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研究成果の概要（和文）：冬季北極域の成層圏の気温は数日で数10度も上昇するような現象が発生する一方、普
段よりも顕著に気温が低下する現象も発生する。本研究では過去に観測された顕著な気温上昇事例と低下事例を
抽出し、それぞれを持続期間によって分類した。その持続期間は対流圏から上向き伝播してくる惑星波の強弱の
持続期間に依存し、かつその強弱は特定の地域の対流圏の大気循環変動の存在に大きく影響を受けていることが
明らかとなった。また惑星波の強弱に影響する西太平洋パターンの持続過程について明らかにした。また複数の
境界条件のもとでの大気大循環モデル実験により成層圏気温長期変動の要因の調査し、北太平洋の海洋前線変動
の影響を示唆した。

研究成果の概要（英文）：In winter, temperatures in the Arctic stratosphere experience large 
variability. The duration of each extreme temperature event differs from event to event, and the 
frequency of those extreme events shows decadal-scale variability. We classified stratospheric 
extreme events into short and long events, and found that the duration is dependent on the duration 
of associated incoming planetary waves from the troposphere. The intensity of the planetary waves 
depends on tropospheric local circulation anomalies in particular domains. We investigated the 
mechanism of the Western Pacific pattern that affects the intensity of planetary waves. We also 
performed ensemble experiments of an atmospheric general circulation model to investigate factors 
that affect the Arctic stratosphere under various boundary conditions. We found that the midlatitude
 oceanic front can be one of such factors.

研究分野：対流圏と成層圏の大気力学

キーワード： 成層圏突然昇温　成層圏極端現象　北大西洋パターン　中緯度海洋前線　海氷　十年規模変動
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１．研究開始当初の背景 

2011年春に北極域成層圏のオゾンの顕著な
減少が観測された。これには１ヶ月以上持続
した異常な気温低下がオゾンの破壊を促進し
たことが明らかになっているが、そもそもな
ぜこのような長期間の気温低下が発生したの
かは不明である。また、逆に冬の極域成層圏
の気温が数日のうちに急上昇する現象（成層
圏突然消音）が平均すると 2,3 年に一度の頻
度で発生している。しかしその発生頻度は 10
年程度で変動していることが指摘されている
が、その要因は明らかでない。 
 

２．研究の目的 

本研究の最終的な目標は、極端な極域成層
圏気温変化の持続性が事例によって大きく異
なる理由を明らかにすること、及び、その発
生頻度の長期変動の仕組みを明らかにするこ
とである。この目標のために、個々の素過程
について詳細な研究を行う。 

 

３．研究の方法 

気象庁が作成した長期大気再解析データに
基づき、過去観測された極端な気温変化現象
を抽出し、その平均的特徴を明らかにする。
また予報モデルの出力結果を用い、現実大気
との比較を行った。同様に顕著な北太平洋パ
ターンイベントを抽出し、そのエネルギー収
支解析を行った。さらに海面水温や海氷変動
の大気循環変動への影響を調査するために大
気大循環モデルによる実験を、複数の海面水
温や海氷の条件のもとで行った。 
 
４．研究成果 
(1)2011 年春の極端な気温低下現象について
解析を行った。数日間程度と短期間の対流圏
から成層圏への惑星波の上向き伝播が、成層
圏の西風を力学的に不安定化させた。この不
安定が波活動度の発散を齎らすことで、極域
成層圏の気温低下の引き金になったことを明
らかにした。 
 
(2)冬季北極域成層圏での極端な気温低下事
例と昇温事例を再解析データから抽出し、さ
らにそれらを寿命の長い事例(20日間以上)と
短い事例（10日間未満）に分類し、それらに
付随する成層圏と対流圏の循環場や惑星波活
動の平均的特徴を抽出した。気温低下事例と
昇温事例ともに、寿命の短い事例は長い事例
よりも対流圏から伝播してくる惑星波の持続
期間が短い傾向にあることを明らかにした。
また寿命の短い昇温事例では成層圏西風の不
安定化によって事例が終了する傾向にあるこ
とを示した。また、この成層圏気温の変動を
もたらす惑星波伝播の強弱には特定の地域の
対流圏の循環変動が密接に関連していること
が明らかになった。以上の知見に基づき、季
節予報用の予報モデル中での成層圏循環変動
を解析したところ、観測とほぼ同様な性質を
有していることを確認した。 

 
(上)短寿命、 (下)長寿命の昇温事例に伴う

100hPa 極向き渦熱フラックス偏差（黒）であ

り惑星波の上向き伝播を示す。赤は非線形成

分、青は線形干渉項。 

 
 
(3)対流圏の北西太平洋域で発生する「西太平
洋パターン」と呼ばれる大気循環変動が、極
域成層圏気温変動を引き起こす要因の１つで
あることが先行研究によって指摘されている
(引用文献①)。この維持過程をエネルギー収
支の観点から調査した。強い亜熱帯ジェット
の存在とともに、西の比較的冷たいユーラシ
ア大陸と東の暖かい北太平洋の気温コントラ
ストが、効率的に有効位置エネルギーを供給
することが、この循環変動の維持にとって重
要であることを明らかにした。また強い亜熱
帯ジェットの存在に伴う運動エネルギーの供
給や移動性擾乱からの寄与は副次的であるこ
とを明らかにした。 
 
 

西太平洋パターンに伴う(左)250hPa での基

本場からの運動エネルギー変換、（右）500hPa

での基本場からの有効位置エネルギー変換。 

 
(4) 海洋や海氷の変動の成層圏循環への影響
を評価するために、海洋や海氷の状態をさま
ざまに変えた複数の境界条件のもとで大気大
循環モデルのアンサンブル実験を実施した。
中緯度海洋では海面水温の大きな南北勾配を
伴う海洋前線帯が存在する。大気大循環モデ
ル実験の結果は、北太平洋の中緯度海洋前線
は、冬季の北極域の成層圏気温を上昇させる
働きを持っていることが明らかとなった。こ
れは、海洋前線が負の「西太平洋パターン」の
励起を通じて対流圏の惑星波とその成層圏へ
の伝播が強化するためである。近年観測され
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v Kinetic energy (KE) conversion from basic state to the WP pattern (CK) 

• Large around the exit of the jet in association with large gradient of 

climatological-mean zonal wind. 

v Available potential energy (APE) conversion (CP) 

• Large over the Sea of Okhotsk with anomalous easterlies crossing 

zonal gradient of mean temperature. 

• The gradient accompanies colder continent and warmer ocean. 

• Also large over east Asia with anomalous northerlies crossing 

meridional gradient of mean temperature. 

v Gain of KE by high-frequency eddies (CK-HF) is large over the North 

Pacific in association with enhanced eddy activity. 

v Gain of APE by high-frequency eddies (CP-HF) is negative. 

Globally and vertically averaged energetics 

• Divided by total energy (KE+APE). Unit: day-1 

Composite anomalies 
 

 

 

 

 

 

 

 

 

 

• Only positive phase is shown (negative is almost mirror image). 

• The WP pattern is characterized by a meridional dipole. 

• Westward and southward phase tilt with height is observed in the lower 

and middle troposphere. 

Vertical Structure and Energetics of the Western Pacific Teleconnection Pattern 
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Introduction 

v Atmospheric low-frequency variability with time sclae 

longer than several weeks is often considered to 

have equivalent-barotropic structure. 

v But some studies pointed out some kinds of low-

frequency variability accompanies baroclinic 

structure, and contribution of baroclinic processes to 

those. 

• Examples: the Pacific-Japan pattern (Kosaka & 

Nakamura 2006, 2010), and circulation anomalies 

over the North Pacific associated with the PNA 

pattern (Black and Dole 1993). 

v In the present study, vertical structure of the Western 

Pacific (WP) pattern, one of dominant teleconnection 

patterns over the North Pacific is investigated. 

v The possibility of contribution of the baroclinic 

processes is also assessed from the view point of 

energetics. 

Used data and methods 

v ERA-Interim (Dee et a. 2011) 

• 1979/80 – 2010/11 DJF 

v The WP pattern index (Wallace & Gutzler 1981) 

1/2 {Z500(60N, 155E) – Z500(30N, 155E)} 

• Z500: Normalized 500-hPa monthly height 

anomalies 

• Positive 18 months: exceeding 1 stdv. 

• Negative 14 months: less than -1 stdv. 

• Only positive case is shown, but conclusions 

are almost the same for negative case. 

Conclusions 

v The WP pattern have baroclinic structure with 

westward and southward phase tilt with height. 

v CP in association with the baroclinic structure is 

larger than other conversion terms. 

v This should contribute the most to the 

maintenance of the WP pattern. 

v Partly because the WP pattern exists just 

between colder continent and warmer ocean. 

v CK-HF is the second largest, but the 

contribution of the high-frequency eddies is 

compensated by CP-HF.  

For more details, please refer to 

Tanaka, S., K. Nishii, and H. Nakamura, 2016: 

Vertical Structure and Energetics of the Western 

Pacific Teleconnection Pattern. J. Climate, 29, 

6597–6616. 
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 1041 

Figure 6. (a, b) Local baroclinic APE conversion (CP) at the (a) 500-hPa and (b) 1042 

850-hPa levels (shading; 10-4 m2 s-3) associated with the positive WP pattern. Contours 1043 

represent the climatological-mean temperature (every 10 K) at the given level. (c, d) As 1044 

in (a, b), respectively, but for APE conversion related only to the zonal gradient of the 1045 

climatological-mean temperature (CPx). (e, f) As in (a, b), respectively, but for APE 1046 

conversion related only to the meridional gradient of the climatological-mean 1047 

temperature (CPy).  1048 

1049 
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 1032 

Figure 5. (a) Local barotropic KE conversion (CK) at the 250-hPa level (shading; 10-4 1033 

m2 s-3) associated with the positive WP pattern. Brown contours represent 1034 

climatological-mean zonal wind (contoured for 30, 40, 50 m s-1, …) in winter (DJF). (b) 1035 

As in (a), but for the KE conversion related only to the diffluence/confluence of the 1036 

climatological-mean jet (CKx). Arrows are for 250-hPa wind anomalies (m s-1) 1037 

associated with the WP pattern. (c) As in (b), but for the KE conversion related mainly 1038 

to the meridional shear of the climatological-mean jet (CKy). 1039 

1040 

Contour: mean U Contour: mean T 
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Figure 2. Monthly height anomalies (contoured for every 20 m; dashed for negative) 1001 

composited for the 18 and 14 strongest months of (a, c, e) positive and (b, d, f) negative 1002 

phases, respectively, of the WP pattern. Yellow (blue) shading represents the anomalies 1003 

that are positively (negatively) significant at the 95% confidence level based on the 1004 
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the WP pattern based on its composited anomalies. Making composite maps based on 302 

all the selected WP pattern events should suppress circulation anomalies that were 303 

unrelated to the WP pattern in the individual months, often observed far from the North 304 

Pacific. This procedure is necessary for our assessment of the energetics of the WP 305 

pattern. If energetics were evaluated for the individual events before making composite, 306 

those circulation anomalies unrelated to the WP pattern could contribute to the energy 307 

conversion/generation terms that are essentially quadratic with respect to local 308 

anomalies and the energetics evaluated could therefore be substantially contaminated.  309 

Barotropic energy conversion (or KE conversion; CK) from the 310 

climatological-mean flow into the anomalies associated with the WP pattern has been 311 

estimated, as in Hoskins et al. (1983), Simmons et al. (1983), and Kosaka and 312 

Nakamura (2006, 2010): 313 

𝐶𝐾 = 
𝑣 −𝑢

2

𝜕𝑢

𝜕𝑥
−
𝜕𝑣̅

𝜕𝑦
−𝑢 𝑣

𝜕𝑢

𝜕𝑦
+
𝜕𝑣̅

𝜕𝑥
.  (3) 314 

Here, the overbars and primes denote climatological-mean quantities and monthly-mean 315 

anomalies, respectively, and positive CK means that KE, defined as (u’2+ v’2)/2 for the 316 

anomalies, is converted from the climatological-mean flow into the anomalies. Refer to 317 

Appendix B for the derivation of (3). Figure 5 shows a map of CK evaluated at the 318 

250-hPa level, where horizontal wind shear is particularly strong climatologically along 319 

the Pacific jet. As shown in Fig. 5a, positive CK maxima are observed to the northern 320 

and southern flanks of the Pacific jet downstream of its core region. The first term of 321 

CK in (3), hereafter referred to as CKx, contributes positively to CK on the northern and 322 

 16 

southern portions of the jet exit region (Fig. 5b), where anomalous easterlies and 323 

westerlies, respectively, induce anomalous advection of the climatological westerly 324 

momentum (−𝑢′𝜕𝑢 𝜕𝑥⁄ ) that acts to reinforce themselves. The second term of CK in 325 

(3), hereafter referred to as CKy, also contributes positively in the southern portion of 326 

the jet exit (Fig. 5c), where the anomalous winds have a slight northerly component and 327 

thus yield anomalous advection of climatological westerly momentum across the 328 

meridional shear of the climatological jet (−𝑣′𝜕𝑢 𝜕𝑦⁄ ) that acts to reinforce the 329 

anomalous winds. Positive CKy is also observed on the northern flank of the jet core, 330 

across which the anomalous northeasterlies yield anomalous easterly advection to 331 

reinforce themselves. 332 

Baroclinic energy conversion (CP) through which APE, defined for the anomalies as 333 

