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Synopsis

Localized heavy rainfall (guerrilla heavy rainfall) is challenging to predict due to its
small temporal and spatial scales, causing significant damage in recent years to urban
areas in Japan. Additionally, with ongoing global warming, there are concerns about
the intensification of heavy rainfall. Therefore, there is hope that controlling heavy
rainfall artificially could mitigate its impact. This study focuses on artificial control
methods for heavy rainfall, considering the phenomenon of wind speed reduction in
the wake of wind turbines. From a perspective of engineering, it is crucial to
determine when, where, and to what extent to weaken the wind. Hence, this research
aims to analyze the sensitivity by varying the duration, timing, size of the controlled
area, position, and amount of wind speed reduction in the manipulated wind speed
field. The results indicate a particularly high sensitivity of heavy rainfall suppression

to the placement of wind turbines and the timing of the control initiation.
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Fig. 1

Source: Research and Education Center for Offshore

Ultra--large floating cluster-lens wind turbine.

Wind Kyushu University
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Table 1

Settings for Sensitivity Experiment A-1:

The red text indicates the settings used by Yamaguchi

et al. (2024). The positions in the east-west and north-

south directions are relative to those of Yamaguchi et
al. (2024). Positive values indicate that the wind field

operation was conducted further east or north, while

negative values indicate that it was conducted further

west or south compared to Yamaguchi et al. (2024).
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Fig. 2 Results of Sensitivity Experiment A-1: The
horizontal axis represents the elapsed time [minutes]
from the start of the calculation, and the vertical axis
shows the maximum rainwater mixing ratio [g/kg] at
each time. (a) represents the period, (b) the timing, (c)
the size of the region in the east-west direction, (d) the
size of the region in the north-south direction, (e) the
height of the region, (f) the amount of wind speed
reduction, (g) the east-west position of the region, (h)
the north-south position of the region, and (i) the

altitude of the region.
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Fig. 3 East-West Vertical Cross-Section for Each
Case: (a) No Control, (b) 10-minute wind field
operation, and (c) 4-minute wind field operation. The
shading indicates the potential temperature deviation
[K] from the horizontal average, and the contours

represent the updraft [m/s].

Fig. 4 East-West Vertical Cross-Section for Each
Case: (a) No Control, (b) 10-minute wind field
operation, and (c) 4-minute wind field operation. The
shading indicates the water vapor mixing ratio [g/kg],

and the contours represent the updraft [m/s].
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Fig. 5 Comparison of the 3D integrated values of

updraft and rainwater mixing ratio within the regions
where rain clouds were present in each sensitivity
experiment with those in the No Control case. The
vertical axis shows the ratio compared to the No
Control case, while the horizontal axis indicates how
far each sensitivity experiment is from the position
used by Yamaguchi et al. (2024).
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Fig. 6 (a) No Control, (b) Yamaguchi et al. (2024),

and (c) an experiment where the wind field operation

was conducted at a location 1.92 km west. The east-
west vertical cross-section is shown with cold colors
indicating convergence [s™'], warm colors indicating
divergence [s™'], and contours representing the updraft
[m/s]. The black rectangles in (b) and (c) indicate the

wind field operation regions.
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Fig. 7 (a) No Control, (b) Yamaguchi et al. (2024),
and (c) an experiment where the wind field operation
was conducted at a location 1.92 km west. The east-
west vertical cross-section is shown with shading
indicating the water vapor mixing ratio [g/kg] and

contours representing the updraft [m/s].
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Fig. 8 (a) No Control, (b) Yamaguchi et al. (2024),
and (c) an experiment where the wind field operation
was conducted at a location 2.88 km east. The east-west
vertical cross-section is shown with shading indicating
the potential temperature deviation [K] from the
horizontal average, contours representing the updraft
[m/s], and the green rectangle indicating the wind field

operation region.
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Fig. 9 (a) No Control, (b) Yamaguchi et al. (2024),
and (c) an experiment where the wind field operation
was conducted at a location 2.88 km east. The
horizontal cross-section is shown with cold colors
indicating convergence [s™'], warm colors indicating
divergence [s™'], and contours representing the updraft
[m/s].
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Fig. 10 Conceptual diagram of the sensitivity
experiment results related to the east-west position of
the wind field operation region. (a) When the wind field
operation was conducted west of Yamaguchi et al.
(2024), (b) Yamaguchi et al. (2024), and (c) when the
wind field operation was conducted east of Yamaguchi
et al. (2024).
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Fig. 11
west and north-south positions of the wind field
changed. The

horizontal axis represents the elapsed time [minutes],

Results of experiments where both the east-

operation were simultaneously
and the vertical axis shows the maximum rainwater
mixing ratio [g/kg] at that time. The green graph
represents the results of the wind field operation
conducted 1.44 km west and 1.44 km north of the
position used by Yamaguchi et al. (2024).

