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Abstract 

The effective diffusivity diagnosis is used to obtain a basic insight into the 

two-dimensional transport and mixing properties of synoptic scale events such as trough 

thinning processes, wave breaking of Antarctic polar vortex and both a developing and 

non-developing disturbance during the 2010 Atlantic hurricane season. Effective 

diffusivity is used as a mixing diagnostic on a passive tracer subject to diffusion and 

advection by the non-divergent part of observed winds. Large/small effective diffusivity 

corresponds to strong/weak mixing. For the trough event, the filaments are regions of 

large effective diffusivity, which suggests strong mixing. For the Antarctic polar vortex, 

the effective diffusivity shows that strong mixing occurs at the edge of stratospheric 

polar vortex. This is in good qualitative agreements between effective diffusivity and 

measurements of chemical tracers taken by the NASA ER-2 aircraft. 

The tropical cyclone formation has long been recognized to form in regions of 

approximately circular flow. Recent studies showed that a region of recirculation, also 

called pouch, along a propagating Easterly wave occurred in all genesis cases. We use 

effective diffusivity as a diagnosis that can identify the transport and mixing properties 

around the tropical disturbances. The effective diffusivity diagnosis is used to evaluate 
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the intrusion of dry air into Gaston, which did not re-develop into a tropical cyclone, 

and the intrusion of dry air into Karl, which did become a tropical cyclone and later a 

major hurricane. The northwestern region of Gaston shows a strong mixing region at 

700hPa and 500hPa, allowing mixing dry air into Gaston to be quite effective. On the 

other hand, the Karl is in a weak mixing environment where the Karl is slightly affected 

by the dry air. The results show that the effective diffusivity diagnosis of mixing can be 

useful in understanding the tropical cyclogenesis. 

 

KeywordsȸEffective diffusivityȲRossby-wave breakingȲEasterly waveȲTropical 

cyclogenesisȲPouch 
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Ϛ  ›ṕ 

￼ṅש1.1ׁ  

    Є ◦МȲЛ ╥Єѐ⇔ ╥Њѐ⇔ᾼṆ Ȳ ẘ ӢЛ֝

⇔П ᾼ ֥ȲẂֽȸ ꜜ ☼ ṿ ế ֯₣᾿Ѡ֣ϱᵧ ᶁл

иӁȷ ☼ ὔṿ ⇔ҏ ᾭо Ȳ ҒЛ֝ ⇔П ᾼ ֥ȴ

1.1╥ RinaᾼѬ иӁȲ ᴥῶӱ Ѭ ᵶ ȲצϚ Ѭ ᵶ ᾼ 

ᾭ Ȳ Мї֣ҵἋᴼȲ ה Ȳױ ὔ ҒЛ

֝Ѭ ᵶ П ᾼ ֥ȲṿѬ ᵧ ᶁл ֥иӁȴ 

    ֽᴶứ о ֥ ⇔╥Ϛ ᾼ Ȳ ѿẲ ếҹ ֥ᾼẂІẃ

Ὑȴ ᶺ ṿẲ ếҹ ᶶϚ ẞᶁл ֥Ȳ Ϛ Ἧᾼ ᵂȲ Ἧ

Л Ḃ ☼ Ӑṝᾼ … Ȳᵀ╥ ҒẲ ếҹ П ᾼЮ ȲЮ Є

צ ֵᾼиІ ᴩ ȲẲ ếҹ ᶶᾼᶁл ֥ȴ ֥╥╓ӂ☼ế Ԛ

֝ ᾼכ Ȳӂ☼ Ἦᴼế᷁פᾬ Ю Ȳ ⁄╥ ᾬכ П ЛҠ ᾼ

֥Ȳӂ☼ế П ᾼӻФᵂӣṿ ֥ ⇔Л ὔứ оȴῺẃᾼׁשṅ ҏṿ

ӣ Ɫ ᾼѠᾎȲҠѿ ẓצӂ☼ ᾼ ạѠ ה צҬẓכ

ᾼ ạѠ Ȳṳѹה ẞứ о ֥ ⇔ᾼ… ȲϷ צ╥ ȴ 

צ     ᾼ Ἐ ᴿ ꜜ ϩᾼ … Ɏeddy viscosity coefficientɏȲ

װ ѐ⇔Ɏsubgrid-scaleɏᾼ ᴩⱢ ᴿиІ ᴩⱢȲἬѿҠѿӣ

װ ѐ⇔ᾼЄ ȲֽױҠ Єѐ⇔ѿцװ ѐ⇔☼ כ

ᾼ ֥ ⇔ȴHaynes and SchuckburghɎ2000a, 2000bɏᵓӣצ Ɏeffective 

diffusivityɏ ԓ Є ☼ ᾼ ֥ ⇔Ȳׁשṅ Ὠ ӱӂ☼ Є ֢֯

ủ ᾼ ֥ ⇔ѿц֯ ⇔ ⇔Ѡ֣ϱᾼиӁȴHendricks and SchubertɎ2009ɏ
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ᵓӣצ ᴿ ᾼ ֥ ⇔Ȳ ӱ Ђѩᾌ ᾼ כ

ᾼ ֥ȲӦὑ ї ẓצ−Єᾼ ⇔ ⇔ȲἬѿ Ѿḥצ ֥ ӢȲ Ϸῶ

ӱ֯ Є ᾼв Ҭ צ ᾼ ֥ȴ 

ṅש1.2ׁ ӭᾼ 

    ҟᵓӣצ ᵂⱢ Џẓᾼׁשṅѻ иכẒ Ȳ Ϛ ╥ ה

ᾼ ֥ ⇔ȲҫϚ ╥ ԓ Є ֯  ѐ⇔ϯᾼ ֥ ⇔ȴӐׁשṅӣ

צ иέ ѐ⇔ᾼщ Ṇ Ȳ ᴷצ ᾼῶ Ȳ ∟֯

ϚḔиέ Ӣכᾼ ȴ 

  Dunkerton et al.Ɏ2009ɏ ҏϚ ᾼ Ӣכ Ȳ Ɫ marsupial 

paradigmȴẔׁשṅ Ὠ ӱצ ᾼ ֯ ὧ ᾌ ᾼ ϱȲ ҏ

⅔ה ☼ Ȳ⅔ ☼ Мїẓצ═ ᾼ ☼ ѬȲ Ӣכᾼᴯ

֯ὧ ᾌ Ɏaxis of troughɏế ֣ Ɫ ᾼӻ ȴҫҵȲӦ І ᾼ

иέȲ ӱ⅔ ☼ в ҵꜜᾼῈ І ѾЛ Фדӻ ȲἬѿ

Л ᾼ Ὲ ϤȲ ☼Ҡѿ Ȳ ⇔ ѿ Ȳ ᵓӢ

ȴӦὑМכ Ѭ ὑ Ӣכ╥− ᾼ֪ ПϚȲӐׁשṅ Л֝ὑṎẐ

ᾼ Ȳӣצ ứ о Ӣכ МЄ ☼ ᾼ ֥ ⇔Ȳ

М Ὲ Ϥ ὑ Ӣכ Ȳ ᾼ Ɫ ◦Єᴫד2010 ủ

ᴞὑ‍☺ὧ ᾌᾼ Ȳṳ ֥ ╦Ѭ ὙМ Ὲ ᾼ Ϥᵂ

ӣ ὑ Ӣצכ−Єᾼ ȴ 

    ӐׁשṅԚиⱢХ Ȳ Ϛ ￼ṅשׁ Ȳ ϡ ṅМἬṿӣᾼשׁ

ṅѠᾎשׁ ᴩצṆ ᾼЮ Ȳ Ϯ ᴷצ щ Ṇ ᾼ

ῶ Ȳ ҳ Ɫᵓӣצ иέ ӢכȲ Х ⁄ Ἤצ Ὠȴ 
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ϡ  ẃ Ѡᾎ 

2.1 ẃ  

    Ӑׁשṅṿӣ ☺ щ МїɎEuropean Center for Medium-Range 

Weather ForecastȲECMWFɏᾼ иέ ɎECMWF AdvancedȲECADVɏ

ERA-Interim ɎSimmons et al. 2006ɏȴECADV ᾼ έ⇔ⱢḕгЊ

Ϛ ȲѬӂ έ⇔Ɫ 1.125⇔×1.125⇔ȲERA-Interim ᾼ έ⇔ ECADV

ȲѬӂ֝ד έ⇔⁄Ɫ 1.5⇔×1.5⇔ȴṿӣᾼ ҔᵶѬӂ ȳד ⇔ế

⇔ȲERA-Interimᾼиέ Ɫ ד1987 9ѣȲECADVᾼиέ Ