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Abstract

The brown planthopper, Nilaparvata lugens (Stal), a type of rice pest, immigrates from southern China to western
Japan by drifting in the southwesterly environment during the Baiu/Meiyu rainy season. This study aims to investigate
the preferable weather patterns for the immigration of brown planthoppers across the East China Sea. We conducted
immigration runs using an advection diffusion model for brown planthoppers and projected the possibility of them
landing in Kyushu in the model run onto 64 weather map patterns typically observed in June and July, identified by
the self-organizing map analysis. The results showed that the immigration occurred under two specific weather map
patterns: flow stagnation around western Japan and a low-level jet blowing over the East China Sea. Consistency
between landing cases in model runs and the occurrence of the two weather patterns was found in the intraseasonal and
interannual variability. We also estimated the change in the frequency of brown planthopper arrival in Kyushu based on
the climate change dataset, the database for Policy Decision Making for Future climate change (d4PDF). It was found
that the flow stagnation patterns increased in response to global change, at least in the d4PDF dataset. Finally, risk
assessment for temperature change and a comparison with trap observations were discussed.
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1. Introduction

The brown planthopper Nilaparvata lugens (Stal), hereafter
referred to as BPH, is one of the most destructive rice pests
prevalent across the Asian-Australian monsoon region. Both
nymphs and adults of BPH feed on plant sap from the base of
tillers (Ghaffar ef al., 2011; Prasad ef al., 2009), which leads to
hopperburn, a condition where rice leaves become brown and
wilted. In addition, BPHs transmit two kinds of viruses that
stunt growth (Cabacautan et al., 2009). Therefore, rice crops are
seriously affected by large outbreaks of BPHs.

The BPHs overwinter not in Japan but in northern Vietnam
(Takezawa, 1961; Okumura, 1963). They migrate to Southern
China in spring and then fly across the East China Sea from June
to July (Otuka et al., 2008). Kisimoto (1971) first found that the
migration explained the trigger of BPH outbreaks in western
Japan. Ohkubo (1973) supported his finding by conducting
tethered flight tests to demonstrate the prolonged flying ability
of BPHs in warm, moist conditions. Even if only a small number
of BPHs settled down in paddy fields in Japan, a huge outbreak
might occur due to a high fecundity rate and strong invasion
ability. Commonly, the third generation after the migration
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causes damage to rice crops in early autumn (Matsumura et
al., 2018; Tanaka ef al., 2019). A key process of the outbreak is
the breeding cycle is mostly controlled by temperature (Noda,
1989). The natural causes for BPH outbreaks are therefore the
migration across the East China Sea and breeding across multiple
generations, for which information may support the agricultural
management by spraying the chemical pesticide (Zewen et al.,
2003; Mao et al., 2019) at an appropriate timing to effectively
kill nymphs in the first generation after the immigration (Powell
etal., 1993).

The immigration and breeding of BPHs are both attributed
to meteorological conditions related to the summertime Asian
monsoon. Since the breeding depends primarily on accumulated
temperature until autumn at the landing points, the possible
number of generations can be easily estimated. It is well known
that immigration is often successful when strong southwesterly
wind, called low-level jet (Matsumoto, 1973), is observed in the
Baiu-Meiyu rainy season. In fact, BPH immigration density was
related to the number of days with a strong low-level jet over
the East China Sea (Syobu ef al., 2012). However, the variety of
large-scale weather patterns that contribute to the immigration
of BPHs have not been well documented. When considering
the change in the summertime Asian monsoon due to global
warming (Ose, 2019), the BPH immigration might be modulated
by the increase or decrease in the preferable patterns.

A simulation model based on meteorological data is
necessary to support the evaluation of the probability of BPH
immigration. Otuka ef al. (2005a) developed such a model that
predicts the BPH movements by advection, diffusion, hovering
at a temperature of 16.5 °C or higher (Ohkubo, 1973), and

-2 —



K. Oishi et al. : Preferable weather patterns to brown planthopper

taking-off from several points in southern China with continuous
uplifting in an hour. The wet deposition was also considered
recently (Otuka, 2018). The simulation results almost captured
observation cases of BPH by moth traps or net traps at sites in
western Japan, although the skill was hardly evaluated due to
the difficulty of quantifying the spatial density of BPHs. The
simulation system was implemented in the JPP-net member
website (https://web1 jppn.ne.jp/member/) and is operated under
the assumption that the BPHs take off from the points uniformly
distributed over southern China and constantly in the season
(Otuka et al., 2005b). Although the immigration simulation
needs computational burden, the simulation cases could be
reasonably selected in the weather pattern classification.

