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まえおき？
• 最初のタイトルは「湿潤対流に関する宿題」。
• 宿題が多すぎて気が重い。最近、進めていないし。。。

• なので、ラム波の話をします。
• GFDな⼈々の前では（ほとんど）喋ったことがない。
• 考え⽅がトリッキーかもしれない。
• … しかし（ごく最近）再吟味すると、理解は不⼗分。

• 最初に林さんの話を。



林さんと私など（敬称略）
• 林さん学⽣時代を知ってるほぼ最後の学年

• 林さんが助⼿になったのは 1985年1⽉。中島は M2 。
• 加藤蔵之真
• ⼩河正樹、蓬⽥、増⽥耕⼀
• 林祥介・⽊⽥久美、
• 阿部豊、佐々⽊晶、中村正⼈
• ⾼薮（中込）縁、⻑⾕川（JMA) 、福森
• 佐藤薫、中村昇、中村匡、井⽥茂、中島
• 渡辺誠⼀郎、佐藤正樹、沼⼝敦
• ⽵広真⼀、⽥近英⼀、阿部（⼤内）彩⼦、中島慎⼀
• ⽯渡正樹、
• 倉本圭



スタッフとして⼀緒にいたのは短期間
• 1990:  東⼤理学部：林助⼿、中島助⼿（海洋）
• 1992:                                              中島CCSR助⼿へ
• 1994:  林さん北⼤地球環境助教授
• 1995:  林さん東⼤数理助教授、中島九⼤助⼿
• 1998:  林さん北⼤教授
• 2008:  林さん神⼾⼤教授



⼤変たいへんお世話になりました。

• 「Mゼミ」、修論・論⽂の⾚⼊れ
• もろもろの学問の話

• 業務系： ネットワーク、仕様書書き



Sun の
ワークステーション

CCSR のシステムの
仕様書作成など



⼤変たいへんお世話になりました。

• 「Mゼミ」、修論・論⽂の⾚⼊れ
• もろもろの学問の話
• 業務系： ネットワーク、仕様書書き

• 共同研究
• ⽊星、⽔惑星、⽕星、⾦星、系外惑星 etc.

• セミナー:  GFDセミナー, FDEPS
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「地球的でない」雲対流

40億年前の⽕星
数気圧の CO2 ⼤気 主成分が凝結する

⽊星⽅惑星の⼤気
主成分よりも凝結成分の⽅が重い。
複数成分の凝結

A12 Yamashita et al 2017

A16 Sugiyama et al 2014
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地球の⼤気モデル国際⽐較プロジェクト
Journal of the Meteorological Society of Japan Vol. 91A98

)LJ�� �� ([DPSOH�+RYP|OORU� SORWV� RI� HTXDWRULDO� SUHFLSLWDWLRQ� LQ� WKH�$3(� UXQV� IRU� D� GXUDWLRQ� RI� ���� GD\V� �EXW� ���
GD\V�LQ��K��)5&*&���+RUL]RQWDO�D[HV�UHSUHVHQW�ORQJLWXGH��DQG�YHUWLFDO�D[HV�UHSUHVHQW�WLPH��LQFUHDVLQJ�XSZDUGV���
8QLWV��NJ�P±��V±�.

A19 Nakajima et al 2013 A18 Nakajima et al 2013
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系外惑星（同期回転惑星）の⼤気循環
4 S. Noda et al. / Icarus 282 (2017) 1–18 

Fig. 3. Horizontal distributions of 10 0 0-day mean surface temperature for all of the computed values of !∗ . Contour interval is 5 K. 
with short time scale transients filtered out defined by 
"NS [ T s ] ≡ 1 

2 π
∫ π/ 2 

0 
∫ 2 π

0 ∣∣ ˜ T s (λ, φ) − ˜ T s (λ, −φ) ∣∣d λ cos φd φ, (2) 
where ˜ T s is the 50 day running average of surface temperature, 
and the overbar means the temporal average over 10 0 0 days. Fig. 4 
shows the !∗ dependences of these four quantities. Note that the 
ten runs for each value of !∗ are plotted separately. Now we can 
identify two separate branches of atmospheric states: one extend- 
ing from !∗ = 0 to !∗ = 0 . 8 (hereafter, the small- ! branch), and 
the other from !∗ = 0 . 7 to !∗ = 1 (hereafter, the large- ! branch). 
Between !∗ = 0 . 7 and !∗ = 0 . 8 , these two branches coexist, giv- 
ing multiple equilibria. The preference between the two branches 
in the range of the multiple equilibria seems to depend on the 
value of !∗; the ratio of runs on the large- ! branch increases from 
10% for !∗ = 0 . 7 to 80% for !∗ = 0 . 8 . The branch taken by a par- 
ticular run depends on small differences in the initial conditions. 
It is determined in the first ∼500 days of the model integration, 

and there is no switching to the other branch after that. Note that 
those shown in Fig. 3 k–m belong to the small- ! branch by chance; 
there are also runs belonging to the large- ! branch for this range 
of !∗, with surface temperature structure similar to those shown 
in Fig. 3 n–p. 

In Fig. 4 we observe that the atmospheric circulation charac- 
teristics change continuously but markedly on the small- ! branch. 
When !∗ = 0 , both zonal mean zonal wind and north-south asym- 
metry are negligible. As !∗ increases, the westerly wind intensi- 
fies rapidly, and the night side surface temperature rises rapidly, 
both of which are tied to the appearance of the equatorial warm 
belt identified in Fig. 3 b–m. The temperature at the subsolar point 
falls at first, then rises. The north-south asymmetry remains small. 
Around !∗ = 0.5, the north-south asymmetry increases, and con- 
tinues to increases with increase of !∗. The asymmetry has been 
identified in Fig. 3 i–m, but is not evident in cases !0.2–!0.5 
( Fig. 3 e–h), where, as will be shown later, the temporal scale of 
the variability is short compared with the averaging period of 

A10    Noda et al 2016



⼤変たいへんお世話になりました。

万事、察しの悪い、とても⼿がかかる後輩(?)であったと思いま
す。

にもかかわらず、⻑年、⾊々とお付き合いいただき、本当にあり
がとうございました。_o_

おかげ様で、⾒聞を⼤きく広げることができました。



⼤気ラム波の鉛直構造と分散関係
分散関係 𝑙(𝑘, 𝜎)
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擾乱の構造 (x, z)

鉛直流はゼロ
⽔平⾵、圧⼒擾乱は⾼度とともに減少

単純化のために、等温⼤気の場合を考える。

⽔平波数

⾓
振

動
数

コンターは
鉛直波数



津波（海⾯上昇）からのラム波



fromPetropavlovsk‐Kamchatskiy (IS44) andUssuriysk (IS45),
respectively. Similar wave trains with good coherence are
also observed at these stations. Table 1 summarizes the arrival
times and amplitudes of the observed signals.
[8] At each station the back‐azimuth of the signals is mea-

sured by applying the F‐K analysis to the array. Considering

Figure 1. Locations of the barograph stations that recorded
atmospheric pressure changes from the 2011 Off the Pacific
Coast of Tohoku, Japan earthquake. The tsunami source
model by Fujii et al. [2011] is also shown in the plot.
Estimated slip distribution of each sub‐fault is indicated by
gradation. The open star indicates the JMA (Japan Meteo-
rological Agency) epicenter.

Figure 2. Microbarograph record at Mizusawa.

Figure 3. Microbarograph records at three IMS stations:
(a) IS30 (Isumi), (b) IS44 (Petropavlovsk‐Kamchatskiy),
and (c) IS45 (Ussuriysk). Solid triangles indicate the picked
on‐set time at each station.
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IS44IS45

IS30

東北地⽅太平洋沖地震の際に
各地で観測された微気圧シグナル

Arai et al (2011)



圧縮性⼤気モデル（x-z ⼆次元）の計算

𝑢:⽔平速度
𝑤:鉛直速度
𝑝:圧⼒
𝜌:密度
𝜃:温位

𝑔:重⼒加速度
𝑅:気体定数
𝑐!:定圧⽐熱

⾃転なし。2次元(x-z) 問題。簡単のために基本場は等温⼤気。

𝜕𝑢
𝜕𝑡 + 𝑢

𝜕𝑢
𝜕𝑥 + 𝑤

𝜕𝑢
𝜕𝑧 = −

1
𝜌
𝜕𝑝
𝜕𝑥 (1)

𝜕𝑤
𝜕𝑡 + 𝑢

𝜕𝑤
𝜕𝑥 + 𝑤

𝜕𝑤
𝜕𝑧 = −

1
𝜌
𝜕𝑝
𝜕𝑧 − 𝑔 (2)

𝜕𝜌
𝜕𝑡 = −

𝜕(𝜌𝑢)
𝜕𝑥 −

𝜕(𝜌𝑤)
𝜕𝑧 (3)

𝜕𝜃
𝜕𝑡
+ 𝑢

𝜕𝜃
𝜕𝑥

+ 𝑤
𝜕𝜃
𝜕𝑧

= 0 (4)

𝜃 =
𝑝
𝜌𝑅

𝑝!!
𝑝

"
#! (5)



下端での鉛直速度の与え⽅
1. 断層運動にともなって海⾯が盛り上がる

2. 津波の伝播(両側)

3. 津波の伝播（⽚側）

海⾯変位

鉛直速度

海⾯変位鉛直速度

海⾯変位

鉛直速度



変位時間10秒 変位時間100秒

変位時間300秒

1. 海⾯上昇への応答 Ps(x,t) 

ラム波の振幅、波形は断層変位時間に鈍
感



2. 両側に移動する津波への応答 Ps (x, 
t)

⽔深 4000m 
津波速度 200m/s

⽔深 250m 
津波速度 50m/s

津波と共に動く成分だけでなく、
波源から、⾳速で伝わる成分がある。
振幅は津波速度の2乗に⽐例する。



津波 25m/s 津波 100m/s

3. ⽚側に移動する津波への応答 Ps (x, t)

⾳速で伝わる成分は、

津波の進⾏側でプラス、反対側でマイナス
振幅はおおむね、津波速度の1乗に⽐例。

津波が両側に伝わる場合は、両成分が打ち消し合い
津波速度の2乗に⽐例する振幅となる。



数値積分した結果の要点
1. 津波は⾳波、内部重⼒波、ラム波を励起す

る。
2. 遠⽅に伝わるのはラム波。
3. ラム波には⼆つの成分がある。

1. 第⼀の成分：海⾯が盛り上がることによる。
振幅は海⾯盛り上がり⾼度で決まる。断層運
動時間によらない。これは、過去の研究の仮
定（断層運動時間に反⽐例）と全く異なる。

2. 第⼆の成分：振幅は津波の伝播速度のほぼ⼆
乗に⽐例。



太平洋
⽇本

直感的な説明
• ⾳波による adjustment が終わった後には、海⾯が持ち上

がった分だけ、その上の⼤気も持ち上がる。
• 持ち上がった⼤気と、周囲の⼤気の⽔平圧⼒差のうち, 約

7割がラム波の振幅となる。



等
温

位
⾯

等
圧

⾯

海⾯上昇
断層運動

津波（海⾯上昇）からのラム波励起



空気が圧縮される
海⾯上昇

⾳波が励起され、
上に伝播

海⾯上昇により⾳波が励起される



等温位⾯
等圧⾯
乱される。

⾳波がほぼ真上に伝播



⾳波が上に伝わり
⼤気を抜けると…   

当温位⾯と等圧⾯は、
海⾯の形状をなぞる

形になる。

“静⽔圧調節” が終わった状態

Δ𝑃 > 0

Δ𝑃 = −ℎ4
𝜕 2𝑃
𝜕𝑧

海⾯付近の気圧偏差
Δ𝑃567 = ℎ4𝑔𝜌8



ラム波は鉛直流を
伴わないので、
等温位⾯の偏差は
調節されずに残る。

その後、内部重⼒波
が励起されて調節
される。

ラム波が励起され、⽔平に圧⼒調節
Lamb waves start to 
propagate, and
adjust the 
horizontal pressure 
anomaly in the 
lower atmosphere.

