 400 kg m™' s™'. The red rectangle shows the extraction area [130—
580 150°E, 30—40°N]. The green cross mark shows the median point of precipitation on Day0.
581 The red dots on Day0 show the locations of typhoon centers relative to the median point
582 of precipitation.
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585

586  Fig. 6. Composite of 200 hPa geopotential height (black contour; dam), 200 hPa isotach

587 (blue contour; m s™), 700 hPa vertical velocity (shaded; Pa s™') and 850 hPa horizontal
588 wind (vector; m s™') for the 58 PRE cases on (a) Day-2, (b) Day—1, (c) Day0, and (d)
589 Day+1. The black contour interval is 10 dam and the blue contour interval is 5 m s (35,
590 40, 45 m s™"). The reference arrow is 10 m s™'. The red rectangle shows the extraction
591 area [130-150°E, 30—40°N]. The green cross mark shows the median point of
592 precipitation on Day0. The blue dots on DayO show the locations of typhoon centers
593 relative to the median point of precipitation.

33



(a) Day0 PRE

500 (b) Day0O PRE
350 150

340 600 125

330 100

700

320 75

800 -

310 50

300 900 1 r25

2 -0
10°N % 1000 \%
110°E  120°E  130°E 140°E  150°E  160°E  170°E 130.0 132.5 135.0 137.5 140.0 142.5 145.0 147.5 150.0

594

595

596  Fig. 7. (a) Composite of 850 hPa equivalent potential temperature (shaded and contour; K)

597 for the 58 PRE cases on Day0. The contour interval is 3 K. The black rectangle shows
598 the extraction area [130-150°E, 30—40°N]. The green cross mark shows the median
599 point of precipitation. (b) Composite of vertical northward water vapor flux (shaded; g m-
600 2 s°1) for the 58 PRE cases on Day0 between 130°E and 150°E along the latitude 30°N.
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604  Fig. 8. Composite of 500 hPa geopotential height (contour; m), precipitable water (shaded;

605 mm) and vertical integrals of water vapor flux (vector; kg m™* s') for 16 non-PRE cases
606 on (a) Day-2, (b) Day-1, (c) Day0, and (d) Day+1. The contour interval is 60 m. The
607 reference arrow is 400 kg m™' s*'. The red rectangle shows the extraction area [130-
608 150°E, 30—40°N]. The red dots on Day0 show the locations of typhoon centers.
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Fig. 9. Composite of 200 hPa geopotential height (black contour; dam), 200 hPa isotach

(blue contour; m s™), 700 hPa vertical velocity (shaded; Pa s™') and 850 hPa horizontal

wind (vector; m s') for 16 non-PRE cases on (a) Day-2, (b) Day-1, (c) Day0, and (d)

Day+1. The black contour interval is 10 dam and the blue contour interval is 5 m s (35,

40, 45 m s™"). The reference arrow is 10 m s™'. The red rectangle shows the extraction

area [130-150°E, 30—40°N]. The blue dots on Day0 show the locations of typhoon

centers.
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622  Fig. 10. Composite of 850 hPa equivalent potential temperature (shaded and contour; K) for

623 16 non-PRE cases on Day0. The contour interval is 3 K. The black rectangle shows the
624 extraction area [130-150°E, 30—40°N].
625
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628  Fig. 11. (a) Composite of 500 hPa geopotential height (contour; m), precipitable water

629 (shaded; mm) and vertical integral of water vapor flux (vector; kg m~' s*') for the 24 non-
630 typhoon cases on Day0. The contour interval is 60 m. The reference arrow is 400 kg m-
631 ' s1. The red rectangle shows the extraction area [130-150°E, 30—40°N]. The green
632 cross mark shows the median point of precipitation. (b) Same as in (a) but for 200 hPa
633 geopotential height (black contour; dam), 200 hPa isotach (blue contour; m s™'), 700 hPa
634 vertical velocity (shaded; Pa s™') and 850 hPa horizontal wind (vector; m s') on DayO.
635 The black contour interval is 10 dam and the blue contour interval is 5 m s (35, 40, 45
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m s'). The reference arrow is 10 m s™'. (c) Same as in (a) but for 850 hPa equivalent

potential temperature on Day0 (shaded and contour; K). The contour interval is 3 K. The

black rectangle shows the extraction area [130—-150°E, 30—40°N]. (d) Same as in (a) but

for vertical northward water vapor flux (shaded; g m? s') on Day0 between 130°E and

150°E along the latitude 30°N.
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Fig. 12. Time series of composite for 500 hPa geopotential height (m) from Day-2 to Day0

(18 PRE cases, red; 16 non-PRE cases, blue). The 500 hPa geopotential height is

averaged over the region [130-140°E, 27.5-32.5°N], and the value 48 hours before PRE

occurrence is set to 0 m. The whisker marks represent standard deviation.
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652  Fig. 13. Each component of the linear decomposition of vertical northward water vapor flux
653 (not including air density p) on DayO between 130°E and 150°E along the latitude 30°N

654 (shaded; g kg™ * ms™'). (a) gyr - Av, (b) Aq - vyr, (€) Aq - Av.
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