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結論

Introduction

謝辞: 本研究はJSPS科研費 (17K05659, JP18H05872), 理化学研究所基礎科学特別研究員制度 (XXVII-008), 
東京大学情報基盤センター若手・女性利用制度の助成を受けて行われています

• 台風のライフサイクルと雷頻度の関係を雷を直接考慮した気象モデルで再現することに成功
• 雷はCAPEを消費して立つ対流によってできる対流雲で頻度が大きくなる傾向がある
• 急発達直前は、Pre-conditioningという台風の一生のうち、最もCAPEを消費する対流が立ちやすい期間であるため、急発達直前に雷は最大になる
• 今後はエアロゾルが雷に及ぼす影響の評価を行う

Model and Experimental setup
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Figure 1 | Global distribution and paths of the 58 hurricanes used in this study. The category-4 and category-5 hurricanes included in this study are:
2005—Adeline, Bertie, Dennis, Emily, Haitang, Ingrid, Katrina, Kenneth, Khanun, Kirogi, Longwang, Mawar, Meena, Nabi, Nancy, Nesat, Olaf, Percy, Rita,
Sonca, Talim, Wilma; 2006—Bondo, Carina, Chanchu, Chebi, Cimaron, Daniel, Durian, Ewiniar, Floyd, Glenda, Ioke, John, Larry, Mala, Monica, Saomai,
Shanshan, Xangsane, Xavier, Yagi; 2007—Dean, Dora, Favio, Felix, Flossie, Gonu, Indlala, Kajiki, Krosa, Man-yi, Nari, Sepat, Sidr, Usagi, Wipha and Yutu.
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Figure 2 | Hurricane Dennis 5–14 July 2005. a, The path of Hurricane Dennis in the Atlantic Ocean, showing the location at 12:00 UTC every day. b, The
minimum pressure at the centre of the hurricane (dashed curve) together with the maximum sustained winds (solid curve). c, The maximum sustained
winds (solid thin curve) and the observed lightning frequencies within a 10� ⇥ 10� gridbox centred on the eye of the storm (solid bold curve).

purposes, the global lightning data detected by this network
are updated in near real-time and can be used and viewed
at http://webflash.ess.washington.edu/. The WWLLN has grown
from 11 stations in 2003 to 30 stations in 2007, each station
continuously receiving the VLF pulses (sferics) emitted by lightning
discharges within a range of a few thousand kilometres (see
Methods). The WWLLN network detects orders of magnitudes
more lightning than polar-orbiting satellite detectors that detect
only a few thunderstorms per orbit, and only for a fraction of
the storm’s lifetime17. The big advantage of the WWLLN network
is that it is continuous in time and space, thus allowing global,
real-time monitoring.

An example of our analysis for each of the hurricanes is shown in
Fig. 2 for Hurricane Dennis in 2005. Figure 2a shows the trajectory
of the centre (eye) of the hurricane from 5–14 July 2005, with
the location of the hurricane eye at 12:00utc shown by the open
circles. The central pressure and the maximum sustained winds are
shown in Fig. 2b. As expected, there is a strong negative correlation
between minimum pressure within the hurricane and the maxi-
mumwind speeds (Fig. 2b). The horizontal winds are a result of the
intense pressure gradients between the eye of the storm and the sur-
rounding regions. The bold curve in Fig. 2c represents the lightning
activity detected by theWWLLNwithin a 10�⇥10� grid box centred
on the eye of the storm, and the thin curve showing the maximum
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Figure 1 | Global distribution and paths of the 58 hurricanes used in this study. The category-4 and category-5 hurricanes included in this study are:
2005—Adeline, Bertie, Dennis, Emily, Haitang, Ingrid, Katrina, Kenneth, Khanun, Kirogi, Longwang, Mawar, Meena, Nabi, Nancy, Nesat, Olaf, Percy, Rita,
Sonca, Talim, Wilma; 2006—Bondo, Carina, Chanchu, Chebi, Cimaron, Daniel, Durian, Ewiniar, Floyd, Glenda, Ioke, John, Larry, Mala, Monica, Saomai,
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Figure 2 | Hurricane Dennis 5–14 July 2005. a, The path of Hurricane Dennis in the Atlantic Ocean, showing the location at 12:00 UTC every day. b, The
minimum pressure at the centre of the hurricane (dashed curve) together with the maximum sustained winds (solid curve). c, The maximum sustained
winds (solid thin curve) and the observed lightning frequencies within a 10� ⇥ 10� gridbox centred on the eye of the storm (solid bold curve).

purposes, the global lightning data detected by this network
are updated in near real-time and can be used and viewed
at http://webflash.ess.washington.edu/. The WWLLN has grown
from 11 stations in 2003 to 30 stations in 2007, each station
continuously receiving the VLF pulses (sferics) emitted by lightning
discharges within a range of a few thousand kilometres (see
Methods). The WWLLN network detects orders of magnitudes
more lightning than polar-orbiting satellite detectors that detect
only a few thunderstorms per orbit, and only for a fraction of
the storm’s lifetime17. The big advantage of the WWLLN network
is that it is continuous in time and space, thus allowing global,
real-time monitoring.

An example of our analysis for each of the hurricanes is shown in
Fig. 2 for Hurricane Dennis in 2005. Figure 2a shows the trajectory
of the centre (eye) of the hurricane from 5–14 July 2005, with
the location of the hurricane eye at 12:00utc shown by the open
circles. The central pressure and the maximum sustained winds are
shown in Fig. 2b. As expected, there is a strong negative correlation
between minimum pressure within the hurricane and the maxi-
mumwind speeds (Fig. 2b). The horizontal winds are a result of the
intense pressure gradients between the eye of the storm and the sur-
rounding regions. The bold curve in Fig. 2c represents the lightning
activity detected by theWWLLNwithin a 10�⇥10� grid box centred
on the eye of the storm, and the thin curve showing the maximum
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level is then scaled (multiplied) by the average volume of
the grid cell (because of the stretched grid). When the
volumes were computed with the actual (i.e., height vary-
ing) volume of the grid cell, the results were quantitatively
very similar. From this definition, the volumes thus provide
information on the bulk content combined with the spatial
and vertical extent of a variable within a predefined region
of the system of interest.
Consistent with larger flash rates in the outer region

(compared to the inner core) in the first 24h of simula-
tion (Figs. 2a) and, hence, larger total channel volumes
(Figs. 6a, 7), the CTRL TC outer region also exhibits
systematically larger 0.1 nCm23 total space charge
magnitude volumes (Fig. 8a), 5m s21 updraft volumes
(Fig. 9a), 0.5 g kg21 graupel volumes (Fig. 10a) and snow
plus cloud-ice volumes (not shown). The total channel
volumes can be viewed as a measure of the total elec-
trical discharge activity by considering flash size [volu-
metric extent (Fierro et al. 2015)]. During the first 24 h of
simulation, the total channel volumes in the outer region
are nearly an order of magnitude larger than in the inner
core (Figs. 6a, 7) and generally locate at significantly

higher altitudes than in the inner core: for example, the
100-km3-volume contour in the inner core seldom ex-
ceeds 10-km altitude, in contrast to the outer region,
where this contour often exceeds 16 km (Fig. 6a). This
tendency for the outer region to exhibit systematically
larger volumes at higher altitudes is also seen for the
0.1nCm23 total space chargemagnitude volumes (Fig. 8a),
5ms21 updraft volumes (Fig. 9a), and 0.5gkg21 graupel
volumes (Fig. 10a). The lightning channels in the inner
core, however, generally occur at lower levels than in the
outer region, a behavior also seen for the 5ms21 updraft
volumes (Fig. 9a) and, arguably, for the 0.1nCm23 total
space charge magnitude volumes (Fig. 8a).
Some of the earlier results become clearer by parti-

tioning the channels by polarity in the inner-core and
outer regions (Fig. 7). While the gross vertical arrange-
ment of lightning channel polarity is generally consistent
throughout the TC, namely, a middle layer containing
mainly positive channels between 7- and 10-km altitude
between two layers containing predominantly nega-
tive channels, some differences remain noteworthy.
Consistent with moderate (;5m s21) updrafts generally

FIG. 4. Horizontal cross sections of simulated radar reflectivity fields at z 5 1 km MSL overlaid with lightning initiation locations (black
crosses) for (a) CTRL, (b) SHEAR, and (c) SST at 9 h into the simulation. (d)–(f) As in (a)–(c), respectively, but at 19 h.
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モデル : SCALE (Nishizawa et al. 2015, Sato et al. 2015)
実験設定：Miyamoto and Takemi (2013)
外部強制：f-面近似のコリオリ力 (f = 5.0×10-5 s-1)
解像度 ：5 km(水平)、200 m~1 km(鉛直)
計算領域：3000 x 3000 x 20 km3 (モデル上端から3 kmはダンピング層)
計算時間：193 hours (台風の発生から定常までの計算)
乱流 ：MYNN Level 2.5 (Nakanishi and Niino, 2006)
雲物理 ：2-moment bulk (Seiki and Nakajima, 2014)
放射 ：考慮せず
地表面flux：Bulk Flux（SST=300Kで固定, Uno et al., 1995)

Price et al. (2009)

観測的研究によると、雷の頻度と台風のライフサイクルには関係性が見られる
→雷をIndexにして、台風の発達/減衰を予報するための利用できると報告されている

Fierro and Mansell (2017)

Reference 雷頻度がと台風の発達/減衰のタイミングとの関係
Price et al.(2009) 台風の強度が最大になる1日前に雷頻度最大

DeMaria et al. (2012) 台風が急発達する１日前に外側降雨帯の雷頻度最大
台風が減衰する1日前に壁雲の雷頻度最大

Zheng et al. (2015) 台風が発達する1日前に雷頻度最大

雷と台風のライフサイクルに関する過去の観測的な研究での報告例

研究の目的:
雷頻度と台風のライフサイクルの関係を明らかにする
手段：
雷を直接計算した数値モデル

気象モデルによる計算例 現状の問題
• コンセンサスがまだない
• 理由が明らかではない
• モデルの計算事例定常状態の台風のみ

雷モデル(Sato et al. submitted) 
予報変数 : 雲粒の電荷
電荷分離：あられと氷または雪の衝突で発生 (Takahashi 1978)
中和（放電）: MacGorman et al. (2001), Fierro et al. (2013)
電場の計算：Bi-CGSTAB
適用したモデル: SCALEに実装されていた全ての雲モデル (Tomita 2008, Seiki and 
Nakajima 2014, Suzuki et al. 2010)

雷モデル
(Sato et al. submitted)

Implement

• 電荷
• 電場
• 電荷密度
• 雷頻度Output

雷頻度と強度の時間変化

LF

uabs
(z = 1 km)

雷頻度
(外側降水帯)

雷頻度
(壁雲)

• 急発達の24時間前に雷頻度最大
• 中心より外側の方が雷が多く鳴っている

なぜ雷が起こるか？
あられと氷・雪の衝突

↓
電荷分離

↓
雲粒が電荷を獲得

↓
電荷の中和するために雷

↓
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電荷密度の分布 (rhyd)鉛直輸送 (w•qhyd) 動径方向の輸送(vr•qhyd)

x: Lightning

Result

鉛直方向の輸送が活発

電荷を獲得した氷や雪が遠心力によって外側に
輸送されてしまう

鉛直方向の輸送
が小さい

(Shade) CAPE
(Contour)雷頻度

電荷分離がいたるところ
で起こる

観測結果と同様の傾向
(DeMaria et al. 2012, Stevensen et al. (2016)

雷はCAPEを消費してでき
る孤立した対流雲の中でこ
う頻度で起こる

雷が壁雲で起こるが頻度
は発達前に比べると小さ
い

電荷を獲得した粒子が
鉛直流の強い付近に止
まる

雷にはあられの存在が必須

ではあられはなぜできる?
凍っていない雲粒が持ち上がる

↓
凍った雲粒と衝突する

↓
あられが発生

↓
鉛直方向への雲物の輸送が鍵

発達後：鉛直流が弱い＋遠心力で電荷を持った粒子が外に飛ぶので電荷が小さい→雷が起こりにくい

なぜ発達直前に雷が最大か？

定常急発達初期
Pre-conditioning

Pre-conditioning
CAPEを消費する対流雲が最も
多くできる段階
→この時（RIの少し前）に雷が
最大になっている


