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気象雷モデルによる新たな防災・環境情報創出に向けた基礎的研究

（学際大規模情報基盤共同利用・共同研究拠点 第15回シンポジウム）

• 雷モデルを結合した気象雷モデル(SCALE)の防災・環境情報の創出を目指して、気象雷モデルの詳細な評価を行った
• 気象雷モデルは、経験的に雷頻度を見積もる従来の方法よりも、雷頻度の再現性という観点から優れていることが明らかになった
• 気象雷モデルの結果を大気化学モデルに入力することで雷起源の窒素酸化物を直接計算できるようになり、富士山山頂で観測されたNOyの時間変化を再現できるように
なった

気象雷モデル

実験設定

気象モデル（力学コア） 雷コンポーネント
スキームなど

予報変数 雲を構成する水物質が持つ各グリッドの電荷密度
電荷分離機構 着氷電荷分離機構(Takahashi 1978)
中和（放電） 中和スキーム（MacGorman et al., 2001, Fierro et al. 2013)

ポアソンソルバー Bi-CGSTAB (van der Vorst, 1992)(対象ガウス・ザイデル前処理)
雲物理モデル ２- Moment バルク法 (Seiki and Nakajima 2014)

MANL (気象場)
(天気予報のための計算値に基づく解析値)

力学的ダウンスケーリング
(Nesting)

1. Gridあたりの放電頻度相当量(FOD)
2. 経験的な発雷頻度計算 (McCaul et 
al. 2009)

水平解像度: 1km
計算時間 : 24~33 時間
対象領域 : 日本付近

観測された放電頻度
(LIDEN, Ishii et al. 2014)

比較

対象とした事例: 
1. 2017年九州北部豪雨（夏季雷・放電頻度大）
2. 2018年西日本豪雨（夏季雷・放電頻度小）
3. 北海道の低気圧に伴う雷（冬季の雷）
4. 北陸の冬季雷（Super Bolt冬季雷）
5. 雷の鳴らない降雪事例（雷なし）

評価指標
• RMSE（絶対値の誤差の指標）
• 時間相関（相対的な変化の再現性の指標）
• Equitable Tread Score（位置の再現性の指標）

気
象
雷
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デ
ル

ポイント: 
1. 気象雷モデルは従来手法に比べ雷頻度をよく再現する（RMSEが小さい）
2. 気象雷モデルの雷発生位置の再現性や時間変化の再現性は従来手法と同等（ETS、時間相関が従来手法と同程度）

気象雷モデルの大気化学モデルへの応用・雷起源の窒素酸化物を考慮した数値実験（Sato et al. 2023)

(Nishizawa et al. 2015) 
(Sato et al. 2015)

結論
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Fig. 2. Geographical distribution of observed precipitation (a, d, g, j, m, p) and precipitation 860 

simulated with cloud microphysics schemes of SN14 (b, e, h, k, n, q) and T08 (c, f, i, l, o, r) 861 

accumulated within the analysis period over the analysis area for each case. 862 

 863 

Fig. 3. Equitable threat score (ETS) at each threshold value of accumulated precipitation 864 

simulated with cloud microphysics schemes of SN14 (red) and T08 (blue) for each case for the 865 

whole analysis period and for the entire analysis area: Case 1 (a), Case 2 (b), Cases 3 and 4 (c), 866 

Case 5 (d), and Case 6 (e). 867 
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(red) and T08 (blue) and flashes diagnosed by MC with SN14 (dashed red) and T08 (dashed 885 

blue) for Case 1 (c) and Case 2 (d). In the legends, the correlation coefficient between observed 886 

flashes and FOD or diagnosed flashes for each case is shown as r (a, b), and ETS for the entire 887 

analysis time is shown (c, d). 888 

 889 

Fig. 7. Same as Fig. 4 but for Case 3 (a–e) and Case 4 (f–j). 890 
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 893 

Fig. 9. Same as Fig. 6 but for Case 3 (a, b, c) and Case 4 (a, b). 894 
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(red) and T08 (blue) and flashes diagnosed by MC with SN14 (dashed red) and T08 (dashed 885 

blue) for Case 1 (c) and Case 2 (d). In the legends, the correlation coefficient between observed 886 

flashes and FOD or diagnosed flashes for each case is shown as r (a, b), and ETS for the entire 887 

analysis time is shown (c, d). 888 

 889 

Fig. 7. Same as Fig. 4 but for Case 3 (a–e) and Case 4 (f–j). 890 
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結果
観測との比較を通した精密な検証 (Tomioka et al. in revision)

気象雷モデルのスコア（経験的な従来手法のスコア）

評価指標 事例 1 事例 2 事例 3 事例 4 事例 5

RMSE[回] 117 (868) 23 (660) 3.9 (95) 0.1 (0.2) 13(135) 