The purpose of this study is to investigate preferable weather
patterns for the immigration of BPHs across the East China
Sea. Whereas the low-level jet seems to be correlated with the
possibility of immigration, it may not be the only weather pattern
conducive for immigration. Climate change may primarily
affect the BPH habitat through temperature changes, but it may
also modulate the passage to western Japan through changes in
weather patterns. It is also remarked that we here focused on
one of the natural causes for BPH outbreaks in western Japan
and excluded the effects of pesticides, plant diseases, natural
enemies, and rice breed variety. We also ruled out other species
of planthoppers than BPHs because the outbreak of the other
species is too moderate to cause severe damage to rice crops
in Japan. In this study, we use self-organizing maps (SOMs,
Kohonen, 1995) to arrange the weather patterns based on the
horizontal wind data within the planetary boundary layer, where
BPHs are likely to hover. Moreover, we will project simulation
results of the BPH immigration onto the SOMs. In Section 2, we
will introduce the BPH simulation model and the SOMs used to
classify the weather patterns around the East China Sea. Section
3 will demonstrate the consistency between the simulation
results and the preferable weather pattern by SOMs. We will
project the global-warming simulation results onto SOMs to
identify the change in weather patterns. Section 4 discusses other
possible agents related to global warming and some concerns
about the simulation model.

2. Materials and methods

2.1 Datasets

The data used for BPH simulation and weather pattern
classification were ERAS reanalysis data provided by the
European Centre for Forecasts
(Hersbach et al., 2021). This reanalysis data was arranged
with a gridded configuration of 0.25° in longitude and 0.25°
in latitude and provided at hourly intervals. The data were
extracted from May to August between 2001 and 2020. We
used a three-dimensional wind vector, air temperature, specific
humidity, and geopotential height at finite vertical levels from
1000 hPa to 700 hPa and 10-m wind, 2-m temperature, 2-m dew
point, surface pressure, sea level pressure, and total precipitation.
The smoothed topography data accompanied by ERAS were
also utilized.

We used the database for Policy Decision Making for
Future climate change (d4PDF, Mizuta et al., 2017; Fujita et

Medium-Range Weather

al., 2019), which is a set of ensemble simulations with 60-km
horizontal grid spacing of atmospheric general circulation
model MRI-AGCM version 3.2, developed by Meteorological
Research Institute (Mizuta et al., 2012). This data was only used
for the preferable weather patterns to BPH landing because the
resolution is insufficient to directly calculate BPH particles.
The HIST experiment was conducted with greenhouse gas
concentration and sea surface temperatures (SSTs) given as
the historical records from 1951 to 2010. The NAT experiment
was conducted with the pre-industrial level of greenhouse gas
concentration and the same 1951-2010 SST data but detrended.
The 2K and 4K experiments were conducted with the detrended
SSTs added by climatological SST warming patterns from six
models from phase 5 of the Coupled Model Intercomparison
Project. The greenhouse gas concentration at the value of
2090 of representative concentration pathway 8.5 was given
throughout the 60-year integration, and each pattern was
multiplied by a scaling factor to give a global-mean surface air
temperature warming of 2K or 4K. For saving computation, we
selected six ensembles each from the HIST, NAT, 2K, and 4K
experiments. For 2K and 4K, one ensemble from each of the six
SST patterns was used.

2.2 BPH Immigration Model and Experiments

The BPH immigration model we used mostly followed
Otuka et al. (2005a). The core component is a Lagrangian-type
forward trajectory model that represents advection and turbulent
mixing. Unlike Otuka et al. (2005a), we implemented horizontal
diffusion and followed Gifford (1984) for vertical diffusion. We
consider a representative BPH as an individual particle. The n-th
particle’s position X,=(X,, Y,, Z,) is updated every timestep At
(10 min) following the formulation as

X, (t+A)=X, D+[U (X, )+u, )] At, (1)
Y, (t+A)=Y, ()+[V (X, )+v, ()] At, and )
Z, (t+A0)=2, (0 + (W (X, z)+% (X,, )+F} At+/24KA G, (3)

where (U, V, W) denotes three-dimensional wind vector, K is
the vertical diffusion coefficient, G is a uniform random number
ranging = 0.5, and £ is the initial rising rate as described below.
The turbulent zonal and meridional winds (u,, v,) are updated
by the first-order autoregression model with an autoregression
coefficient of 0.988 s™' and noise amplitude of 1.083 m s
The wind vector, vertical diffusion coefficient, and vertical
derivative are spatially interpolated from gridded reanalysis data
on isobaric surfaces and just above the ground. We adopted the
terrain following coordinate with the top height of 10 km.