Δ𝑃98:;
≈ 0.7×

1
2
ℎ4𝑔𝜌8
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horizontal pressure 
anomaly in the 
lower atmosphere.

Δ𝑃98:;
≈ 0.7×

1
2
ℎ4𝑔𝜌8



温位偏差から⾒積もった鉛直変位

Δ𝜃 = −
𝑑�̅�
𝑑𝑧
Δ𝑧

z=3km

z=15km

z=30km

幅 500km,  波⾼ 1m, ⽴ち上がり100秒の津波

重⼒波の分散

による減少



簡単な⽅程式で考えてみると。。。



⽅程式の線形化とスケーリング
𝑢∗ = �̅�𝑢=

𝑤∗ = �̅�𝑤=

𝜃∗ =
�̅�𝜃=

�̅�

𝑐4> =
𝑐!
𝑐?

𝑅2𝑇

𝑁> =
𝑔
�̅�
𝑑�̅�
𝑑𝑧

=:擾乱
:基本場
𝑐4:⾳速

𝑐?:定積⽐熱
𝑁>:浮⼒振動数

𝜕𝑢∗

𝜕𝑡 = −
𝜕𝑝=

𝜕𝑥 1 =

𝜕𝑤∗

𝜕𝑡 = −
𝜕𝑝=

𝜕𝑧 − 𝜌
=𝑔 2 =

𝜕𝜌=

𝜕𝑡
= −

𝜕𝑢∗

𝜕𝑥
−
𝜕𝑤∗

𝜕𝑧 3 =

𝜕𝜃∗

𝜕𝑡
+ 𝑤∗ 𝑁>

𝑔
= 0 4 =

𝜌= =
𝑝=

𝑐4>
− 𝜃∗ 5 =



海⾯変位に伴う static な鉛直変位を分離

𝑤∗ = )𝑤∗ +
�̅�
-𝜌"
𝑤#∗ = )𝑤∗ + 𝑒$

%
& 𝑤'∗

𝑤( = )𝑤′ + 𝑤'(

⾳波の鉛直伝播による adjustment の終了後は
⼤気全体が、海⾯の変位と同じ鉛直変位をしてい
る。

スケーリングした変数に焼き直せば

⼤気擾乱(⾳波以外の)に伴う鉛直流

海⾯変位に対応した static な鉛直運動



鉛直積分⽅程式
𝑈 = E

7

@
𝑢∗𝑑𝑧

𝑊 = E
7

@
G𝑤∗𝑑𝑧

𝑅 = E
7

@
𝜌′𝑑𝑧

𝑃 = E
7

@
𝑝′𝑑𝑧

𝑇 = E
7

@
𝜃∗𝑑𝑧

𝑤A = 𝑤∗(𝑥, 0, 𝑡)

𝜕𝑈
𝜕𝑡

= −
𝜕𝑃
𝜕𝑥 1 ==

𝜕𝑊
𝜕𝑡

= 𝑝4 − 𝑅𝑔 − 𝐻
𝜕𝑤A∗

𝜕𝑡 2 ==

𝜕𝑅
𝜕𝑡

= −
𝜕𝑈
𝜕𝑥

+ 𝑤A∗ 3 ′=

𝜕𝑇
𝜕𝑡
+
𝑁>

𝑔
𝑊 +𝐻𝑤A∗ = 0 4 ==

𝑅 =
𝑃
𝑐4>
− 𝑇 5 ==



𝜕𝑈
𝜕𝑡

= −
𝜕𝑃
𝜕𝑥 1 ==

0 =
𝜕𝑊
𝜕𝑡

= 𝑝4 − 𝑅𝑔 − 𝐻
𝜕𝑤A∗

𝜕𝑡 2 ==

𝜕𝑅
𝜕𝑡

= −
𝜕𝑈
𝜕𝑥

+ 𝑤A∗ 3 ′=

𝜕𝑇
𝜕𝑡
+
𝑁>𝐻
𝑔

𝑤A∗ = 0 4 ==

𝑅 =
𝑃
𝑐4>
− 𝑇 5 ==

ラム波の波動⽅程式 W=0
𝜕>𝑈
𝜕𝑡> − 𝑐4

> 𝜕
>𝑈
𝜕𝑥> = −

𝑐4>

𝛾
𝜕𝑤A∗

𝜕𝑥

⽔平に⾳速で伝わる擾乱についての
波動⽅程式。

ソース項として、下⾯境界の鉛直速度
（の微分）が現れる。

実質的にラム波の⽅程式が得られた。



ラム波の⽅程式の形式解

𝑈 𝑥, 𝑡 = −
1

2𝛾𝑐4
E
7

B
𝑑𝜏E

CDE! BDF

CGE! BDF
−𝑐4>

𝜕𝑤A∗

𝜕𝑥
𝑑𝑥

= E!
>H∫7

B 𝑑𝜏 𝑤A∗(𝑥 + 𝑐4 𝑡 − 𝜏 ) − 𝑤A∗(𝑥 − 𝑐4 𝑡 − 𝜏 )

𝑥

𝑡

𝑊$ ≠ 0

𝑥 −
𝑐 %𝑡
=
𝑐𝑜
𝑛𝑠
𝑡.𝑥 +

𝑐% 𝑡 =
𝑐𝑜𝑛𝑠𝑡.



𝑈 𝑥, 𝑡 と𝑃 𝑥, 𝑡 の関係は？

𝜕𝑈
𝜕𝑡 = −

𝜕𝑃
𝜕𝑥

注⽬したい部分は進⾏波。ダランベールの解を考えると

𝜉 = 𝑥 − 𝑐%𝑡𝑈 𝑥, 𝑡 = 𝑈 𝜉 + 𝑈 𝜂
𝑃 𝑥, 𝑡 = 𝑃 𝜉 + 𝑃 𝜂 𝜂 = 𝑥 + 𝑐%𝑡

𝜕𝑈
𝜕𝑡

=
𝑑𝑈
𝑑𝜉

𝜕𝜉
𝜕𝑡
= −𝑐!

𝑑𝑈
𝑑𝜉

𝜕𝑃
𝜕𝑥

=
𝑑𝑃
𝑑𝜉

𝜕𝜉
𝜕𝑥

=
𝑑𝑃
𝑑𝜉

𝜕𝑈
𝜕𝑡

=
𝑑𝑈
𝑑𝜂

𝜕𝜂
𝜕𝑡

= 𝑐!
𝑑𝑈
𝑑𝜂

𝜕𝑃
𝜕𝑥

=
𝑑𝑃
𝑑𝜂

𝜕𝜂
𝜕𝑥

=
𝑑𝑃
𝑑𝜂

𝑃 𝜉 = 𝑐4𝑈 𝜉𝑃 𝜂 = −𝑐4𝑈 𝜂

右に進む波左に進む波 𝑷 𝒙, 𝒕

𝑼 𝒙, 𝒕



地上気圧の振幅の取り出し

𝑃 = E
7

@
𝑝′𝑑𝑧 = E

7

@
𝑝4𝑒

D 5
U-𝑑𝑧 =

𝑝4
𝐻9

=
𝑐4>𝑝4
𝑔

ラム波の圧⼒擾乱の鉛直構造 𝑝 𝑧 ~𝑝! exp −
𝑔𝑧
𝑐!"

= 𝑝! exp −
𝑧
𝐻#

∴ 𝑝4 =
𝑔
𝑐4>
𝑃

𝑈 𝑥, 𝑡 =
𝑐%
2 W!

&
𝑑𝜏 𝑤$(𝑥 + 𝑐% 𝑡 − 𝜏 ) − 𝑤$(𝑥 − 𝑐% 𝑡 − 𝜏 )

𝑃 = ±𝑐4𝑈
𝑤A = �̅�𝑤A=

𝑝4 𝑥, 𝑡 =
𝑔
𝑐4
𝑈 𝑥, 𝑡

=
𝑔�̅�
2𝛾

E
7

B
𝑑𝜏 𝑤′A(𝑥 + 𝑐4 𝑡 − 𝜏 ) − 𝑤′A(𝑥 − 𝑐4 𝑡 − 𝜏 )



津波励起（1） 海⾯が盛り上がる
𝑝% 𝑥, 𝑡 =

𝑔�̅�
2𝛾 W!

&
𝑑𝜏 𝑤′$(𝑥 + 𝑐% 𝑡 − 𝜏 ) − 𝑤′$(𝑥 − 𝑐% 𝑡 − 𝜏 )

𝑥

𝑡

𝑊$ ≠ 0
𝑥 −
𝑐 %𝑡
=
𝑐𝑜
𝑛𝑠
𝑡.𝑥 +

𝑐% 𝑡 =
𝑐𝑜𝑛𝑠𝑡.

波源域の幅 >> 海⾯盛り上がりの時間スケール x  ⾳速 （まあまあ良い近似）
右辺の積分は local な時間積分で近似できる。
積分区間には、断層運動の間だけが寄与。

𝑝4 𝑥, 𝑡 =
𝑔�̅�
2𝛾

ℎ4 𝑥 − 𝑐4𝑡 + ℎ4(𝑥 + 𝑐4𝑡)

励起されたラム波は、海⾯盛り上がりの⾼さ・形状を直接反映

盛り上がり 1m につき

9.8 x 1.3 / 2x1.4  = 4.6 Pa



過去の研究での⾒積もりと違う
断層変位時間 T	が浮⼒振動の時間より短かく、
断層破壊拡⼤速度が⾳速より速ければ

𝑝! = 𝜌𝑐𝑤 = 𝜌𝑐ℎ/𝑇
(Watada et al 2006, Watada 2009)

通常の⾒積もりでは断層変位時間に依存するが、
今回の計算では、T によらず、直接津波⾼と対応。

𝑝! =
𝑔$𝜌ℎ!
𝛾



津波励起（2） 津波の伝播
振幅、位相速度⼀定の津
波：

ℎ4 𝑥, 𝑡 = ℎ7 𝜉 𝜉 = 𝑥 − 𝑐𝑡

海⾯での鉛直速度： 𝑤=
A(𝑥, 𝑡) =

𝜕ℎ4
𝜕𝑡

(𝜉) = −𝑐
𝑑ℎ7
𝑑𝜉

(𝜉)

𝑝4 𝑥, 𝑡 =
𝑔�̅�
2𝛾

E
7

B
𝑑𝜏 𝑤′A(𝑥 + 𝑐4 𝑡 − 𝜏 ) − 𝑤′A(𝑥 − 𝑐4 𝑡 − 𝜏 )

= −𝑐
𝑔�̅�
2𝛾

E
7

B
𝑑𝜏

𝑑ℎ7
𝑑𝜉

(𝑥 + 𝑐4 𝑡 − 𝜏 ) −
𝑑ℎ7
𝑑𝜉

(𝑥 − 𝑐4 𝑡 − 𝜏 )

海⾯変位

鉛直速度

平⾯波（細⻑い波源から出てくる津波）を想定する。

ラム波成分については、形式解から



津波励起（2） 津波の伝播

𝑥

𝑡

𝑝! 𝑥, 𝑡 = −𝑐
𝑔�̅�
2𝛾

>
$

%
𝑑𝜏

𝑑ℎ$
𝑑𝜉

(𝑥 + 𝑐! 𝑡 − 𝜏 ) −
𝑑ℎ$
𝑑𝜉

(𝑥 − 𝑐! 𝑡 − 𝜏 )

Δ𝜉 Δ𝜉

Δ𝜏 = Δ𝜉/(𝑐% − 𝑐)
Δ𝜏 = Δ𝜉/(𝑐% + 𝑐)

Doppler shift に注意して、右辺を積分する。 𝑑𝜏 = 𝑑𝜉/(𝑐! ± 𝑐)

𝑝% 𝑥, 𝑡 = −
𝑐

𝑐% + 𝑐
𝑔�̅�
2𝛾 W!

& 𝑑ℎ!
𝑑𝜉 𝑥 + 𝑐% 𝑡 − 𝜏 𝑑𝜉 +

𝑐
𝑐% − 𝑐

𝑔�̅�
2𝛾 W!