時間相関 0.29 (0.22) 0.22 (0.29) 0.94 (0.8) - (-) 0.79 (0.84)
Equitable Tread 

Score 0.36 (0.35) 0.02 (0.02) 0.04 (0.05) - 0.1 (0.09)

気象雷モデルと観測の雷の分布
事例 2:

(夏季雷・頻度小)
事例 3:

(冬の低気圧による雷)
事例 4:

(雷のない降雪事例)
事例 5:

(北陸の冬季雷)
事例 1:

(夏季雷・頻度大)

Atmospheric Environment: X 18 (2023) 100218
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species should be considered in CTMs for a more sophisticated simula-
tion of LNOx. However, the production rates of these species remain 
unclear, which makes implementing them into the CTMs challenging. 
Therefore, direct production of O3, OH and HO2 are not considered in 
the present study. This can be incorporated in future study once pro-
duction rates are known. 

To examine the impact of the vertical distribution of LNO emissions 
on the simulated NOx, we conducted eight sensitivity experiments by 

changing the vertical profiles of the LNO emissions, as summarized in 
Table 2. For the experiments named vEx1–vEx6, LNO was emitted into 
two layers, and the vertical profile of LNO emissions in vEx7 and vEx8 
was based on the vertical profile of LNOx emissions over the mid-latitude 
area, as shown by Pickering et al. (1998) and Ott et al. (2010), respec-
tively. The vertical profile of vEx8 was a single mode with a peak height 
of approximately 6–7 km; in contrast, the vertical profile of vEx7 had 
two peaks around the surface and a height of 11–12 km. For the 

Fig. 1. Calculation domain of (a) Domain 1, (b) Domain 2, (c) Domain 3, and (d) Domain for chemical transport model (CTM). The hatched area in (a) and (b) shows 
Domain 2 and Domain 3, respectively. The shade in (a), (b), and (c) shows the elevation of topography. The triangle in (c) and circles in (d) represent Mt. Fuji and the 
AEROS observation sites, respectively. The text indicated in grey and white in (c) and (d) represents the name of prefectures and location of Wakasa Bay, respectively. 

Table 1 
Configuration of SCALE for each domain.   

Domain 1 Domain 2 Domain 3 CTM 

Grid number (horizontal) 135 × 135 270 × 210 720 × 480 540 × 390 
Vertical layer number 36 60 57 20 
Vertical Coordinate z* z* z* σ 
Horizontal grid spacing 20 km 5 km 1 km 1 km 
Thickness of vertical layer Δz = 80–2567 m Δz = 40–683.5 m Δz = 40–683.5 m Δσ = 0.005–0.1 
Model top height 28.1 km 21.5 km 21.5 km 15.0 km 
Cloud microphysics Seiki and Nakajima (2014) Seiki and Nakajima (2014) Seiki and Nakajima (2014) – 
Cumulus parameterization Kain (2004) Kain (2004) None – 
Turbulence Nakanishi and Niino (2006) Nakanishi and Niino (2006) Nakanishi and Niino 

(2006) 
– 

Radiation MSTRN-X (Sekiguchi and 
Nakajima, 2008) 

MSTRN-X (Sekiguchi and 
Nakajima, 2008) 

MSTRN-X (Sekiguchi and 
Nakajima, 2008) 

– 

Lightning None None Sato et al., (2019) – 
Chemistry – – – Kajino et al. (2021a) 
Nudging Spectral nudging Spectral nudging None – 
Initial and boundary condition of 

meteorological field [time interval] 
ERA5 (Hersbach et al., 2020) 
[1 h] 

Domain 1 [1 h] Domain 2 [1 h] Domain 3 [1 h] 

Initial and boundary condition of 
chemistry [time interval] 

– – – Output of a global CTM (Deushi and 
Shibata, 2011; Tanaka et al., 2003) [1 h] 

Initial time of the simulation 00 UTC August 18, 2017 00 UTC August 20, 2017 00 UTC August 21, 2017 00 UTC August 21, 2017 
Time step (Δt) 45 s (dynamics), 90 s 

(physicsa), 900 s (radiation) 
10 s (dynamics), 20 s 
(physicsa), 200 s (radiation) 

2 s (dynamics), 6 s 
(physicsa), 24 s (radiation) 

5 s (advection), 300 s (chemistry) 

Duration time 120 h 72 h 48 h 48 h  

a The physics includes microphysics, cumulus parameterization, turbulence, and surface flux. None means that the model can include the component but that it was 
ignored, and “-” means that the component cannot be treated in the model. 