The BPH particles take off at the initial time and then move
upward with a rising velocity at 0.2 m s~ in the first hour. We
assume that, after rising, the BPHs only hover in temperatures
above 16.5 °C against gravitational settling. As most of the BPHs
are inactive below 16.5 °C, the BPH particles cannot move to
a higher altitude with the colder temperature. When the BPH
particles go beyond the calculation domain from 100°E to 150° E
and 5°N to 50°N, it is assumed that they become extinct. The
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time integration stops at 24 hours after the take-off, because the
BPHs attain their starvation survival time (Ohkubo, 1973). As the
terminal velocity of the BPH was roughly estimated as 11 m s,
they are forced to land at the final position. The horizontal shift
in the dropping can be ignored because the dropping from any
height in the planetary boundary layer probably takes only a
few minutes. We also incorporated the wet deposition process
by causing particle extinction when the particle passes through
areas with precipitation intensity exceeding 1 mm hour ™.

The model was driven by atmospheric data based on ERAS.

The integration timestep was 10 minutes. The BPHs take off at
10 UTC or 21 UTC every day from 1 June to 30 July; we set
the take-off times corresponding to dusk and dawn at the local
time following the observation (Ohkubo and Kisimoto, 1971).
The number of flying BPHs was provided as a linear function
between 13 °C and 26 °C of a temperature at the take-off point.
The number above 26 °C is fixed at 1800 per flying event and
zero below 13 °C. The take-off points are distributed in southern
China and Taiwan (Fig. 1) and initial points are given randomly
inthe 1° X 1° box of each take-off point.
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Fig. 1. Geographical map with surface height (m) shaded as per the reference on the right. Climatology at 925 hPa on the
calendar date of 15 June is shown by contour for temperature with its interval being 1 K and is shown by vectors for
horizontal wind with the reference of 5 m s™' in the bottom. The vector of the wind magnitude less than 2 m s is omitted.
Red points denote the initial point where BPH takes off in the simulation. Box enclosed by magenta line shows the area
where BPHs land on Kyushu, Western Japan, or Kanto, the box enclosed red dotted line shows the East China Sea area
for temperature diagnosis, and the box enclosed blue dotted line shows the domain for combined EOF analysis.

Temperature averaged over the East China Sea
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Fig. 2. Time series of air temperature (°C; red) at 925 hPa and (blue) at 850 hPa from May to August of each year between
2001 and 2020. Thick lines denote the climatology by fitting the mean value to a parabolic curve. The dotted line at

16.5 °C denotes the critical temperature for BPHs” hovering.
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2.3 Weather Pattern Classification

The batch-learning SOM algorithm was trained on hourly
horizontal wind anomalies at 925 hPa from a domain covering
115°E—140°E by 15°N—40°N (area enclosed by the dotted
blue line in Fig. 1) in June and July from 2001 to 2020. The
SOM configuration was an 8 X 8 node map'. We used a standard
SOM algorithm with the Euclidean distance searching for the
best matching unit. The dimension of input learning data was
reduced by combined empirical orthogonal function (CEOF) for
zonal and meridional winds without any adjustments to their
magnitude. The composite map for a specific SOM node was
made by averaging a climatic variable over the times identified
as the node. The leading 60 CEOF modes that explained 80%
of total variance were input to the SOM algorithm. The d4PDF
simulation results were projected onto the SOM nodes by
searching the nearest neighbor pattern from the reconstructed
horizontal wind anomaly.

Here we remarked why we excluded temperature from the
input of the SOM algorithm, despite previous weather pattern
classifications by SOM in a similar domain (Ohba ef al., 2015;
Tamaki et al., 2018). As described in the BPH immigration

' The SOM map reduced to a smaller size like 5% 5 forcibly
placed clearly different patterns into a singular node. We decided
to choose a SOM size of 8 X 8, enough to identify as many weather
patterns as possible.

model, BPHs initially rise to an altitude of 720 m (~ 925 hPa)
above the ground, corresponding to the central altitude of the
planetary boundary layer. Although the horizontal wind at this
level mostly controls BPH immigration, the ceiling temperature
of 16.5 °C limits the altitude of BPHs. However, the average
temperature over the East China Sea (area enclosed by the
dotted red line in Fig. 1) is higher than 16.5 °C at 925 hPa after
mid-May and higher than it at 850 hPa after early June (Fig. 2).
Considering the effect of vertical diffusion, BPHs are likely
independent of the ceiling temperature in June and in July.
Therefore, we classified weather patterns around the East China
Sea based only on horizontal wind.