& 𝑑ℎ!
𝑑𝜉 𝑥 − 𝑐% 𝑡 − 𝜏 𝑑𝜉

= −
𝑐

𝑐% + 𝑐
𝑔�̅�
2𝛾

ℎ! 𝑥 + 𝑐%𝑡 +
𝑐

𝑐% − 𝑐
𝑔�̅�
2𝛾

ℎ! 𝑥 − 𝑐%𝑡

上昇下降

向かってくる側では
プラスの強いパルス

遠ざかる側では
マイナスの弱いパルス



津波励起（2） 津波の伝播

𝑥

𝑡

𝑝4 𝑥, 𝑡 = −
𝑐

𝑐4 + 𝑐
𝑔�̅�
4𝛾

ℎ7 𝑥 + 𝑐4𝑡 +
𝑐

𝑐4 − 𝑐
𝑔�̅�
4𝛾

ℎ7 𝑥 − 𝑐4𝑡

−
𝑐

𝑐4 + 𝑐
𝑔�̅�
4𝛾

ℎ7 𝑥 − 𝑐4𝑡 +
𝑐

𝑐4 − 𝑐
𝑔�̅�
4𝛾

ℎ7 𝑥 + 𝑐4𝑡

=
𝑐>

𝑐4> − 𝑐>
𝑔�̅�
4𝛾

ℎ7 𝑥 + 𝑐4𝑡 + ℎ7 𝑥 − 𝑐4𝑡

上昇下降下降上昇

津波は波源から左右に伝わり（同じ強さ、振幅は半分）、
「それぞれの波」から左右に正負のラム波が出る。

打ち消しあった残
りが実質的な振幅
となる。

プラスであって、⼤体
津波速度の2乗に⽐例



合計した振幅は？
⼆つの成分を合計すると、振幅は左右それぞれで

𝑝" =
𝑔�̅�
2𝛾

1 +
1
2

𝑐H

𝑐"H − 𝑐H
ℎI

津波の速度が⾳速に近づくと、共鳴により、⾮常に⼤きくなる。

ただし、その場合、⼤気波動（ラム波）から津波への
「反作⽤」が無視できなくなる。

⼤気波動と津波を⼀緒に計算する必要がある。

⽔深依存性の数値的検討は次のページ



第⼆項／第⼀項

0

1

2

3

4

5

6
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�2���1�

⽔深

1
2

𝑐H

𝑐"H − 𝑐H

0 2000 4000 6000 8000

6

4

2

1
典型的な⽔深は
4000 [m] なので、
第⼆項の寄与は
4割程度

𝑐4 = 300 m/s



理論的検討の要点
1. ラム波の励起の様相を⼤体説明できた。
2. ⼆つの成分があり、両者の和が「観測」され

る。
• 第⼀の成分：海⾯が盛り上がることによる。気圧波

形は断層運動時間によらず、海⾯盛り上がり分布で
決まる。津波防災に⼤きな有⽤性？。
• 第⼆の成分：津波の伝播に伴う海⾯の上下運動が励

起。津波が向かってくる側で正、遠ざかる⽅で負。
正味の振幅は津波の伝播速度のだいたい⼆乗に⽐例。
気圧波形は、基本的に津波波形に対応。

3. 合計振幅は、やはり津波の⾼さに⽐例する。
• 観測された振幅を⼤体説明しそうである。



2011東北津波の場合は？
⽔深 7500m ：
津波⾼さ 1 m につき
(1+2.3) x 4.55 Pa = 15 Pa 。

⽔沢 64Pa (p-p)は、
津波 4.3 m(p-p) に相当。

波源での⾼さ 5m (Maeda 
etal 2011)に近い。

波源の形状に依存した、幾
何学的な振幅減少を定量的
に考察せねばならない。
⾒積もりの出発点には⼗分
なりそう。

fromPetropavlovsk‐Kamchatskiy (IS44) andUssuriysk (IS45),
respectively. Similar wave trains with good coherence are
also observed at these stations. Table 1 summarizes the arrival
times and amplitudes of the observed signals.
[8] At each station the back‐azimuth of the signals is mea-

sured by applying the F‐K analysis to the array. Considering

Figure 1. Locations of the barograph stations that recorded
atmospheric pressure changes from the 2011 Off the Pacific
Coast of Tohoku, Japan earthquake. The tsunami source
model by Fujii et al. [2011] is also shown in the plot.
Estimated slip distribution of each sub‐fault is indicated by
gradation. The open star indicates the JMA (Japan Meteo-
rological Agency) epicenter.

Figure 2. Microbarograph record at Mizusawa.

Figure 3. Microbarograph records at three IMS stations:
(a) IS30 (Isumi), (b) IS44 (Petropavlovsk‐Kamchatskiy),
and (c) IS45 (Ussuriysk). Solid triangles indicate the picked
on‐set time at each station.
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Arai et al 2011 では、Watada の式を使って、
⾼さ 5 m , 時定数30秒で 70Pa という⾒積もり。

804 T. MAEDA et al.: SIGNIFICANT TSUNAMI DURING THE 2011 TOHOKU EARTHQUAKE

Fig. 1. (a) Index map showing the subfault geometries (gray rectangles) and OBPG stations TM1 and TM2 (triangles). Gray contour lines are
bathymetry iso-depths at 1000 m intervals. The star indicates the epicenter location determined by the Japan Meteorological Agency. (b) Relative sea
height trace recorded at TM1 (thin line) and TM2 (thick line) stations for the 2011 off the Pacific coast of Tohoku Earthquake.

from 0 to 1.8 m in the first 700 s following the earthquake
(hereafter referred to as Stage A). This was followed by a
very large, impulsive tsunami with a height of more than
3 m with a relatively short duration of approximately 150 s
(Stage B). A similar waveform was observed at TM2 near
the coast after a time lag of about 260 s, which indicates an
apparent tsunami wavespeed of 110 m/s. This wavespeed
corresponds to an average water depth of 1235 m under the
long-wavelength approximation, if the tsunami propagated
parallel to the cable. This type of waveform is unique, and
has not been observed in the OGPG records for the other
earthquakes for such as the 2003 Off Tokachi Mw 8.0 earth-
quake (e.g., Tsushima et al., 2009) or the 2004 SE Off
Kii-Peninsula Mw 7.4 earthquake (e.g., Saito and Furumura
2009). This suggests that a peculiar source rupture process
may be associated with the earthquake that generated the
severe tsunami. Discrepancies between the tsunami wave-
forms recorded at TM1 and TM2, such as the slight de-
crease in the tsunami height observed at TM2 200–400 s af-
ter the earthquake, accompanied by oscillations in the seis-
mic wave, might provide other important constraints on the
source rupture process of the earthquake.

3. Tsunami Source Model
We now consider an appropriate source model to explain

the observed peculiar tsunami waveform at the two OBPG
stations. We assume a source rupture area of approximately
480 km by 200 km over the subducting Pacific Plate as
shown in Fig. 2(a), which is divided into 4×3 subfaults with
lengths of 160–180 km and widths of 50 km. The geometry
of each subfault, such as its strike, dip, and depth is chosen
to fit to the upper boundary of the subducting Pacific plate
(e.g., Furumura and Kennett, 2005); the dip angles of the
subfaults are set to 7, 12, 17, and 22 degrees from the trench

axis side to the land and all rake angles are set to 86 degrees
following the results of a W-phase moment-tensor inversion
of the USGS (2011). The relative depths of each subfault
from the ocean bottom are set to 3, 9.09, 19.49, and 34.11
km, from the trench to the land side.

The sea bottom elevation and initial sea height due to
the slip over each subfault segment are calculated based
on the analytic solution of Okada (1985), assuming a ho-
mogeneous half-space model with a Poisson ratio of 0.25.
The depth of each subfault is set relative to the ocean bot-
tom rather than the sea surface. The Green’s function of
the tsunami waveform for a unit slip over each subfault is
then calculated by a tsunami propagation simulation based
on the linear long-wave theory (e.g., Goto, 1984). In this
simulation, we use a 500-m resolution bathymetry model
constructed by combining the ETOPO1 global Earth model
and the J-EGG500 Japan coastal model for tsunami compu-
tation.
3.1 Source slips and tsunami waveforms

In order to explain the observed offshore tsunami at sta-
tions TM1 and TM2 shown in Fig. 1(b), we first examined
the case of a uniform slip of 15 m over the entire 12 sub-
fault segments and we calculated the co-seismic ground el-
evation above the source area and the tsunami waveform at
TM1 and TM2.

The results for the ground surface deformation pattern
and simulated tsunami waveforms at stations TM1 and TM2
are shown in Fig. 2(a). This demonstrates that a large
upheaval of the seafloor occurs over the subfaults near the
trench, with about 3–4 m uplift of the seafloor around TM1
and TM2. The resultant tsunami traces at TM1 and TM2
derived from the present simulation (inset of Fig. 2(a)) show
a gradual fall in sea height from 0 to −1 m at TM2, and to
−2 m at TM1 just after the earthquake (Stage A), followed



⽕⼭からのラム波



トンガ⽕⼭噴⽕による⼤気波動



今は5000円以下で
⾼感度の気圧計つくれる



数⼗センチ、上下に動かすと

10Pa



 

報 道 発 表 
令和４年１月 16 日 14 時 15 分 

 地 震 火 山 部 

 

令和４年１月 15 日 13 時頃のトンガ諸島付近のフンガ・トンガ-フ

ンガ・ハアパイ火山の大規模噴火に伴う潮位変化について(第２報) 

 

 
 

 

 

 

 

 

 

 

 

 

○ 防災上の留意事項 

津波警報や津波注意報が発表されていたことや、潮位変化が観測されていることにつ

いては、これまでの情報等により十分に理解されていると考えられます。また、これ以

上潮位変化が高くなる可能性は小さくなったとみられます。ただし、海面変動はすぐに

は減衰せず、しばらく継続すると考えられますが、そのことを十分理解した上で行動頂

ければ、潮位変化による災害のおそれはないとみられることから津波注意報を解除しま

した。 

海に入っての作業や釣りなどに際しては十分な留意が必要です。 

今回の潮位変化は、地震に伴い発生する通常の津波とは異なります。防災上の観点か

ら津波警報の仕組みを使って防災対応を呼びかけているものです。 

 

 

 

 

 

火山の噴火の概要及び津波警報等の発表状況 

噴火発生日時：  １月 15 日 13 時頃（日本時間） 

火山名： フンガ・トンガ-フンガ・ハアパイ火山 

噴煙高度：約 52,000 フィート（約 16,000 メートル）  

津波警報・津波注意報：一連の津波警報・津波注意報は、16 日 14 時 00 分にすべて解

除しました。 

＜本件に関する問い合わせ先＞ 

地震火山部  地震津波監視課  

電話 03-3434-9041  

 

報 道 発 表 
令和４年１月 16 日 02 時 00 分 

 地 震 火 山 部 

 

令和４年１月 15 日 13 時頃のトンガ諸島付近のフンガ・トンガ-フ

ンガ・ハアパイ火山の大規模噴火に伴う潮位変化について 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

○ 防災上の留意事項 

津波警報を発表している地域では、被害のおそれがあります。沿岸部や川沿いにいる

人はただちに高台や避難ビルなど安全な場所へ避難してください。繰り返し襲ってきま

す。警報が解除されるまで安全な場所から離れないでください。 

 津波注意報を発表している地域では、海の中や海岸付近は危険です。海の中にいる人

は直ちに海からあがって、海岸から離れてください。潮の流れが速い状態が続きますの

で、注意報が解除されるまで海に入ったり海岸に近づいたりしないようにしてください。 

今回の潮位変化は、地震に伴い発生する通常の津波とは異なります。防災上の観点か

ら津波警報の仕組みを使って防災対応を呼びかけているものです。 

 

 

 

 

 