o 20 330 4w s
Fig. 12 The position with the greatest suppression
effect obtained in Sensitivity Experiment A-1 (gray
area), the position used by Yamaguchi et al. (2024)
(light red area), and the location of the potential
temperature bubble (red box). Details about the English
labels and specific positions in the figure will be

explained in Sensitivity Experiment A-2.
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Fig. 13 Results of Sensitivity Experiment A-2. (a) An
experiment where the parameters for the wind field
operation duration were changed from those in
Sensitivity Experiment A-1. (b) An experiment where
the timing parameters for the start of the wind field
operation were changed from those in Sensitivity
Experiment A-1. (c) An experiment where the size of
the wind field operation region was changed to a single
horizontal grid cell, with the numbers in the figure
corresponding to the grid selection shown in Fig. 11.
The horizontal axis represents the elapsed time
[minutes], and the vertical axis shows the maximum

rainwater mixing ratio [g/kg] at that time.
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Fig. 14 The position with the greatest suppression
effect obtained in Sensitivity Experiment A-2 (gray
area), the position used by Yamaguchi et al. (2024)
(light red area), and the location of the potential
temperature bubble (red box).
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Fig. 15 The proportion of the peak rainwater mixing

ratio compared to the No Control case for some of the
grids shown in Fig. 13. The red box indicates the
bubble.
Additionally, the orange, yellow-green, and light blue

location of the potential temperature
color coding for each grid indicates that the peaks in
the rainwater mixing ratio occurred 26, 25, and 24

minutes after the start of the calculation, respectively.
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Fig. 16 Results of Sensitivity Experiment A-3. (a) An
experiment where two wind field operation regions
were placed consecutively. (b) An experiment where
two wind field operation regions were placed with a
one-grid-cell gap between them. The numbers in the
figure correspond to the grid numbers shown in Fig. 13.
The horizontal axis represents the elapsed time
[minutes], and the vertical axis shows the maximum

rainwater mixing ratio [g/kg] at that time.
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Fig. 17

Grid Number 59 in Experiments: (a) where two wind

East-West Vertical Cross-Section Through

field operation regions were placed consecutively (grid
numbers 41 and 59), and (b) where two wind field
operation regions were placed with a one-grid-cell gap
(grid numbers 41 and 77). Cold colors indicate
convergence [s™'], warm colors indicate divergence
[s7'], contours represent the updraft [m/s], and vectors
represent the wind speed [m/s]. The blue circles in the
figure indicate the positions where the thermodynamic
convergence due to the potential temperature bubble

strengthens over time.
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Fig. 18  Horizontal Cross-Sections for (a) Grid
Number 59 and (b) Grid Number 77. Shading indicates
the water vapor mixing ratio [g/kg], contours represent
the updraft [m/s], and vectors show the wind speed
[m/s].
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Table 2 Results of wind field operation for each grid
number. The table includes the grid number, the
suppression effect on heavy rainfall (compared to No
Control), the amount of water vapor intake, and the

amount of horizontal wind intake.

HTEE [ EEOMOR 00 | RETRUVLAAE %) | KFERUVALE (%)

EL) 95 99,82 98,95

AN a0 99 a7.86

a1 a7 249,99 97,39

a2 B 100.3 05,29

a3 L] | 100.28 94,38
BFEE [ RRDEDE (0 (sERRU2AaR % | xFERVLAR (W

57 44 100.99 48,64

& L1y 94,86 .78

59 B3 28,08 03.52

6l L] | 97,56 BE.82

1 93 101.65 B5.A5
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75 98 | 102.76 o7.8%

6 a7 103 05,29

7 Ll 101.38 a7

8 102 101.96 A7.7%
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93 a4 .28 arve
94 a1 99,19 a7.16
95 93 24,72 92,64
96 a7 97.5 B5.09
a7 103 96,53 17.09
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Fig. 19 (a) The difference from No Control for the
experiment where wind field operation was conducted
only in one grid (Grid Number 59). (b) The difference
from Grid Number 59 for the experiment where wind
field operation was conducted consecutively in the
cast-west direction (Grid Numbers 59 and 60). Cold
colors indicate that the experiment with the greater
suppression effect had higher convergence [s7'],
contours represent the updraft [m/s] for No Control,
and vectors show the difference in wind speed [m/s]. If
the vectors point left, it indicates that the experiment
with the greater suppression effect had a greater
reduction in wind speed. The light green rectangle in
the figure represents the wind field operation region for
Grid Number 59,
represents the wind field operation region for Grid
Numbers 59 and 60.