3. Results

3.1 Preferable Weather Patterns

Figure 3 displays the composite map of each SOM node for the
analysis of the horizontal wind vector at 925 hPa, based on twice
daily sampling between June and July from 2001 to 2020 using
ERAS reanalysis data (2,440 samples). The SOM map revealed
several typical flow patterns in the planetary boundary layer
during the summertime Asian monsoon season: The maps in the
upper left corner showed the low-level jet over the East China
Sea featuring warm-moist air intrusion and BPH immigration; the
maps around #35 illustrated the flow stagnation in western Japan
sandwiched between two high pressures; the maps on the right
side detected the movement of a tropical cyclone; and the maps
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Fig. 3. Composite map of horizontal wind anomaly at 925 hPa for each SOM node computed for June and July from 2001 to 2020 based
on ERAS reanalysis data, with the reference of 5 m s in the bottom right. The vector of the wind magnitude less than 2 m s™ is omitted.
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(a) BPH arrival on Kyushu (c) BPH arrival on Western Japan
56 | #57 | #58 | #59 | #eo [ we1 | #e2 | w63 #s6 | #57 | #58 | #59 | #60 | #el | #62 | #63
14/35 (22/50 | 10/42 | 8/45 | 0/14 | 0123 | 230 | 229 | | 435 | 7/50 | 242 | 0/45 | 0/14 | 023 | 030 | 029
40.0% [44.0% |23.8% | 17.8% | 0.0% | 0.0% | 6.7% | 6.9% | [11.4%|14.0%| 4.8% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0%
#50 | #S1 | #52 | #53 | #54 | #55 #48 | #49 | #50 | #51 | #52 | #53 | #54 | #55
12/47 | 035 | 2/44 | 9/47 | 024 | 1/39 | |13/42 | 8/49 | 2/47 | 0/35 | 0/44 | 4/47 | 0124 | 0/39
25.5%| 0.0% | 4.5% [19.1%| 0.0% | 2.6% | |31.0%16.3% | 4.3% | 0.0% | 0.0% | 8.5% | 0.0% | 0.0%
H41 @442 | 443 | w44 | was | a6 | 47 #A0 | #AL | #A2 | #43 | a4 | #45 | #46 | #47
16/49 | 19/51 | 539 | 2/38 | 12/44 | 0128 | 0/34 | |10/44 | 4/49 | 2/51 | 039 | 038 | 0/44 | 028 | 0/34
32.7%|37.3% | 12.8% | 5.3% |27.3%| 0.0% | 0.0% | [22.7%| 8.2% | 3.9% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0%
#32 | #33 @434 #36 | 837 | #38 | #39 #32 | #33 | #34 | #35 | #36 | #37 | #38 | #39
23/52 | 27/55 | 15/35 232 | 053 | 233 | 137 | | 252 | 4/55 | 7/35 | 15/45| 0/32 | 0/53 | 0/33 | 1/37
44.2%49.1% | 42.9% 6.2% | 0.0% | 6.1% | 2.7% | | 3.8% | 7.3% [20.0% [33.3% | 0.0% | 0.0% | 0.0% | 2.7%
#5 | #6 @7 | #28 | w9 | 130 | M1 W4 | w5 [ w6 | w71 [ w8 | 109 | w0 | 831
11/38 | 13/41 | 7/19 | 1234 | 4/38 | 233 | 0/30 | [17/41| 238 | 5/41 | 2/19 | 234 | 0/38 | 0/33 | 0/30
28.9% |31.7% | 36.8%35.3% | 10.5% | 6.1% | 0.0% | [41.5%| 5.3% [12.2%10.5%| 5.9% | 0.0% | 0.0% | 0.0%
#l6 | #17 | #18 | #19 | #20 | #21 | #22 | #23 #l6 | #17 | #18 | #19 | #20 | #21 | #2 | #23
14/37 [ 10/47 | 1/44 | 034 | 6/34 | 0/42 | 035 | 120 | | 637 | 6/47 | 044 | 034 | 134 | 0/42 | 035 | 020
37.8%|21.3%| 2.3% | 0.0% | 17.6%| 0.0% | 0.0% | 5.0% | [16.2% |12.8%| 0.0% | 0.0% | 2.9% | 0.0% | 0.0% | 0.0%
#08 | #09 | #10 | #11 | #12 | #13 | #14 | #15 #08 | #09 | #10 | #11 | #12 | #13 | #14 | #15
12/47 | 7/58 | 0/43 | 6/58 | 0/42 | 2121 | 022 | 1026 | | 4/47 | 258 | 0/43 | 0/58 | 0/42 | 021 | 022 | 0726
25.5%|12.1% | 0.0% | 10.3%| 0.0% | 9.5% | 0.0% | 3.8% | | 8.5% | 3.4% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0%
#00 | #01 | #02 | #03 | #04 | #05 | #06 | #07 #00 | #01 | #02 | #03 | #04 | #05 | #06 | #07
1038 | 0126 | 6/45 | 0/42 | 0/42 | 1/39 | 030 | 030 | | 538 | 126 | 1/45 | 0/42 | 0/42 | 1/39 | 030 | 0/30
26.3%| 0.0% [13.3%| 0.0% | 0.0% | 2.6% | 0.0% | 0.0% | [13.2%| 3.8% | 2.2% | 0.0% | 0.0% | 2.6% | 0.0% | 0.0%
(b) BPH arrival on Kyushu w/o wet dep. (d) BPH arrival on Kanto
#56 | #57 | #58 | #59 | #60 | #ol | #62 | #63 456 | #57 | #58 | #59 | #60 | #6l | #62 | #63
14/35 [21/50 | 10/42 | 8/45 | 0/14 | 0723 | 230 | 329 | | 035 | 1/50 | 0/42 | 0/45 | 0/14 | 023 | 030 | 029 .
40.0%(42.0% 23.8%| 17.8%| 0.0% | 0.0% | 6.7% [10.3%| | 0.0% | 2.0% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0%
#50 | #51 | #52 | #53 | #54 | #55 443 | #49 | #50 | #51 | #52 | #53 | #54 | #55
12/47 | 0/35 | 2/44 | 9/47 | 024 | 1/39 | | 0/42 | 1/49 | 0/47 | 035 | 1/44 | 0/47 | 0124 | 039
25.5%| 0.0% | 4.5% [19.1%] 0.0% | 2.6% | | 0.0% | 2.0% | 0.0% | 0.0% | 2.3% | 0.0% | 0.0% | 0.0%
#AL | #42 | #43 | #44 | #45 | #46 | #47 HAO | #AL | #42 | #43 | #44 | #45 | #A6 | T 50
16/49 | 20/51 | 5/39 | 2/38 | 12/44 | 0128 | 0/34 1/44 | 0149 | 0/51 | 0/39 | 038 | 0/44 | 0128 | 0/34
32.7%(39.2% | 12.8% | 5.3% [27.3% | 0.0% | 0.0% | | 2.3% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0%
#32 | #33 | #34 #36 | 837 | #38 | #39 #32 | #33 | #34 | #35 | #36 | #37 | #38 | #39
22/52 | 25/55 | 15/35 2/32 | 053 | 2/33 | 137 | | 0/s2 | 0/S5 | O35 | O | 032 | 0/53 | 033 | 037 |||
42.3% |45.5% |42.9% 62% | 0.0% | 6.1% | 2.7% | | 0.0% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0% 0
#5 | #26 | #27 | #28 | #029 | #30 | 81 W04 | 125 | #26 | 027 | 1028 | 09 | B0 | #1
11/38 | 13/41 | 7/19 | 12/34 | 4/38 | 233 | 0/30 | | 0/41 | 038 | 0/41 | 0/19 | 0/34 | 038 | 0/33 | 0/30
28.9% |31.7% | 36.8%35.3% | 10.5% | 6.1% | 0.0% | | 0.0% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0%
#l6 | #17 | #18 | #19 | #20 | #21 | #22 | #23 #16 | #17 | #18 | #19 | #20 | #21 | #22 | #23 | [T 30
14/37 [ 11/47 | 1/44 | 034 | 6/34 | 1142 | 035 | 120 | | 037 | 047 | 044 | 034 | 034 | 0/42 | 035 | 020
37.8%|23.4% | 2.3% | 0.0% | 17.6%| 2.4% | 0.0% | 5.0% | | 0.0% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0%
#08 | #09 | #10 | #11 | #12 | #13 | #14 | #15 #08 | #09 | #10 | #11 | #12 | #13 | #14 | #15
12/47 | 7/58 | 0/43 | 6/S8 | 042 | 221 | 022 | 1126 | | 0/47 | O/S8 | 0/43 | 0/S8 | 042 | 021 | 022 | 026 || | o
25.5%|12.1%| 0.0% | 10.3%| 0.0% | 9.5% | 0.0% | 3.8% | | 0.0% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0%
#00 | #01 | #02 | #03 | #04 | #05 | #06 | #07 #00 | #01 | #02 | #03 | #04 | #05 | #06 | #07
1038 | 0126 | 6/45 | 0/42 | 0/42 | 1/39 | 030 | 030 | | 038 | 0226 | 0/45 | 0/42 | 042 | 039 | 030 | 0/30
26.3%| 0.0% [13.3% | 0.0% | 0.0% | 2.6% | 0.0% | 0.0% | | 0.0% | 0.0% | 0.0% | 0.0% | 0.0% | 0.0%| 0.0% | 0.0%

Fig. 4. (a, b) (Top line in each SOM) SOM node number, (middle) the number of cases where 90 or more BPH particles land in
the areas of Kyushu area (area enclosed by the purple line in Fig. 1) in the simulation (a) with and (b) without wet deposition
processes over the number of cases fallen into the SOM node, and (bottom) the ratio of BPH arrival to the total in the SOM
node (%) filled with the color as the right reference. BPH simulations started from 10 UTC and 21 UTC correspond to SOM
classifications at 12 UTC and 24 UTC, respectively. SOM nodes with blue and green marks denote groups A and B. (c, d)
Same as Fig. 4a, but for the statistics for BPH particles landing on the areas of (c) western Japan and (d) Kanto areas.

in the bottom left showed the subtropical anticyclone covering
Japan. The samples classified into each SOM node were almost
uniformly distributed, with an average sample number of 38.1,
ranging from 14 at #60 to 58 at #9 (Fig. 4).

The arrival of the BPH in the Kyushu area, defined as the BPH
simulation cases where 90 or more representative particles landed
within the domain of 129°E-132°E and 31°N-34°N (Fig. 4a),
was observed to occur in the specific patterns among a variety of
flow patterns classified by the SOM analysis (Fig. 3). The arrival
probability in each SOM node was highest at #35 (75.6%) and
second highest at #24 (61.0%; Fig. 4a). More than half of flow
patterns at #40, #48, and #49 allowed for the BPH immigration.
By examining the flow pattern difference in the SOM map,
we identified two preferable weather patterns for the BPH
immigration: group A with SOM nodes #27, #34, #35, and #42
and group B with SOM nodes #24, #40, #48, and #49°. Group A

* The SOM nodes experiencing a high frequency of BPH landing
can be categorized into three groups. However, this trial only
added an intermediate weather pattern between Groups A and B
(not shown).

was closely related to the flow stagnation pattern in western Japan
and characterized by two anticyclones residing in the southwest
and north of Japan (Fig. 5a). In contrast, group B corresponded to
the low-level jet with strong southwesterly winds blowing from
Taiwan or southern China to western Japan (Fig. 5b). The result of
BPH immigration is assumed to be mainly caused by horizontal
advection because no substantial change can be found in the
statistics based on the simulation without wet deposition processes
(Fig. 4b). It is also noted that the direct arrival of the BPH in
the western Japan (Fig. 4c) or Kanto areas (Fig. 4d) was rarely
observed, compared to Kyushu case (Fig. 4a).

The annual appearance frequency of the two SOM groups
defined above explained the interannual variability of the BPH
arrival frequency in the simulation (Fig. 6). The appearance
frequency of the preferable weather patterns, based on twice-daily
sampling data in two months, averaged 16 samples and ranged
from 3 to 33 samples. Although the BPH arrival frequency in the
simulation was slightly higher than the appearance frequency
of the preferable weather patterns, they were highly correlated,
with correlation coefficients of 0.754 (p<0.01). The less
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(a) Group A (#27 #34 #35 #42)

— 5ms’!

Fig. 5. The composite for (a) SOM group A (#27, #34, #35, and #42) and (b) SOM group B (#24, #40, #48, and #49).
Vector shows horizontal wind anomaly at 925 hPa as the reference of 5 m s™ in the bottom right. Contour shows
temperature anomaly at 925 hPa with the interval being 0.5 K, negative contours dotted, and zero contour omitted.
Marks of L and H respectively denote the local minimum and local maximum of sea level pressure anomaly.
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Fig. 6. Interannual variation of (solid line) frequency of samples
(yr'') fallen into SOM groups A or B and (dashed line)
frequency of days (yr™') when 90 or more BPH particles land on
the Kyushu area in the simulation.

frequent feature in BPH arrivals to Kyushu Island was related
to the difference in magnitude between June and July. Whereas
the immigration simulation results were larger than the case
for preferable weather patterns in June, they were lower in July
(Fig. 7¢). It should be noted that the flow stagnation in western
Japan, group A in this study, was frequently observed from late
June to early July (Fig. 7a), but the low-level jet over the East
China Sea was constantly observed in June and July (Fig. 7b).

3.2 Projection to Climate Change
According to the d4PDF dataset,
influenced the occurrence probability of weather patterns
in northeast Asia during the Baiu/Meiyu season. The most
significant change in the SOM map projection was the
alternation of weather patterns associated with the tropical
cyclone passage from the south (Fig.8). Here, the HIST
experiment is regarded as the reference because the probability
distribution on the SOM map based on the ERAS reanalysis data
in 2001-2020 (Fig. 3) was almost reproduced by the experiment

climate change has

(not shown). The NAT experiment, which maintained greenhouse
gas concentration at the pre-industrial levels, exhibited a higher
frequency of patterns related to typhoon passage (Fig. 8a). On
the other hand, the 2K and 4K experiments showed considerably
low frequencies of such patterns (Figs. 8b, 8c). This finding is
consistent with the previous global model studies, which have
indicated a decrease in tropical cyclones in the western North
Pacific due to increased stability in response to global warming,
although some discrepancies exist (Knutson ef al., 2010; Walsh
et al., 2016; Yamada et al., 2017; Kawazoe et al., 2023).

The weather patterns that significantly influenced BPH
immigration were also impacted by climate change. The SOM
group A, associated with weather patterns characterized by the
flow stagnation in western Japan (Fig. 6a), exhibited an increase
due to global warming from late June to July (Fig. 7a). The
frequency ratio of the NAT experiment to the HIST experiment
was 0.88 during June and July, whereas the frequency ratio
of the 4K experiment and the HIST experiment was 1.17.
The frequency differences are statistically significant at a 1%
level. On the other hand, the SOM group B, related to the
weather patterns featuring a low-level jet over the East China
Sea (Fig. 6b), experienced a slight decrease with a marginal
significance level (p<0.1) in June due to global warming
(Fig. 7b), which aligns with the findings of Ose (2019). Overall,
the favorable weather patterns for the BPH immigration
increased with higher greenhouse gas concentration levels,
from the NAT experiment to the 4K experiment (Fig. 7c).
The frequency increased by 3% (difference’s p<0.05) in the
4K experiment compared to the HIST experiment. Due to
the significant increase in the SOM group A, the increase in
favorable weather patterns was 8% (difference’s p<0.05) in July.

4. Discussion

4.1 Risk Assessment for Temperature Increase
The study demonstrated that the risk of BPH outbreaks
in the Kyushu domain would increase in response to global
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Fig. 7. Twice-daily statistics of frequency of days (yr™") fallen into (a) SOM group A, (b) SOM group B, and (c) SOM groups A and B in 6
ensembles of the d4PDF 60-yr simulation for (purple) NAT, (blue) HIST, (green) 2K, and (red) 4K experiments. The thick gray bar shows
the SOM group frequency for ERAS from 2001 to 2020 and the thin black bar in (c) shows the BPH arrival frequency in the simulation.

warming, particularly concerning BPH immigration over the
East China Sea. Since BPH immigration is primarily influenced
by horizontal winds in the planetary boundary layer, the impact
of climate change is mostly limited to changes in weather
patterns. However, the most significant change brought about by
global warming is the rise in temperature, which unquestionably
affects the BPHs’ habitat. For instance, as previously indicated
by Hu et al. (2015), the potential overwintering boundary may
shift northward to central China in future climates. According
to the d4PDF results, the 8 °C isothermal line at 925 hPa in
January (Fig. 9), which corresponds to the 16 °C isothermal
line at the surface, covered northern Vietnam in the HIST
experiment. In the 4K experiment, this line shifted by 2 degrees
north over the continent, allowing BPHs to overwinter even
in southern China. This shift poses a greater threat not only to
rice production in China by facilitating the breeding of more
generations across larger crop areas but also to Japanese rice
production by increasing the likelihood of direct immigration
from the overwintering area. Another passage via the Korean
Peninsula could also become more likely. Considering the
counter-effect that nymphs of N. lugens currently inhabit
temperatures close to their upper thermal limits, and the
likelihood that increased temperatures would negatively impact
their survival (Piyaphongkul ef al., 2012), it can be inferred that
the overwintering environment expands northward but does not
necessarily become more favorable.

Another point in the BPH risk evaluation related to the
temperature increase was the breeding cycle after landing on
Kyushu Island. The BPHs stop growing below 12 °C and above
33 °C, with the maximum development temperature at 28 °C
(Syobu, 2002). Figure 10a illustrates the annual voltinism

number on Kyushu Island, based on the ERAS5 reanalysis,
estimated by an effective cumulative temperature model with
the baseline at 12 °C, in which the immigrating generation lived
in days with the cumulative temperature at 100 degree-days and
the subsequential generations each spanned the days with the
cumulative temperature at 398 degree-days. The BPHs were
regarded to land on Kyushu Island if the preferable weather
patterns occurred at the previous day. The estimated voltinisms
from 2001 to 2020 equaled 2 with ~ 30% probability and 3 with
~ 60% probability, which was well reproduced by the HIST
experiment (Fig. 10c). The voltinism number 3 after landing was
the most possible from NAT (Fig. 10b), HIST and 2K (Fig. 10d).
In contrast, the number decreased to 2 in the 4K experiment
(Fig. 10e), because of the growing suppression by temperatures
higher than 28 °C in boreal summer. The effect reduces the risk
of BPH outbreaks in the Kyushu domain.

4.2 Comparison with Observations

We refrained from comparing the observations with simulation
results in this paper because the observations using moth traps or
net traps did not necessarily provide a quantitative estimate of the
spatial density of BPH at any given time. However, the 20-year
timeseries in our trial showed a moderate correspondence between
the total number of trapped BPHs averaged over the observation
sites in Kyushu Island obtained from the JPP-Net and the total
number of simulated BPHs landing on the Kyushu domain in this
study (Fig. 11). For example, our simulation indicated a small
number of trapped BPHs in the seasons of 2001, 2004, and 2018,
and a large number of trapped BPHs in the seasons of 2006 and
2020. The simulation did not accurately reproduce the timeseries
of trapped BPHs in 2008 and 2011.
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The mismatching in interannual variations between

observation and simulation can be mostly attributed to the effects
of pesticides. Spraying pesticides at the appropriate timing has
proven effective in controlling BPH outbreaks in Japan, aided by
a planthopper prediction system that takes atmospheric conditions
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Fig. 8. The frequency ratio to HIST experiment of (a) NAT, (b)

2K, and (c) 4K experiments in each SOM node, colored as per

the reference in the bottom right.

(a) ERAS

into account (Syobu ef al., 2012). However, the continuous use
of pesticides leads to the emergence of insects with pesticide
resistance (Matsumura et al., 2018). The continuous outbreaks of
planthoppers since 2005 can be attributed to their susceptibility
to pesticide (Fujii et al., 2020). This indicates that the BPH risk
assessment on the decadal scale must consider the development,
dissemination, and overuse of planthopper pesticides.

The mismatching in daily variations between observation and
simulation is likely due to the BPH immigration modeling. We
speculate that the accuracy issue stems from the random and
constant emission of BPHs over southern China. While no insect
information was provided by China mainland, this issue could
potentially be resolved through bilateral cooperation in pest
damage control. Another problem in the simulation is the uniform
treatment of BPH representative particles, despite Ohkubo’s
(1973) suggestion of a large discrepancy in BPH individuals. For
instance, BPHs should cease hovering in environments colder
than the ceiling temperature of 16.5 °C, but one individual may
stop at 13 °C while others may stop at 19 °C. The time limitation
for hovering also varies among BPH individuals. To improve
simulation accuracy, we could introduce randomness in the ceiling
temperature and hovering time. The issue of landing is also not

Isothermal line of 8 C at 925 hPa in Jan

N

Fig. 9. Isothermal line at 8 °C of climatological temperature at
925 hPa in January for (purple) NAT, (blue) HIST, (green) 2K,
and (red) 4K experiments.
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Fig. 10. Histogram of generation frequency (yr ') after landing on Kyushu estimated by accumulated temperature models with the
twice-daily statistics (a) based on the ERAS reanalysis data and based on (b) NAT, (c) HIST, (d) 2K, and (e) 4K experiments.
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Fig. 11. Time series from 2001 to 2020 of (bar; left axis) the number of trapped BPHs averaged over sites in Kyushu Island, (line; right axis)
the number of BPHs landing on the Kyushu domain in the simulation, and (cross marks) preferable weather patterns in the previous days.

well understood. In this simulation, we consider a successful
landing when BPHs reside at an altitude lower than 100 m.
However, there is no scientific basis for this treatment. Landing
may be influenced by small-scale orography and associated
downhill flow, which cannot be adequately resolved using
low-resolution atmospheric data. Dynamical downscaling to a few
kilometer scales could potentially alleviate this problem.
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