(𝑅 𝑝𝑆⁄ )(𝑇′2⁄ ), is converted from the climatological-mean state to the monthly 334 

anomalies is estimated, as in Kosaka and Nakamura (2006, 2010): 335 

𝐶𝑃 = −
𝑅

𝑝𝑆
𝑢 𝑇

𝜕𝑇

𝜕𝑥
+𝑣 𝑇

𝜕𝑇

𝜕𝑦
.       (4) 336 

Here, Sp = (R/p) [(RT/pCp) – dT/dp] evaluated for the climatological-mean state, where 337 

R and Cp denote the gas constant and the specific heat at constant pressure (p), 338 

respectively. Figures 6a and 6b show maps of CP evaluated at the 500 and 850-hPa 339 

levels, respectively, for the positive WP pattern, Positive CP maxima are evident to the 340 

south of the northern reference point and to the west of the southern reference point of 341 

the WP pattern. The northern and southern CP maxima are mainly contributed to by the 342 

first (CPx) and second (CPy) terms, respectively, of (4). Around the northern CP 343 

250-hPa KE conversion 500-hPa APE conversion 
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Figure 8. (a) Local barotropic KE generation as feedback forcing by anomalous activity 1053 

of transient eddies (CKHF) at the 250-hPa level (shading; 10-4 m2 s-3) associated with the 1054 

positive WP pattern. (b) As in (a), but for baroclinic APE generation as feedback forcing 1055 

by anomalous activity of transient eddies (CPHF) at the 850-hPa level. (c) Anomalous 1056 

flux of westerly momentum at the 250-hPa level associated with transient eddies 1057 

(arrows) and its convergence (shading; m s-2). Contours represent monthly-mean 1058 

250-hPa zonal wind anomalies (every 4 m s-1; dashed for anomalous easterlies; zero 1059 

lines are thickened) associated with the positive WP pattern. (d) Anomalous temperature 1060 

flux at the 850-hPa level associated with transient eddies (arrows) and its convergence 1061 

(shading; K s-1 Contours represent monthly-mean 850-hPa temperature anomalies 1062 

(every 1 K; dashed for negative; zero lines are thickened). (e) As in (c), but for 1063 

anomalous flux of southerly momentum. Contours are for monthly-mean 250-hPa 1064 

meridional wind anomalies (every 2 m s-1; dashed for anomalous northerlies; zero lines 1065 

are thickened).  1066 

 57 

Figure 8. (a) Local barotropic KE generation as feedback forcing by anomalous activity 1053 

of transient eddies (CKHF) at the 250-hPa level (shading; 10-4 m2 s-3) associated with the 1054 

positive WP pattern. (b) As in (a), but for baroclinic APE generation as feedback forcing 1055 

by anomalous activity of transient eddies (CPHF) at the 850-hPa level. (c) Anomalous 1056 

flux of westerly momentum at the 250-hPa level associated with transient eddies 1057 

(arrows) and its convergence (shading; m s-2). Contours represent monthly-mean 1058 

250-hPa zonal wind anomalies (every 4 m s-1; dashed for anomalous easterlies; zero 1059 

lines are thickened) associated with the positive WP pattern. (d) Anomalous temperature 1060 

flux at the 850-hPa level associated with transient eddies (arrows) and its convergence 1061 

(shading; K s-1 Contours represent monthly-mean 850-hPa temperature anomalies 1062 

(every 1 K; dashed for negative; zero lines are thickened). (e) As in (c), but for 1063 

anomalous flux of southerly momentum. Contours are for monthly-mean 250-hPa 1064 

meridional wind anomalies (every 2 m s-1; dashed for anomalous northerlies; zero lines 1065 

are thickened).  1066 

250-hPa CK-HF 500-hPa CP-HF 

 50 

 1000 

Figure 2. Monthly height anomalies (contoured for every 20 m; dashed for negative) 1001 

composited for the 18 and 14 strongest months of (a, c, e) positive and (b, d, f) negative 1002 
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ている北極海の海氷減少の影響や熱帯海面水
温変動の影響についても評価を行った。 
 

 
標準実験と北太平洋の海洋前線を緩和した海

面水温を与えた実験との冬季(12~2 月)気候

平均の差。(上)500hPa高度場、(下)50hPa 気

温。黄色と青色はそれぞれ 90 または 95%の水

準で有意な差を示す。 
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