and the dark green rectangle
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Fig. 20 (a) The difference from No Control for the
experiment where wind field operation was conducted
only in one grid (Grid Number 59). (b) The difference
from Grid Number 59 for the experiment where wind
field operation was conducted consecutively in the
north-south direction (Grid Numbers 41 and 59). Both
figures show the east-west vertical cross-section
passing through Grid Numbers 41 and 59. Cold colors
indicate that the experiment with the greater
suppression effect had higher convergence [s7'],
contours represent the updraft [m/s] for No Control,
and vectors show the difference in wind speed [m/s]. If
the vectors point left, it indicates that the experiment
with the greater suppression effect had a greater
reduction in wind speed. The light green rectangle in
the figure represents the wind field operation region for
Grid Number 59,
represents the wind field operation region for Grid
Numbers 41 and 59. In the left figure of (b), only the

light green rectangle is shown, but the wind field

and the dark green rectangle

operation region for Grid Numbers 41 and 59 (dark

green rectangle) is also present there.
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Fig. 21

was varied from 32 to 224 m (in 32-m increments) at

Results of the experiment where the height

Grid Number 59. The horizontal axis represents the
elapsed time [minutes], and the vertical axis shows the

maximum rainwater mixing ratio [g/kg] at that time.
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Fig. 22 The relationship between the height of the
wind field operation region and the heavy rainfall
suppression effect at Grid Number 59. The horizontal
axis represents the height of the wind field operation
region [m], and the vertical axis shows the heavy

rainfall suppression ratio [%] at that height.
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Fig. 23 (a) The difference from No Control for the
experiment where wind field operation was conducted
at a height of 128 m. (b) The difference between the
experiment where wind field operation was conducted
at 224 m and the experiment where it was conducted at
128 m. Cold colors indicate that the experiment with
the greater suppression effect had higher convergence
[s7'], contours represent the updraft [m/s] for No
Control, and vectors show the difference in wind speed
[m/s]. If the vectors point left, it indicates that the
experiment with the greater suppression effect had a
greater reduction in wind speed. The light green
rectangle in the figure represents the wind field
operation region at 128 m, and the dark green rectangle

represents the wind field operation region at 224 m.
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Fig. 24 The position with the greatest suppression
effect obtained in Sensitivity Experiment B-1 (gray
area), and the location of the potential temperature
bubble (red box).
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Fig. 25

mixing ratio [g/kg] in the experiment with the greatest

Time series of the maximum rainwater

heavy rainfall suppression effect during the wind field
operation for the north-south wind (gray line graph).
The horizontal axis represents the elapsed time
[minutes], and the vertical axis shows the maximum

rainwater mixing ratio [g/kg] at that time.
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Fig. 26 (a) Yamaguchi et al. (2024) and (b) the north-
south vertical cross-section from the experiment with
the greatest heavy rainfall suppression effect in
Sensitivity Experiment B-1. Shading indicates the
potential temperature deviation [K] from the horizontal
average, contours represent the updraft [m/s], and the
green dashed area indicates the wind field operation

region.
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Fig. 27 The location with the greatest heavy rainfall
suppression effect in Sensitivity Experiment B-2 (gray
area). The red box indicates the location of the potential

temperature bubble.
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Fig. 28 Time series of the maximum rainwater
mixing ratio [g/kg] in the experiment with the greatest
heavy rainfall suppression effect in Sensitivity
Experiment B-2. The horizontal axis represents the
elapsed time [minutes], and the vertical axis shows the

maximum rainwater mixing ratio [g/kg] at that time.
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Fig. 29
mixing ratio [g/kg] at 67 + 68 and 67 « 85 in Sensitivity

Time series of the maximum rainwater

Experiment B-3. The horizontal axis represents the
elapsed time [minutes], and the vertical axis shows the

maximum rainwater mixing ratio [g/kg] at that time.
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Fig. 30 (a) The difference from No Control for the
experiment where wind field operation was conducted
at a single grid (Grid Number 67). (b) The difference
from Grid 67 in the experiment where two wind field
operations were consecutively placed in the north-
south direction (Grid Numbers 67 and 85). Both show
the north-south vertical cross-section passing through
the wind field operation regions. Cold colors indicate
that the experiment with the greater suppression effect
had a higher potential temperature deviation [K] from
the horizontal average, contours represent the updraft
[m/s] for No Control, and vectors show the difference
in wind speed [m/s]. If the vectors point right, it
indicates that the experiment with the greater
suppression effect had a greater reduction in wind
speed. The light green rectangle in the figure represents
the wind field operation region at Grid 67, and the dark
green rectangle represents the wind field operation
region at Grids 67 and 85.
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Fig. 31 (a) The difference from No Control for the