火山の噴火の概要及び津波警報等の発表状況 

噴火発生日時：  １月 15 日 13 時頃（日本時間） 

火山名： フンガ・トンガ-フンガ・ハアパイ火山 

噴煙高度：約 52,000 フィート（約 16,000 メートル）  

津波警報：奄美群島・トカラ列島、 

津波注意報：北海道太平洋沿岸東部、北海道太平洋沿岸中部、北海道太平洋沿岸西

部、青森県日本海沿岸、青森県太平洋沿岸、岩手県、宮城県、福島県、

茨城県、千葉県九十九里・外房、千葉県内房、伊豆諸島、小笠原諸島、

相模湾・三浦半島、静岡県、愛知県外海、伊勢・三河湾、三重県南部、

和歌山県、徳島県、高知県、宮崎県、鹿児島県東部、種子島・屋久島地

方、沖縄本島地方、大東島地方、宮古島・八重山地方（16日 00 時 15 分

発表） 

 

＜本件に関する問い合わせ先＞ 

地震火山部  地震津波監視課  

電話 03-3434-9041  

気圧変動 海⾯変動



考察する系

⽔平1次元で津波を数値的に解く
（shallow water equation）

⽔平鉛直2次元で
⼤気波動の伝播を数値的に解く
（⾳波、ラム波、重⼒波）

⽔平計算領域 3200km （または 12800km) 側⾯は周期境界条件
解像度 ⽔平 800m、鉛直 500m

鉛直計算領域
480km⼤気の⽅程式と

津波の⽅程式を
双⽅向に結合して
時間積分

瞬間的、局所的な強制
（熱、質量、運動量）



双⽅向の結合
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𝑝4 𝑥, 𝑡 = 𝑝′(𝑥, 0, 𝑡)

𝐷 = 0 にすると、⼤気だけのモデルとなる。

⼤気の⽅程式
津波の⽅程式



気圧と津波の結合シミュレーション
⼤気の中の気圧変動

海⾯での気圧変動

海⾯の上下（津波）

津波の励起では
ラム波よりは
内部重⼒波が
重要になる。

Nishikawa, Y., Yamamoto, My., Nakajima, K. et al. . Sci Rep 12, 
22354 (2022). https://doi.org/10.1038/s41598-022-25854-3



1. ⾳波の励起

空気が
圧縮
され
⾳波
励起

⼤気下層での
加熱、ガス放出
津波など

等温位⾯
等圧⾯



等温位⾯
等圧⾯
乱される。

2. ⾳波の上⽅伝播



⾳波が上に伝わり
⼤気を抜けると…   

当温位⾯と等圧⾯は、
下層⼤気の鉛直変位の
形状を「なぞる」。

3. “静⽔圧調節”

Δ𝑃 > 0

Bannon(1995, JAS)

Δ𝑃 = 0



4. ⽔平気圧勾配が
ラム波射出

Δ𝑃 > 0



しかし、結果を良く⾒たら。。。
• ラム波の振幅
• ソースの⾼度にかなり強く依存する。
• 符号は変わらないが。。。

•ペケリス波も励起される
• ラム波と逆符号（地⾯で）
• 振幅はソース⾼度に強く依存する。
• ラム波の振幅とペケリス波の振幅に

強い対応関係がある。

•ペケリス波の出⽅の理解が必要 -70
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ガスの質量、浮⼒、鉛直運動量による励起
熱源： Q 
運動量源： M
ガス質量源:    V
浮⼒源： 熱源 Q および

ガス質量源 V=-Q
（圧⼒源がゼロになる。上向きの
浮⼒が重⼒波を励起。）

ソースの位置は、図(幅 6400km)
の右端の⾼度 40km である。
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熱源

浮⼒源 ガス質量源

鉛直運動量源
⼤気中の
気圧偏差
t=7200s

ラム波に⽐べて
重⼒波は弱いラム波が出ない

⾳波が相対的に強い



ツングースカ級の天体爆発
からのラム波励起



核実験

⽕⼭の⼤きな噴⽕ツングースカイベント（1908年）

イギリスで観測された気圧変動

主偏差は負

主偏差は正

主偏差は正

Whipple (1930) QJRMS



footnotes. Most were near the border of the tree fall area.
The most relevant accounts of injuries and casualties were collected

in 1926, when Evenkis gathered in a meeting attended by ethnographer
Innokenty Mikhailovich Suslov (1893–1972), chairman of the
Krasnoyarsk Committee for Assistance to the Peoples of the North
(Suslov, 1927, 1967). Anderson and Orekhova (2002) provide insight

into Suslov's long family history in engaging with the Evenkis. His fa-
ther spoke Evenki and he himself understood it a bit. In those years, the
first tribal clan councils and clan courts were established as organs of
Soviet power among Evenkis. 60 Evenkis participated in the congress,
which took place at the Strelka trading station at the confluence of the
North and South Chunya rivers (Strelka-Chunya), north of the impact

(caption on next page)
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area, from June 1 to June 4, 1926.
In reading the accounts, please keep in mind that other unrelated

events in the area also caused casualties. One to two years after the
Tunguska event, the area was hit by a smallpox epidemic that cost
many lives. Forest fires could also be deadly and some later reports of
casualties could relate to those.

3.1. First casualty report

Only two direct accounts of people experiencing the circumstances
that led to severe injuries and casualties from the Tunguska event are
known, both collected by Suslov at the Evenkis meeting in 1926 and on
his way to that meeting (Suslov, 1967).

The first account is from Akulina, an Evenki woman living in 1926
close to Vanavara, who stayed in a suede-covered chum with her hus-
band Ivan and old man Vasily (son of Okhchen) at the time of the event.
Ivan Potapovich (Chamdal) is mentioned as being the husband of
Akulina and old man Vasily is listed as “Vasyly Okhchen (Pankagir)” on
the reverse side of a draft map created during the meeting (TSC 64).
Akulina described how their chum was at the Dilyushma river, at the
confluence of that river in the Khushma (TSC 56 [5.2]). In Suslov's final
map, it shows the chum on the right bank of the Dilyushma, between
Dilyushma and Khushma. However, the Dilyushma ends in the Chamba,

not in the Khushma (Krinov, 1949). The position marked as “1” in Fig. 2
is on the right bank of the Dilyushma at the confluence with the
Chamba. This location is just outside the tree-fall area.

Akulina describes what happened leading up to her husband Ivan
being thrown from the chum against a tree, breaking his arm (Table 2,
column “A”), and then follows with (TSC 56 [5.2], our translation): “…
Suddenly I hear someone moan softly. I ran to the voice and saw it was
Ivan. He lay on the ground between the branches of a large tree. His
arm had been broken by the tree trunk, a bone protruding through his
bloodied shirt. At this sight, I fainted and fell down. But soon I came by.
Ivan became more alert and began to moan louder and cry. I took off
my skirt, tore it up, and wrapped it around Ivan's broken arm. Poor Ivan
howled like a wolf, cried, swore, and shouted that he was in pain. Uchir
had thrown Ivan a long distance. If you put ten chums next to him, he
fell down behind the last chum.” According to Suslov, this meant he had
been thrown a distance of about 40m.

When old Vasily emerged from cover, he took Ivan from Akulina.
They moved to the chum and storage at the Dilyushma river. “The walk
was even harder: a lot of fallen trees. The old man and Ivan often fell,
Ivan cried out in pain.” They found their chum and stores mostly de-
stroyed. Some meat was left in a copper kettle and some flour inside a
burned package. Vasily lit a fire and they quenched their hunger.

“Ivan ate very little; he moaned all over, complained of severe pain

Fig. 2. Annotated map with location of eyewitnesses (yellow) and tree fall pattern (Longo et al., 2005), with a red dot at its epicenter (Fast, 1967). The light area
inside the red contour contains trees singed from above by radiant heat (Zhuravlev and Zigel, 1998), modified southwards of the Khushma river to the border of the
burned area marked by Krinov (1960). Topographic map is that of the Krasnoyarsk Territory (Map no. 63: Tungussko-Chunsky district of the Evenki Autonomous
Okrug). The thick black contour is the boundary of the Tunguska National Nature Reserve. Dashed lines are winter roads. Alternative spellings include "Yadunikan"
(Yadulikan), "Ugakit" (Ukagit), and "Ukikitkon" (Ukogitkon).
Legend to Fig. 2:
[1] Dilyushma – Akulina, husband Ivan, and Vasily Okchen in one chum (TSC 56 [5.2]), with at least one other chum at that location (TSC 41 [7.33]). The chums
were at the mouth of the Dilyushma, at the confluence into the Khushma (TSC 56 [5.2]). Position marked on Suslov's original map between Dilyushma and Khushma
rivers, but having Dilyushma ending in Khushma river instead of Chamba (Krinov, 1949). Ivan is Ivan Potapovich (nickname Machakugyr);
[2] Khovorkikta (=“Avarkitta”) – Chum of brothers Chuchancha (Stepan Ivanovich) and Chekaren of the Shanyagyr clan (TSC 56 [5.3]), with brother Nalezh (TSC
64, or Nalga – TSC 39, or Nalegi – Krinov, 1949) and father Podyga with wife in a separate chum. Suslov marked a position “II” in middle reaches of Khovorkikta,
between the Khovorkikta and Chamba. Krinov (1949) marked 5 chums at the confluence of the Khovorkikta and Chamba, labeled “Podyga's sons”. We adopted
Suslov's position, but put it adjacent to Khovorkikta;
[3] Chamba – Ul'kigo, his father Lurbuman (Shanyagir), wife and four children. Chum was on the bank of the Chamba, not far from its mouth. However, it was said
that from that site one could look up Mount Lakuru (TSC 56 [5.4], account by Ul'kigo). Also, the site was close to, but perhaps not in, the tree fall area. Position not
marked by Suslov (1927), nor by Krinov (1949);
[4] Lakura Ridge – Shaman Uiban (TSC 56 [5.5], mentioned by Suslov). Location of Lakura is between Lakura river and Kimchu river (TSC 56 [5.6]), account by
Andrey Onkul. Krinov (1949) notes that Evenki's “Lakura” is not peak labeled Lakura Ridge in Fig. 2. Plekhanov (1963) puts “Lakura” 15 km to NE of that peak, based
on Evenki accounts. Kuvshinnikov and Kolobkova (1963) put the site 15 km west of mount Shahorma;
[5] Chamba Yakukta – Camp with 4 chums (TSC 30 [7.35]) and at least 6 people in the group (TSC 39), including Pavel Daonov and Ivan Ivanovich Aksenov (born
1884). Aksenov left camp in the morning and was alone on the hunt for elk somewhere in the mouth, or possibly just above, the Makikta estuary. Camp was a little
further south on Chamba. After midday, he returned to camp, found Pavel unconscious and after Pavel woke they set out to put out fires near the “Shelle”, 1 km from
the Chamba (between Makikta and Khushma) (TSC 30 [7.35]);
[6] Lower reaches of Khushma – Position uncertain, on the bank of the Khushma (TSC 39 [7.6]). Camp of some members of the Dzhenkoul family. Group may have
included Ivan Ilyich Dzhenkoul, Ivan's father, and daughter Anastasiya (Nastya) Dzhenkoul, as well as father of Afanasy Daonov in a separate chum. Ivan Ilyich was a
guide to Kulik's 1938 expedition and recalls wind blowing from NW and trees falling (TSC 39). Possibly same group as Kaynachenok family who were staying on the
Khushma and later where looking for their storages there (TC 168);
[7] Chuvar Ridge between Kimchu and Khushma – Vasily Nikitich Tarkichenok and 1-y old son Pavel Vasilyevich Tarkichenok (TSC 252 [7.19]). A second story by
teenager Andrei Vasilievich Tarkichenok (TSC 66 [7.20]) likely refers to same location. More than one chum. Exact location unknown, but trees fell in east-west
direction (TSC 252 [7.19]), suggesting closer to Khushma than to Kimchu;
[8] Along Kimchu river – Tatyana Nikolaevna Livesherova, husband, and others: 8 chums stood there (TSC 32 [7.41]), account by Livesherova. Location in tree fall
area. Position 8 is marked by Krinov (1966) as a “homestead”, but it is uncertain that this refers to Livesherova. It is along the road to Strelka-Chunya, which passed
through the upper reaches of the river Jelindukon (=“Gyljakon”) (TSC 33). Trees fell on the Jelindukon (TSC 33, 92);
[9] Panolik – Camp located on the river Panolik, was blown away (TSC 252 [7.10], 57 [6.25]), old man Kovshirchin and wife Tatyana recalled in 1959 (TSC 39
[7.10]);
[10] Close to the mouth of the Kimchu into the Chunya, north of the Kimchu – Father and mother Dmitriev. Total 50 people in just 6 chums. (TSC 41 [7.31], account
from Maria Vasilyevna Dmitrieva);
[11] Mouth of Tetere river – Location of Ilya Potapovich (Lyuchetkan) at time of event (guide to Kulik in 1927) (TSC 32; Krinov, 1949). Also TSC 65 [7.3–7.4];
[12] Churgim river – Location of second storage facility of Dzhenkoul's family (TSC 39, [7.11]). Between Kimchu and Churgim river (TSC 41, [7.26]). Vasily
Dzhenkoul's area for deer grazing. Herd of ~200–500. A remnant of a storage facility was found here by Kulik's team, marked by Krinov (1949);
[13] Lake Cheko – Approximate location of a storage facility of Dzhenkoul's family (TSC 39 [7.11], TSC 252 [6.7]);
[14] Vanavara – Location of several eye witnesses (TSC 57 [6.3, 6.4]).
[15] Near Lakura ridges - Food and winter clothes storage shelter of Stepan Ilyich Ankov and his three brothers, one of which is Ivan Ilyich Ankov (TSC 57, frame
109–110; 39 [7.7]). Unknown position, but in same area “where the deer died”. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