Y. Sato et al.                                                                                                                                                                                                                                     

Atmospheric Environment: X 18 (2023) 100218

7

the first peak originated from the Asian continent-contaminated airmass 
(NOy originated from anthropogenic NOx). The breakdown of NOy in 
Fig. 5 indicates that the measured NOy during this peak was mostly 
constructed by NOz, implying that the airmass was transported by 
converting NO2 to NOz. In this study, the mixing ratio of the lateral 
boundary did not include a high mixing ratio from the Asian continent 
since climatological global data were used for the initial and boundary 
mixing ratios of chemical species (Kajino et al., 2021a); however, the 
model reproduced the first mixing ratio peak after a few hours from the 
initial time of the calculation, and the breakdown of the simulated NOy 
was similar to the measured one. Detailed analyses indicated that the 
first mixing ratio peak in this study originated from the NOx emitted over 
Aichi Prefecture, which was vertically diffused with increasing 

boundary layer height from morning to afternoon and subsequently 
advected by westerly winds to Mt. Fuji (data not shown). Based on these 
results, it is reasonable that the first high mixing ratio in this study 
originated from local emissions over the Aichi Prefecture, which is 
contradictory to the report of Wada et al. (2019). This may be because 
the airmass from the Asian continent would pass over the Aichi region 
during transportation to Mt. Fuji; however, the effects of local emissions 
could be underestimated due to the coarse grid resolution used in Wada 
et al. (2019) (Δx = 30 km). 

The model did not reproduce the second mixing ratio peak. Ac-
cording to analyses by Wada et al. (2019), the second mixing ratio peak 
originated from the airmass with LNOx generated by lightning near 
Wakasa Bay. The breakdown of NOy at this peak was different from that 
of the former, as the NOy in the second peak had a considerable fraction 
of NO2, (approximately 50%), suggesting that the contribution of fresh 
emissions is likely associated with lightning. This different breakdown is 
one of the unique characteristics of NOy originating from LNOx (Wada 
et al., 2019). It is reasonable to presume that the second peak was not 
reproduced in the model by the CTL simulation since the model ignored 
LNOx in the CTL experiment. 

The simulated NOy exceeded 0.8 ppbv at approximately 07:00 UTC 
on Aug. 22nd, which conflicts the measured NOy. Based on the break-
down of NOy (Fig. 5) and the vertical distribution of NOy, this peak also 
originated from local emissions from Aichi Prefecture (data not shown). 
Wada et al. (2019) reported that the low mixing ratio during this period 
originated as a clean airmass from the ocean. Thus, this discrepancy 
could be attributed to the poor representation of wind direction in 
SCALE during this period. Despite the discrepancy around this period, 
the temporal evolution of NOy at Mt. Fuji is similar to that of the 
simulation by Wada et al. (2019), which also reproduced the first peak 
but could not reproduce the second one. 

3.2. Sensitivity of the vertical distribution of emitted height of LNOx 

The impacts of LNOx on NOy at the top of the mountain were 

Fig. 4. Temporal evolution of the NOy at the summit of Mt. Fuji by (dashed) the 
observation (Wada et al., 2019), and (solid) the model by CTL experiment. 

Fig. 5. Temporal evolution of (dashed) NO, (dot-dashed) NO2, (solid) NOy, and (dotted) NOz at the summit of Mt. Fuji by CTL experiment. The red and blue shows 
the result of the observation and the model, respectively. The black arrows show the first and second peak of the mixing ratio. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 

Y. Sato et al.                                                                                                                                                                                                                                     
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Fig. 10. Same as Fig. 2 but for results of vEx7 with LNO production rate of 150 × 1025 NO molec FOD−1.  

Fig. 11. Same as Fig. 3 but for results of vEx7 with LNO production rate of 150 × 1025 NO molec FOD−1.  

Fig. 12. Temporal evolution of (dashed) NO, (dot-dashed) NO2, (solid) NOy, and (dotted) NOz at the summit of Mt. Fuji. The red and blue shows the result of the 
observation and the model respectively. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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気象雷モデル (Sato et al. (2019)

実験設定：
気象雷モデルの計算：3段のダウンスケーリング（上図のDomain 1~3）
大気化学モデルの計算：Domain 3の内側領域（上図のDomain 4）
解像度：1 km(水平)、40 m ~1 km(鉛直, 57層)
計算期間： 2017/8/21 00UTC ~ 8/23 00UTC 
気象場の初期値境界値：ERA 5(Hersbach, et al. 2020)
化学モデルの初期値境界値：気候値（Deushi et al. 2003）

結果（富士山でのNOxの時系列） [赤：モデル、青：観測]

雷起源NOxのピーク

N
O
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気象雷モデルによる雷と雷起源NOxを考慮しない場合 気象雷モデルによる雷と雷起源NOxを考慮した場合

雷起源NOxのピークが再現できた

ポイント: 
気象雷モデルによって計算された雷分布の情報を、大気化学モデルにインプットした計算を行うことで、
従来は再現できなかった雷起源NOxの観測結果を再現できるようになった
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