experiment where wind field operation was conducted
at a single grid (Grid Number 67). (b) The difference
from Grid 67 in the experiment where two wind field
operations were consecutively placed in the east-west
direction (Grid Numbers 67 and 68). Both show the
north-south vertical cross-section passing through
Grids 67 and 68. Cold colors indicate that the
experiment with the greater suppression effect had a
higher potential temperature deviation [K] from the
horizontal average, contours represent the updraft
[m/s] for No Control, and vectors show the difference
in wind speed [m/s]. If the vectors point right, it
indicates that the experiment with the greater
suppression effect had a greater reduction in wind
speed. The light green rectangle in the figure represents
the wind field operation region at Grid 67, and the dark
green rectangle represents the wind field operation

region at Grids 67 and 68.
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Fig. 32 Results of experiments at Grid Number 85,
where the height was varied from 32 to 224 m in 32 m
increments. The horizontal axis represents the elapsed
time [minutes], and the vertical axis shows the

maximum rainwater mixing ratio [g/kg] at that time.

33 (b) 7B IEHE IS EGERG R 2 & S H I K&
KT 52 &T (KRR GRS B E . ) &
S 128m TRAH G EAEAIT 9 L 2 L0 b EHIEICH
Di_inéiﬁiﬂﬂ%iﬁ’ﬂﬁf‘%fb\é’ EMPINGD.
ICHBERIIZEBNT () L bEmWEEIcsny
<, 7J<¥$i’375)%@{mu1ﬁ#ﬁ> {7poTWNnHZ L
Db, ZWRIMEZEISE L L TiX128mTIEMN2.3% D
HI S & 0, 224mTIES5. 7% OEIEA H 72, 2D 2
Enb Y, EALF RO RBIGEREICB N TE I NG
Kb &, MERITNEL LoshReb7-673 2
ENDIND

10. REXRRC: AR - mlLRRECHEAE
Ht

AREETIL, EEBRA, BTHOLNI oo —F /NS
VMBI (480m X 480m X 224m) T A HRIE TR b
ZERAMHIZD R & o 7= BUE G ERAEEI O E A A, B
TNENNLIDTORRL, fHAGHED, 2FD
— /N SRR T o B 7 1A o JEGER S R 1R & R AL
] O BGEGRIEEZ ARG DD Z LT, S 2
WERIMEITHE KT 200E2MiET 52 2 A
ET 5.

10.1 RREZRERCOFTE

JREEBRATFZRAFN RO D > 1ok 1F 5
41, 42, 59, 60 & JEERBRBCT—HSEHINHIIR O H
S7257, 85D ENENIE T OEIL, HAHD
w7z

— 216 —



& -
.-"-f.’.#

4 -

2 s

0 100 200

Fig. 33  The relationship between the height of the
wind field operation region and the heavy rain
suppression effect at Grid Number 85. The horizontal
axis represents the height of the wind field operation
region [m], and the vertical axis shows the heavy rain

suppression rate [%] at that height.
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Fig. 34 (a) The difference between the experiment
with wind field operation at a height of 128 m and the
No Control case. (b) The difference between the
experiment with wind field operation at a height of 224
m and the one at 128 m. Both figures show the north-
south vertical cross-section through the wind field
operation region. Cold-colored shading indicates that
the experiment with the stronger suppression effect had
a higher potential temperature deviation [K] from the
horizontal mean. Contours show the updraft [m/s] in
the No Control case, and vectors represent the
difference in wind speed [m/s]. If the vectors point to
the right, it indicates that the experiment with the
stronger suppression effect had a weaker wind. The
light green square indicates the wind field operation
region at a height of 128 m, while the dark green square

shows the wind field operation region at a height of 224

m.
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Fig. 35 Time series of the maximum rainwater

mixing ratio [g/kg] in Sensitivity Experiment C. The
horizontal axis represents the elapsed time of the
calculation [minutes], and the vertical axis represents
the maximum rainwater mixing ratio [g/kg] at that

time.

DY A BEDOHIEAFE L Tz,

S 6\, MEHGEEERE /NS < L (480m X 480m
X224m, KARE2H Y ZME) , i 7 i T
R A b s 5 L, JHia 7 ORI <Ix
EREKBEDOE— 7 NENDFL D130 2D
ZENbhoto. Fio, X T OHLLANE D ALE

— 217 —



ol i Contrad

15 19 23 27

Fig. 36 Time series of the maximum rainwater
mixing ratio [g/kg] for grid points 60, 85, and 60 - 85.
The horizontal axis represents the elapsed time of the
calculation [minutes], and the vertical axis represents

the maximum rainwater mixing ratio [g/kg| at that

time.
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Fig. 37 Time series changes in the 3D integrated

value [m/s] of updrafts at 60 and 85, 60 < 85. The
horizontal axis represents the elapsed calculation time
[minutes], and the vertical axis shows the 3D integrated
value [m/s] of updrafts at that time.
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