P. Jenniskens et al. Icarus 327 (2019) 4–18
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footnotes. Most were near the border of the tree fall area.
The most relevant accounts of injuries and casualties were collected

in 1926, when Evenkis gathered in a meeting attended by ethnographer
Innokenty Mikhailovich Suslov (1893–1972), chairman of the
Krasnoyarsk Committee for Assistance to the Peoples of the North
(Suslov, 1927, 1967). Anderson and Orekhova (2002) provide insight

into Suslov's long family history in engaging with the Evenkis. His fa-
ther spoke Evenki and he himself understood it a bit. In those years, the
first tribal clan councils and clan courts were established as organs of
Soviet power among Evenkis. 60 Evenkis participated in the congress,
which took place at the Strelka trading station at the confluence of the
North and South Chunya rivers (Strelka-Chunya), north of the impact

(caption on next page)
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ON PHENOMENA RELATED TO T H E  GREAT SIBERIAN 
METEOR 

By F. J. W. WHIPPLE, M.A., Sc.D., F.1nst.P. 
[Read at a meeting of the Society an June 20, lQS4l 

I. INTRODUCTION 
Since the publication' of my paper, " The Great Siberian Meteor 

and the Waves, Seismic and Aerial, which it Produced," a grea t  
deal of literature about the meteor has appeared and I have received 
several interesting communications from correspondents in different 
parts of the world. Professor Astapowitsch has given in the fore- 
going paper a short account of investigations by his Russian c01- 
leagues. In the present paper information derived from other 
sources is summarised. 

Wi th  regard to the fate of the meteor itself one important 
amendment to my paper is necessary. During Kulik's later visits 
to the scene of the meteor fall, he examined the craters and made 
several excavations without finding meteoric material. My state- 
ment " clearly each of these funnels contains a meteorite " is 
proved to be wrong. I t  seems that the meteorites which formed 
the craters were entirely volatilised or else reduced to mere dust. 

2. PHENOMENA IN THE SKY 
As to the remarkable glows seen in the sky of northern Europe 

during the nights of June 30 to July I and 2 ,  I+, there are a few 
additional contemporary references in scientific publications, notably 
accountsZ by Suring and by van Everdingen. 

Dr. R. Rolf kindly translated for me several extracts from 
reports in Swedish newspapers. According to Vart  Land, a 
Stockholm evening paper, there was on the night of June 30 a 
distinct limit between the strange illumination and the ordinary 
light of the sky. Another evening paper, Aftonbladet ,  says that 
the night of July I was less bright than the previous one, but  tha t  
of July 2 surpassed its predecessors; very good photographs could 
be taken on July z at midnight. The luminous clouds were some- 
times snow-white, sometimes golden. 

?'he localisation of the luminosity on the first night is stressed 
in the report of an  observer at Stala, near GBteborg. At about 
one hour after sunset there appeared on the northerly sky a n  
extraordinarily strong light, magical and very imposing in the fair 
summer night, and so brilliant that one could read the minutest 
lettering. At last the glow changed 
to red in the N.W. and almost to green in the N.E. 

The brilliance of the night of July 2 in Scotland is vouched 
for3 by Mr. W. C. Hart ,  who has a photograph of Dornoch 
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ON PHENOMENA RELATED TO T H E  GREAT SIBERIAN 
METEOR 

By F. J. W. WHIPPLE, M.A., Sc.D., F.1nst.P. 
[Read at a meeting of the Society an June 20, lQS4l 

I. INTRODUCTION 
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the night of July I was less bright than the previous one, but  tha t  
of July 2 surpassed its predecessors; very good photographs could 
be taken on July z at midnight. The luminous clouds were some- 
times snow-white, sometimes golden. 
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in the report of an  observer at Stala, near GBteborg. At about 
one hour after sunset there appeared on the northerly sky a n  
extraordinarily strong light, magical and very imposing in the fair 
summer night, and so brilliant that one could read the minutest 
lettering. At last the glow changed 
to red in the N.W. and almost to green in the N.E. 

The brilliance of the night of July 2 in Scotland is vouched 
for3 by Mr. W. C. Hart ,  who has a photograph of Dornoch 
Cathedral, taken at midnight with an exposure of 90 seconds. 
1 Q.1.R. Meteor.  SOL, 56, 1930, pp. 287-304. 
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これまで⼤体、「彗星の尾がかかったのだろう」と⾔われてきた。
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“point charges” were set off sequentially, beginning at the top, and initiating 
downward with the velocity of the projectile, accounting for its deceleration 
as it descends into the atmosphere. This method of energy insertion effec- 
tively simulates the entry column as a line charge of varying energy density. 

FIGURE 11. Comparison on the same scale of evolution of (a) ballistic fireball gen- 
erated by 3 megaton impact to (b) buoyant fireball generated by a 3 megaton explosion 
at same altitude of maximum energy deposition (7 km). Shading indicates velocity mag- 
nitude of the air as indicated in the text. 
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Figure 3
(a) The plume formed 1 min after the collision of Comet Shoemaker-Levy 9 with Jupiter. Image courtesy of David Crawford. (b) Plume
evolution after the Tunguska impact (Artemieva & Shuvalov 2010). The atmosphere is shown in blue and the impactor particles in green
(10 µm in radius) and yellow (1 µm in radius). (i ) Total deceleration of the impactor; particles are produced. The frame is 20 × 20 km
(compare with Figure 1d ). (ii ) One and (iii ) three minutes later; the small square in the bottom left corner of panel ii corresponds to
panel i. The frame size is 400 × 400 km. (iv) Ten minutes later; the plume collapses. The frame size is 1,500 km × 400 km.

all extraterrestrial contaminations found in Siberia so far (Nazarov et al. 1983, Hou et al. 2000)
are related to the presence of these particles. The plume containing cap particles collapses under
gravity, initiates strong atmospheric flows in the thermosphere, and spreads out to a distance of
2,000 km within half an hour. Similar effects were observed (but not modeled) on Jupiter during
the collapse of cometary impact plumes (Hammel et al. 1995). Late evolution of these particles
is defined by global atmospheric circulation at high altitudes. Assuming worldwide distribution
of the cap particles, the average concentration of extraterrestrial material on the surface may be
approximately 0.03 kg/km2. Even if the cloud is diffused exclusively within the polar region of the
Northern Hemisphere, the concentration is still low—comparable to the annual flux of cosmic
dust onto Earth (0.1 kg/km2).

The hydrodynamic models described above have shown that, at the end of the penetration
stage, a solid body the size of the Tunguska body is transformed into a mixture of vapor with
molten particles that later evolve within the plume and are dispersed over a large area. However,
this scenario is not quite correct, as these models treat the meteoroid as a continuum; that is,
they neglect the production of sizeable solid pieces during fragmentation. Such fragments are
routinely observed (and some of them later recovered) during large meteorite falls (e.g., Popova
et al. 2011). On the contrary, not one Tunguska meteorite has been found so far, despite numerous
expeditions to the site. What happened to these surviving fragments after the Tunguska fall? Were
they separated from the main jet to land as meteorites and lost forever in local swamps? Or were
they never formed because of a specific entry scenario (e.g., all materials were vaporized rather
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Figure 1
Snapshots showing temperature distribution during the entry of a Tunguska-like body. (a) At an altitude of 30 km, fragmentation
begins. (b) At an altitude of 20 km, the body is totally fragmented and has a pancake shape. (c) At an altitude of 16 km, the body is
transformed into a jet of particles, although the velocity is only slightly lower than the entry velocity. (d ) At the deepest penetration of
the jet, its velocity drops to zero (the spatial scale is different from that in panels a–c).

3.4. Ground Effects: Pressure Pulse, Stormy Winds, and Fires
Shock waves generated during meteoroid entry continue to propagate downward and may reach
the surface within seconds or minutes, depending on the altitude of the airburst. When these aerial
blast waves reach the ground, they generate Rayleigh seismic surface waves and earthquakes. If
the pressure on the ground is known as a function of coordinates and time, the energy of the
seismic waves can be calculated using a solution of Lamb’s problem (the response of an elastic
half-space to a vertical load) and calibrated against published nuclear test data. Svettsov (2007)
obtained earthquake magnitudes from 4.8 to 5.0, assuming that the energy of the Tunguska event
was between 7 and 18 Mt TNT. Figure 2a shows distributions of the maximum pressure for a 45◦

impact releasing energy equivalent to 10 Mt TNT (Artemieva & Shuvalov 2007). The maximum

44 Artemieva · Shuvalov
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“point charges” were set off sequentially, beginning at the top, and initiating 
downward with the velocity of the projectile, accounting for its deceleration 
as it descends into the atmosphere. This method of energy insertion effec- 
tively simulates the entry column as a line charge of varying energy density. 

FIGURE 11. Comparison on the same scale of evolution of (a) ballistic fireball gen- 
erated by 3 megaton impact to (b) buoyant fireball generated by a 3 megaton explosion 
at same altitude of maximum energy deposition (7 km). Shading indicates velocity mag- 
nitude of the air as indicated in the text. 



遠地気圧観測からの情報
• 伝播速度からみて、気圧変動は「ラム波」
• 地⾯に捕捉されて⽔平には等⽅的かつ2次元的に伝わる。
• 伝播速度はほぼ⾮分散的で、おおむね⾳速 𝑐4 = 311 m sDb
• 振幅は距離の平⽅根に反⽐例（エネルギーが距離に反⽐例する）。

•気圧偏差の符号はマイナス
• 第⼆段階（プルーム形成に伴う下層⼤気吸い出し）が主たる励起源
• 距離 𝑅c;4 = 10,000 km （イギリス）での振幅は 𝑃c;4 = 150 µBar =
15 Pa

• 主要な負のパルスの継続時間は 𝜏c;4 = 200 s
• 励起源の⽔平スケールは 𝐷!&' ≤ 𝑐!𝜏()! = 60 km



エネルギーのソースプロセスへの分配
• 隕⽯落下のエネルギー 𝐸B

• 𝐸% = ⁄𝑀𝑉" 2 (質量𝑀, 速度 𝑉) 
• 下層⼤気を上層に持ち上げて

ばら撒く（⼤気掘削） 𝐸!d
• 隕⽯の「爆発」による下層⼤

気の正味の加熱 𝑄
• 衝撃波の dissipation
• 熱線が⼤気に吸収される

𝐸B = 𝐸!d + 𝑄
= 𝑥 𝐸B + 1 − 𝑥 𝐸B



⼀段落した状態

下層⼤気に
の負の密度偏差

等温位⾯
等圧⾯



⼤気掘削によるラム波の励起

78

Δ𝑃 < 0 Δ𝑃 < 0



⼤気掘削によるラム波の振幅
𝐸TU = 𝑀TU ⋅ 𝑔 ⋅ 𝐻TU
(プルームの質量 𝑀TU、上下の⾼度差 𝐻TU)

ラム波の気圧偏差は、プルーム放出で下層⼤気（⾼度40km程度
以下）から失われた⼤気の量から静⽔圧的に⾒積れる。
励起域の⽔平スケール 𝐷"VW とすると、
𝑃"VW
TU = ∫𝑔Δ𝜌𝑑𝑧 = −𝑔 ⁄𝑀TU 𝐷"VWH ＝ ⁄−𝐸TU 𝐻TU𝐷"VWH



加熱によるラム波の励起

80

Heating

Δ𝑃 > 0
Δ𝑃 > 0



⼤気加熱によるラム波の振幅
加熱された部分の⼤気が上下に膨張して、上側の⼤気が持ち上げられ
ることで⽣じる圧⼒偏差（⽔平）がラム波の振幅になる。
⼤体、スケールハイト 𝐻! = ⁄𝑅𝑇" 𝑔の厚さの⼤気を加熱した程度。

加熱領域の⽔平スケール 𝐷!#$ とすると、加熱されるとみなされる
⼤気の質量は 𝑀% = 𝜌&𝐷!#$' ⁄𝑅𝑇" 𝑔 = 𝐷!#$' ⁄𝑃" 𝑔

𝑃!#$
% = 𝑃"

()
)!
= *!

)!
⋅ %
$"+#

= *!
)!
⋅ %,
$"*!-$%&'

= ,%
$")!-$%&'

= %
⁄/ ' 0$-$%&'



励起される気圧、観測される気圧は？
励起域(⽔平スケール 𝐷"VW)での振幅
𝑃"VW = 𝑃"VW

TU + 𝑃"VW
X = −

𝐸TU
𝐻TU𝐷"VWH

+
𝑄

⁄7 2 𝐻"𝐷"VWH
=
𝑀𝑉H

2𝐷"VWH
−𝑥
𝐻TU

+
1 − 𝑥
3.5 𝐻"

振幅は、励起源からの距離の平⽅根に反⽐例。距離 𝑅Y#"では

𝑃Y#" = 𝑃"VW ⋅
𝐷"VW
𝑅Y#"

=
𝐷"VW
𝑅Y#"

⋅
𝐸Z
𝐷"VWH

−𝑥
𝐻TU

+
1 − 𝑥
3.5 𝐻"



励起される気圧、観測される気圧は？

𝑃Y#" = 𝑃"VW ⋅
𝐷"VW
𝑅Y#"

=
𝐷"VW
𝑅Y#"

⋅
𝐸Z
𝐷"VWH

−𝑥
𝐻TU

+
1 − 𝑥
3.5 𝐻"

𝐻TU = 𝑦TU𝐻" とおくと

𝑃Y#" =
𝐷"VW
𝑅Y#"

⋅
𝐸Z

3.5 𝐻"𝐷"VWH
1 −

𝑦TU + 3.5
𝑦TU

𝑥

気圧偏差が負になるのは、𝑥 > ⁄𝑦TU 𝑦TU + 3.5 の場合

𝐸" = 𝐸#$ + 𝑄 = 𝑥 𝐸" + 1 − 𝑥 𝐸"



観測との⽐較 全エネルギー 10Mt の 85パーセントが
プルーム形成に使われた？

𝐸
B =
30M

t
𝐸B =10Mt

𝐸B = 3Mt

𝑃c;4 = -15 Pa

𝐻TU~10 ⋅ 𝐻" ,   𝐻"~8×10[ m
𝐸Z~ 10 MtonTNT = 4×10\] J
𝐷"VW~0.5 𝑐"𝜏Y#" = 3×10^ m

とすると、
𝑃Y#" ≅ 90 Pa ⋅ 1 − 1.35𝑥

観測された振幅は
𝑅Y#" = 10_ m において
𝑃Y#" = −15 Pa



雲活動によって常時励起されるラム波



Background Lamb waves 313
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Figure 1. (a) Location map of the 305 stations used in this study. (b–d)
Results of frequency–slowness spectra at 1.5 mHz. The locations of the
subarrays (1–3) are also shown on the map. We averaged the spectra from 1
to 2 mHz for 1 yr. Vertical and horizontal axes show slowness, which is the
inverse of the phase velocity.

Figure 2. FK spectrum of background Lamb waves. The horizontal axis
shows the angular order, and the vertical one shows the frequency in mil-
lihertz. The colour shows normalized PSDs al/ f̄ −3.5, where f̄ is the fre-
quency in millihertz. Synthetic dispersion curves are also overlaid on this
figure.

Synthetic dispersion curves (see Appendix B) are overlaid on the
figure. They show that the observed Lamb wave branch consists of
three submode branches. This is because the Lamb wave branch
intersects that of thermospheric gravity waves at 3.5 mHz and that
of acoustic waves trapped near the mesopause at 6.5 mHz (Garrett
1969).

The FK spectrum shows a local minimum of Lamb wave ampli-
tudes at around 3.5 mHz, where the Lamb wave branch is crossed by
the thermospheric gravity wave branch. Coupled Lamb waves leak a
certain amount of energy from the troposphere to the thermosphere,
reducing the Lamb wave amplitudes at the crossover frequency rel-
ative to those at neighbouring frequencies, when their excitation
sources exist in the troposphere.

Fig. 2 also shows a weak branch of first acoustic overtones. The
fundamental branch is hardly observable. Their weak amplitudes
are partly because most of their modal energy resides in the meso-
sphere and the thermosphere (Lognonné et al. 1998; Kobayashi
2007; Watada & Kanamori 2010). Moreover, the acoustic modes
with lower angular orders (<200) are too dissipative to keep their
excitation amplitudes because the energy radiating into the iono-
sphere is dissipated via molecular viscosity.

3 T W O - D I M E N S I O NA L
F R E Q U E N C Y- S L OW N E S S ( F P ) S P E C T R A

To infer the incident-azimuthal distribution of Lamb waves, we
calculated 2-D FP spectra (Nishida et al. 2005, 2008) at 1.5 mHz
(Figs 1b–d) for the three subarrays. The spectra were obtained by
summing the time-delayed cross spectra under the assumption that
the background atmospheric waves can be represented by a super-
imposition of plain waves. Then, the array response functions were
deconvolved from the spectra by using the Richardson–Lucy de-
convolution algorithm (Lucy 1974; Nishida et al. 2008). Figs 1(b)–
(d) show the mean FP spectra from 2012 January to November.
The spectra clearly show Lamb wave propagation from all direc-
tions. In the figure, the waves are identified as the circle with a
slowness of about 3.2 s km−1, which is equivalent to a phase ve-
locity of about 310 m s−1. The root mean square (rms) amplitude
of these Lamb waves is about 0.15 Pa. The plots show weak but
definite one-lobed anisotropy of the phase velocities. At subarray
1, the phase velocity towards the east is about 20 m s−1 faster than
that towards the west. The anisotropic patterns of subarrays 2 and
3 are similar but smaller than that of subarray 1. The observed
anisotropy can be explained by advection attributed to mid-latitude
westerlies.

Fig. 3(a) shows the incident-azimuthal variations of Lamb wave
amplitudes at 1.5 mHz as a function of time at an increment of
45 d. Only the result from subarray 1 is shown because most of
the stations in subarrays 2 and 3 were installed after 2012 April.
The figure shows a clear seasonal variation: strong amplitudes from
the east side in winter months, and strong amplitudes from the
west side in summer months. Primarily, the azimuthal distribution
represents their source distribution, although they are also affected
by refraction and scattering of the waves owing to topography, wind
and lateral heterogeneities of the sound velocity structure. Because
the intrinsic attenuation of Lamb waves is small (i.e. the quality
factor is greater than 103, Lindzen & Blake 1972), refraction and
scattering across long wave paths tend to homogenize the incident-
azimuthal distribution.

 by guest on July 8, 2015
http://gji.oxfordjournals.org/

D
ow

nloaded from
 

Background Lamb waves 313

( )
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Results of frequency–slowness spectra at 1.5 mHz. The locations of the
subarrays (1–3) are also shown on the map. We averaged the spectra from 1
to 2 mHz for 1 yr. Vertical and horizontal axes show slowness, which is the
inverse of the phase velocity.

Figure 2. FK spectrum of background Lamb waves. The horizontal axis
shows the angular order, and the vertical one shows the frequency in mil-
lihertz. The colour shows normalized PSDs al/ f̄ −3.5, where f̄ is the fre-
quency in millihertz. Synthetic dispersion curves are also overlaid on this
figure.

Synthetic dispersion curves (see Appendix B) are overlaid on the
figure. They show that the observed Lamb wave branch consists of
three submode branches. This is because the Lamb wave branch
intersects that of thermospheric gravity waves at 3.5 mHz and that
of acoustic waves trapped near the mesopause at 6.5 mHz (Garrett
1969).

The FK spectrum shows a local minimum of Lamb wave ampli-
tudes at around 3.5 mHz, where the Lamb wave branch is crossed by
the thermospheric gravity wave branch. Coupled Lamb waves leak a
certain amount of energy from the troposphere to the thermosphere,
reducing the Lamb wave amplitudes at the crossover frequency rel-
ative to those at neighbouring frequencies, when their excitation
sources exist in the troposphere.

Fig. 2 also shows a weak branch of first acoustic overtones. The
fundamental branch is hardly observable. Their weak amplitudes
are partly because most of their modal energy resides in the meso-
sphere and the thermosphere (Lognonné et al. 1998; Kobayashi
2007; Watada & Kanamori 2010). Moreover, the acoustic modes
with lower angular orders (<200) are too dissipative to keep their
excitation amplitudes because the energy radiating into the iono-
sphere is dissipated via molecular viscosity.

3 T W O - D I M E N S I O NA L
F R E Q U E N C Y- S L OW N E S S ( F P ) S P E C T R A

To infer the incident-azimuthal distribution of Lamb waves, we
calculated 2-D FP spectra (Nishida et al. 2005, 2008) at 1.5 mHz
(Figs 1b–d) for the three subarrays. The spectra were obtained by
summing the time-delayed cross spectra under the assumption that
the background atmospheric waves can be represented by a super-
imposition of plain waves. Then, the array response functions were
deconvolved from the spectra by using the Richardson–Lucy de-
convolution algorithm (Lucy 1974; Nishida et al. 2008). Figs 1(b)–
(d) show the mean FP spectra from 2012 January to November.
The spectra clearly show Lamb wave propagation from all direc-
tions. In the figure, the waves are identified as the circle with a
slowness of about 3.2 s km−1, which is equivalent to a phase ve-
locity of about 310 m s−1. The root mean square (rms) amplitude
of these Lamb waves is about 0.15 Pa. The plots show weak but
definite one-lobed anisotropy of the phase velocities. At subarray
1, the phase velocity towards the east is about 20 m s−1 faster than
that towards the west. The anisotropic patterns of subarrays 2 and
3 are similar but smaller than that of subarray 1. The observed
anisotropy can be explained by advection attributed to mid-latitude
westerlies.

Fig. 3(a) shows the incident-azimuthal variations of Lamb wave
amplitudes at 1.5 mHz as a function of time at an increment of
45 d. Only the result from subarray 1 is shown because most of
the stations in subarrays 2 and 3 were installed after 2012 April.
The figure shows a clear seasonal variation: strong amplitudes from
the east side in winter months, and strong amplitudes from the
west side in summer months. Primarily, the azimuthal distribution
represents their source distribution, although they are also affected
by refraction and scattering of the waves owing to topography, wind
and lateral heterogeneities of the sound velocity structure. Because
the intrinsic attenuation of Lamb waves is small (i.e. the quality
factor is greater than 103, Lindzen & Blake 1972), refraction and
scattering across long wave paths tend to homogenize the incident-
azimuthal distribution.
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We will briefly show how the well-known equato-
rial waves believed to be directly related to tropical
convection appear in the present analysis. Figures 7g–j
additionally show the dispersion relationship for h 5
200m and h 5 25m. It is found that observed spectra
also have broad, modest peaks around these two sets
of dispersion relations (especially Kelvin, Rossby–
gravity, and the gravest gravity mode); they are likely
the signatures of equatorially trapped ‘‘dry’’ modes
(h; 200m) and ‘‘convectively coupled’’ modes (h; 25m),
respectively, associated with tropical convection and
identified in earlier publications (e.g., Kiladis et al. 2009).

These low-frequency convectively ‘‘forced’’ modes
(not ‘‘free’’ modes) will not be examined further in
this study.
To examine the meridional structure of the free os-

cillation modes (h 5 10km), we regressed the global
surface pressure data (during the period 2010–16) onto
an index time series of each free oscillation defined with
the filtered tropical surface pressure data at 08 longi-
tude (see section 2d). Figure 9 shows the meridional
distribution of the amplitude and phase of the regres-
sion analysis, while the best-fit theoretical Hough func-
tions derived from the LTE for each mode (Fig. 3) are

FIG. 6. (a),(b) Zonal wavenumber–frequency spectrum for surface pressure at 108N (Pa2 cpd21 wavenumber21). The results are shown
for the frequency range of (a) 0–12 cpd and (b) zoomed in to 0–2.5 cpd. Positive and negative zonal wavenumbers designate eastward
and westward phase velocity waves, respectively. (c),(d) As in (a) and (b), but spectra of pressure averaged between 208S and 208N
at each longitude (i.e., tropical symmetric components). (e),(f) As in (c) and (d), but with data of difference between 208S–08N and
08–208N at each longitude (i.e., tropical antisymmetric components). (g)–(j) As in (c)–(f), but with the dispersion relationships of Fig. 2
superimposed.
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数百 km 以上の⻑波⻑、ラム波と同じ鉛直構造



APE の結果にも
地表⾯気圧の時空間スペクトル（強調）



（例によって）積雲で作れないか？



下層⼤気の加熱に対する地⾯気圧応答
地表⾯気圧の時間変化
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2400 sec
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津波による励起とよく対応
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mbLamb
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2400 sec
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地表⾯気圧の時間変化
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（ほぼ鉛直伝播）



積雲（加熱）からのラム波励起



励起メカニズム
第⼀段階: ⾳波の射出

空気が
圧縮
され
⾳波
励起

加熱

加熱された⼤気
が膨張して
上の⼤気を押す。

等温位⾯
等圧⾯



等温位⾯
等圧⾯
乱される。

第⼆段階： ⾳波がほぼ真上に伝播

加熱された領域の
⼤気は膨張



⾳波が上に伝わり
⼤気を抜けると…   

当温位⾯と等圧⾯は、
加熱による下層⼤気

の鉛直変位の
形状を「なぞる」。

第三段階：“静⽔圧調節”の完了

Δ𝑃 > 0

Bannon(1995, JAS)

加熱された領域の
⼤気は膨張

Δ𝑃 = 0

地表⾯では圧⼒偏差はゼロだが、
加熱域の上空は⾼気圧偏差。



Δ𝑃 > 0

加熱領域の
⼤気は膨張

Δ𝑃 = 0

地表⾯では圧⼒偏差はゼロだが、
加熱域の上空は⾼気圧偏差。



第4段階：⽔平気圧勾配によりラム波射出
地表⾯の圧⼒偏差はゼロだが、
加熱域の上には⽔平圧⼒偏差があり、ラ
ム波が射出される。

潜熱加熱の鉛直スケールは ef.

9
E/
g ~1𝑘𝑚

ラム波の鉛直スケールは Hef
g ~ 12𝑘𝑚

ラム波はかなり効率良く励起される。
実際には、⾳波の射出、ラム波の射出、
重⼒波の射出は連続的に起こるが、
ここでは、分けて記述した。

Δ𝑃 > 0

Δ𝑃 = 0



加熱がつくる気圧偏差の⼤きさ
加熱が⼤気下層に集中している場合、

加熱領域の上端において
鉛直変位は 𝜁 = b

h∫𝑄𝑑𝑧
気圧偏差は Δ𝑃4 = 𝑔∫𝑄𝑑𝑧

これが、⽔平伝播するラム波をつくる。

Δ𝑃 > 0

この気圧偏差は
厚さ 𝐷 = 𝐻4 =

ef
g （スケールハイト）の

⼤気層を上下⼀様に加熱する場合と同じ。
重⼒なしの普通の⼤気加熱応答

（つまり、ただの⼆次元⾳波問題）を
計算しても同じである。



ラム波の励起に使われるのは7割

ラム波は鉛直流を
伴わないので、
等温位⾯の偏差は
調節されずに残る。

その後、内部重⼒波
が励起されて調節
される。

等温⼤気の場合には、
静⽔圧調節後の
気圧偏差のうち、
7割がラム波
3割が重⼒波により
調節される。

射出されたラム波は
⽔平⼆次元的に振る舞う

Δ𝑃 > 0



ラム波常時励起の気圧振幅 psd

加熱に対する
ラム波の気圧振幅の応答

全地球の雲活動の加熱 psd
＠波数空間

全地球の雲の数

1個の雲の加熱 psd ＠波数空間

1個の雲の加熱＠実空間 雲の降⽔量
寿命、空間スケール

地球⼤気の熱収⽀

圧縮性⼤気の線形応答問題



ҳ͕ऑ͍ɺ͢ͳΘͪࢄ α, ε << ωͷ߹ɺڞ໐݅ ω2 = c2sK
2ʹ͓͍ͯ4

p ≈ ω2

iεω(−iω)

R

cv
Sθ = ε−1R

cv
Sθ =

Q

csK

R

cv
Sθ (37)

Γɺѹྗ p ͷৼ෯͕ମੵ͋ͨΓͷՃʢೖΤωϧΪʔʣSθͷৼ෯5ʹݮਰ࣌
ؒ (= ε−1)Λֻ͚ͨͷʹͳΔ͜ͱ͕Θ͔ΔɻQ quality factorͰ͋Δɻ6

4 ੵӢΛఆͨ͠Ճͷදݱ
߸ه ҙຯ  ୯Ґ

L ਫৠؾͷજ 2.5× 106 J/Kg

Re ٿͷܘ 6× 106 m

A ٿͷΞϧϕυ 0.35 —

β જՃ૯ྔͷࣹ૯ྔʹର͢Δൺ 0.5 —

S ଠཅఆ 1360 W/m2

E શͨ͋ؒ࣌ٿΓ૯ৠൃ kg/s

H ରྲྀݍͷް͞ 1× 104 m

l Ӣͷਫฏεέʔϧ 3× 103 m

τ Ӣͷण໋ 3× 103 s

r ҰͭͷӢͷ૯߱ਫྔ 9× 107 kg

µ ҰͭͷӢͷ໘ੵ͋ͨΓ૯߱ਫྔ r/l2 kg/m2

η ҰͭͷӢͷ߱ਫ r/τ kg/s

Qc Ӣͷதͷମੵ͋ͨΓՃ Lη/l2H J/(m3 s)

r̄ શͨ͋ؒ࣌ٿΓ૯߱ਫྔ E kg/s

Nc શٿʹଘ͢ࡏΔӢͷ r̄/r —

4.1 ্ٿͷӢͷͱՃ

શٿද໘ͷΤωϧΪʔऩ͔ࢧΒɺӢͷݸΛੵݟΔɻࣹʹΑΔ໘Ճ
ͷ͏ͪ βͷׂ߹͕ৠൃજʹΑΓେؾʹ༌ૹ͞ΕΔͱ͢ΔͱɺE

β(1− A)SπR2
E = LE (38)

Λຬͨ͢ɻ͞Βʹ߱ਫྔৠൃྔͱ͘͠ɺશͯͷӢͷ߱ਫͷ૯ܭͱ͍͠ͷͰ

Ncη = Nc
r

τ
= r̄ = E =

β(1− A)SπR2
E

L
(39)

4α͕ొ͠ͳ͍ͷ͕มͳ͕͢ؾΔɻڞ໐͕݅ࢄҳͷӨڹͰඍົʹͣΕΔ͜ͱΛࢉೖ͢Δͱग़
ͯ͘Δ͔ʁ

5ମੵ͋ͨΓͷΤωϧΪʔѹྗͩΑͶɻ
6Qͱ εͷؔɺͱΓ͋͑ͣਪଌɻ

5

⼤気のエネルギー収⽀から、
雲活動の「総量」が決まる。

個々の雲の「サイズ」が
統計的「ゆらぎ」の
振幅を決める。

⾒積もりに使う物理量など



ラム波常時励起の気圧振幅 psd

加熱に対する
ラム波の気圧振幅の応答

全地球の雲活動の加熱 psd
＠波数空間

全地球の雲の数

1個の雲の加熱 psd ＠波数空間

1個の雲の加熱＠実空間 雲の降⽔量
寿命、空間スケール

地球⼤気の熱収⽀

⾒積もりの流れ



ラム波の伝播、励起振幅ともに、
⽔平⼆次元的に考えてよい。

੍ڧೋݩ࣍Իͷࢧํఔࣜ SθΛମੵ͋ͨΓͷՃ (ΤωϧΪʔ)ͱͯ͠

ut = −ρ−1
0 px − εu (21)

vt = −ρ−1
0 py − εv (22)

ρt = −ρ0(ux + vy) (23)

θt =
1

cpρ0
Sθ − αθ (24)

p = c2s

(
ρ0
θ0
θ + ρ

)
(25)

shallow water ͷ߹ͱಉ༷ʹϑʔϦΤม͢Δͱ
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(
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)
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(iω − ε)u = ρ−1
0 ikp (31)

(iω − ε)v = ρ−1
0 ilp (32)

iω(iω − ε)ρ = ρ0(iω − ε)(iku+ ilv) = −(k2 + l2)p (33)
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フーリエ変換⽔平2次元⼤気の線形応答

加熱（単位体積)
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𝑄 = ⁄𝜔 𝜖 は quality factor  

ラム波と共鳴する条件（分散関係）では気圧振幅は？

前ページの式を変形して、加熱への気圧応答は

ただし



ラム波常時励起の気圧振幅 psd

加熱に対する
ラム波の気圧振幅の応答

全地球の雲活動の加熱 psd
＠波数空間

全地球の雲の数

1個の雲の加熱 psd ＠波数空間

1個の雲の加熱＠実空間 雲の降⽔量
寿命、空間スケール

地球⼤気の熱収⽀

⾒積もりの流れ



⼀つの雲の加熱率（実空間）
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Nc =
β(1− A)SπR2

Eτ

Lr
(40)

=
β(1− A)SπR2

E(τ/3000)

L{r/(9× 107)} · 3000

9× 107
(41)

=
0.5 · 0.65 · 1360 · 3.14 · 36× 1012 · 3000

2.5× 106 · 9× 107
· τ/3000

r/(9× 107)

= 6.7× 105 · τ/3000

r/(9× 107)
(42)

ఔͱੵݟΒΕΔ.

·ͨɺݸʑͷӢͷதͷՃ

Qc =
Lη

Hl2
=

Lr

Hτ l2
(43)

=
L{r/(9× 107)}

H(τ/3000) · (l/3000)2
9× 107

3000 · (3000)2

=
2.5× 106 · 9× 107

104 · 3000 · 30002 · r

9× 107
· 3000

τ
·
(
3000

l

)2

= 0.83W/m3 · r

9× 107
· 3000

τ
·
(
3000

l

)2

(44)

ఔͰ͋Δɻ7

4.2 ҰͭͷӢʹΑΔՃͷදݱ

ӢʹΑΔՃਫฏεέʔϧ lఔͷதʹ͢ࡏہΔɻ͢ΔͱɺՃͷ
্ۭؒͰɺθϩ͔Β nmax = RE/2l·Ͱํతʹ

nw = n2
max =

(
RE

2l

)2

(45)

ఔͷͷϞʔυʹҰ༷ͳৼ෯Ͱ͢Δɻͦͷৼ෯Λ Q̃ͱ͓͘ͱɺParceval ͷ
ఆཧʹΑΓɺ

1

4πR2
E

∫

A

Q2
cdS =

l2Q2
c

4πR2
E

= nwQ̃
2 =

R2
E

4l2
Q̃2

−→ Q̃2 =
l4Q2

c

4πR4
E

(46)
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ʹͤΑɺ؍ଌͷใͷࠜڌΛɻౡ࡚DͰͷੵݟΓํɺr = l2wρaqvτ = 10002·10·1·0.01·3000 =
3× 108. ·ͨ µ = r/l2 = wρaqvτ = 10 · 1 · 0.01 · 3000 = 300 ͔ͳΓେ͖͍ɻҰํɺ͜ͷจষͰ
r = l2µ = (3000)2 · 10 = 9× 107 ͳͷͰɺౡ࡚ͷ 1/3 ͘Β͍Ͱ͋Δɻͦ͏͍͑ɺౡ࡚ DͰ
ՃΛԖʹ͍ͨͯͤ͞ࡏہɻ͜ͷӨڹͲ͏ͩΖ͏ʁ
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時間的には短時間、空間的には狭い領域に集中している。

降⽔総
量

寿命 サイズ
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⼀つの雲の加熱： ⽔平波数分解

波数空間では
「等分配」される。

=
𝑙*

4𝜋𝑅+*
⋅
𝐿"𝑟"

𝐻"𝜏"𝑙*
=

𝐿"𝑟"

4𝜋𝑅+*𝐻"𝜏"

帯域幅の⼤⼩を除き、雲の空間スケールは出てこない。



⼀つの雲の加熱： 波数あたり、時間 PSD 

͞ΒʹɺݸʑͷӢͷՃؒ࣌తʹ τ ͷதʹ͢ࡏہΔͷͰɺՃͷPSDप
ۭؒͰपθϩ͔ΒΧοτΦϑप fc = 1/2τ ͷؒʹҰ༷ʹ͢Δɻ
͕ͨͬͯ͠ɺҰͭͷӢͷՃͷपۭؒͰͷ PSD Λ Q̂2ͱ͢Δͱࠓํؒ࣌
ͷ Parceval ͷఆཧ͔Β8

Q̂2fc = Q̃2

−→ Q̂2 =
l4Q2

c

4πR4
Efc

=
l4τ

2πR4
E

Q2
c =

l4τ

2πR4
E

(
Lr

Hτ l2

)2

=
L2r2

2πR4
EτH

2
(47)

4.3 શٿͷӢͷՃ͕ྭ͢ىΔ Lamb ͷ PSD

Ӣͷ͕ؒ࣌తۭؒతʹϥϯμϜͰ͋Εɺ9શٿͷӢʹΑΔՃͷ֤
ͷ PSD

S2
θ = Nc · Q̂2 =

β(1− A)SπR2
Eτ

Lµl2
· L2r2

2πR4
EτH

2

=
βL(1− A)Sl2µ

2R2
EH

2
=

βL(1− A)Sr

2R2
EH

2
(48)

ͱٻ·Δɻ
͞Βʹ (37)Λ༻͍Δͱ֤Ϟʔυͷѹྗৼ෯ͷ PSD ͕

p2 =
Q2

c2sK
2

R2

c2v
S2
θ =

Q2

c2sK
2

R2

c2v

βL(1− A)Sr

2R2
EH

2

=
Q2

12.5c2sK
2

βL(1− A)Sr

R2
EH

2
=

T 2
d

12.5

βL(1− A)Sr

R2
EH

2
(49)

=
(Td/105)2

12.5

(β/0.5)L(1− A)S{l2µ/(30002 · 10)}
R2

EH
2

· (1010 · 0.5 · 30002 · 10)

=
1010

12.5

0.5 · 2.5× 106 · 0.65 · 1360 · 9× 106 · 10
36× 1012 · 108 ·

(
Td

105

)2 β

0.5

r

9× 107

= 2.1× 104 ·
(

Td

105

)2 β

0.5

r

9× 107
(50)

ͱੵݟΒΕΔɻͨͩ͠ Td = Q/ω = Q/(csK) Ϟʔυͷ dissipation time Ͱ
͋Δɻ

4.4 ӢͷಛੑͷݱΕํʹ͍ͭͯͷҙ

ѹྗ PSD ʹɺӢͷಛੑͱͯ͠ɺҰͭͷӢͷ૯߱ਫྔ r͔͋͠ΒΘΕ͍ͯͳ
͍ɻ͔͠͠ɺӢͷεέʔϧ lɺ͓Αͼण໋ τ ॏཁͰ͋Δɻ͢ͳΘͪɺۭؒతʹͲ

8ੵؾ͕ؒ࣌ʹͳΔ͕ɺ࠷ऴతʹؒ࣌ฏ͢ۉΔͱɺͨͿΜେৎ
9ઌͷ͜͜Ͱফ͑Δʁͦ͏͍͑ɺౡ࡚ Dͷࠒɺʮಉ࣌ʹଘ͢ࡏΔӢͷʯͰͳ͘

ʮӢͷੜʯΛͨͯ͠ࢉܭͳɻɻɻ

7

周波数空間でも「等分配」される。

i𝑄> =
j𝑄>

𝑓E
= 2𝜏 j𝑄> =

𝐿>𝑟>

2𝜋𝑅ij𝐻>𝜏
=

𝐿𝑟
2𝜋𝑅i>𝐻𝜏

>

𝜏



ラム波常時励起の気圧振幅 psd

加熱に対する
ラム波の気圧振幅の応答

全地球の雲活動の加熱 psd
＠波数空間

全地球の雲の数

1個の雲の加熱 psd ＠波数空間

1個の雲の加熱＠実空間 雲の降⽔量
寿命、空間スケール

地球⼤気の熱収⽀

⾒積もりの流れ
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全地球上にある雲の個数

太陽光による
地⾯、海⾯の加熱率 蒸発の潜熱の総量

蒸発の総量降⽔の総量



ラム波常時励起の気圧振幅 psd

加熱に対する
ラム波の気圧振幅の応答

全地球の雲活動の加熱 psd
＠波数空間

全地球の雲の数

1個の雲の加熱 psd ＠波数空間

1個の雲の加熱＠実空間 雲の降⽔量
寿命、空間スケール

地球⼤気の熱収⽀

⾒積もりの流れ



全地球の雲活動の総体が励起する
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ただし、𝑓 < 2×雲の寿命 Db = 0.15mHz
angular order < ⁄𝑅i 雲のサイズ = 10j の範囲

「雲ひとつの加熱」
「雲の個数」
「加熱に対する気圧応答」
の掛け算



We will briefly show how the well-known equato-
rial waves believed to be directly related to tropical
convection appear in the present analysis. Figures 7g–j
additionally show the dispersion relationship for h 5
200m and h 5 25m. It is found that observed spectra
also have broad, modest peaks around these two sets
of dispersion relations (especially Kelvin, Rossby–
gravity, and the gravest gravity mode); they are likely
the signatures of equatorially trapped ‘‘dry’’ modes
(h; 200m) and ‘‘convectively coupled’’ modes (h; 25m),
respectively, associated with tropical convection and
identified in earlier publications (e.g., Kiladis et al. 2009).

These low-frequency convectively ‘‘forced’’ modes
(not ‘‘free’’ modes) will not be examined further in
this study.
To examine the meridional structure of the free os-

cillation modes (h 5 10km), we regressed the global
surface pressure data (during the period 2010–16) onto
an index time series of each free oscillation defined with
the filtered tropical surface pressure data at 08 longi-
tude (see section 2d). Figure 9 shows the meridional
distribution of the amplitude and phase of the regres-
sion analysis, while the best-fit theoretical Hough func-
tions derived from the LTE for each mode (Fig. 3) are

FIG. 6. (a),(b) Zonal wavenumber–frequency spectrum for surface pressure at 108N (Pa2 cpd21 wavenumber21). The results are shown
for the frequency range of (a) 0–12 cpd and (b) zoomed in to 0–2.5 cpd. Positive and negative zonal wavenumbers designate eastward
and westward phase velocity waves, respectively. (c),(d) As in (a) and (b), but spectra of pressure averaged between 208S and 208N
at each longitude (i.e., tropical symmetric components). (e),(f) As in (c) and (d), but with data of difference between 208S–08N and
08–208N at each longitude (i.e., tropical antisymmetric components). (g)–(j) As in (c)–(f), but with the dispersion relationships of Fig. 2
superimposed.
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⾒積もりは

𝑝"~2×10* Pa"Hz,- ∼ 0.2 [Pa" cpd ,-]
（消散時間を1⽇として）

𝑝"~5×10. Pa"Hz,- ∼ 5 [Pa" cpd ,-]
（消散時間を5⽇として）

短波⻑は OK だが、惑星規模の励起には不⾜？

「33 時間波動」（波⻑4万キロの東進ラム波）
Hamilton and Garcia (1986) では
10 mb"×10,* cpy ,- = 3×10/ Pa" Hz,-

全然⾜りないっぽい。

振幅は
だいたい 0.1~10
k=1 は 100 以上

しかし。。。

Sakazaki and Hamilton 
(2020) との⽐較

Pa2 (cpd)-1



⼤粒の雲組織化
クラウドクラスター
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0.5 · 2.5× 106 · 0.65 · 1360 · 9× 106 · 10
36× 1012 · 108 ·

(
Td

105

)2 β

0.5

r

9× 107

= 2.1× 104 ·
(

Td

105

)2 β

0.5

r

9× 107
(50)

ͱੵݟΒΕΔɻͨͩ͠ Td = Q/ω = Q/(csK) Ϟʔυͷ dissipation time Ͱ
͋Δɻ

4.4 ӢͷಛੑͷݱΕํʹ͍ͭͯͷҙ

ѹྗ PSD ʹɺӢͷಛੑͱͯ͠ɺҰͭͷӢͷ૯߱ਫྔ r͔͋͠ΒΘΕ͍ͯͳ
͍ɻ͔͠͠ɺӢͷεέʔϧ lɺ͓Αͼण໋ τ ॏཁͰ͋Δɻ͢ͳΘͪɺۭؒతʹͲ

8ੵؾ͕ؒ࣌ʹͳΔ͕ɺ࠷ऴతʹؒ࣌ฏ͢ۉΔͱɺͨͿΜେৎ
9ઌͷ͜͜Ͱফ͑Δʁͦ͏͍͑ɺౡ࡚ Dͷࠒɺʮಉ࣌ʹଘ͢ࡏΔӢͷʯͰͳ͘

ʮӢͷੜʯΛͨͯ͠ࢉܭͳɻɻɻ

7

𝑓 < 雲クラスタの寿命 Db ∼ 10 ℎ Db = 0.03mHz = 2 cpd
angular order < ⁄𝑅i 雲のサイズ = 10> の範囲

𝑝H

領域平均降⽔量 10ミリ = 10 kg ⋅ mD> = 𝜇
サイズ 𝑙 = 300 𝑘𝑚 = 3×10k𝑚とすると
総降⽔量 𝑟 = 𝜇𝑙> = 10b> kg 𝑝% = 2×10& 𝑃𝑎% 𝐻𝑧'(

= 2×10) 𝑃𝑎% 𝑐𝑝𝑑 '(

33h 波動も⼗分励起可能

Kelvin mode なので、熱帯に振幅⼤きい。雲は熱帯に集中するから、さらに有利？



まとめ

•いろいろな地学現象でラム波は励起される。

•励起の物理は、⽐較的単純である。
•…というのは早計であった。

•定量的な応⽤が可能であろう。


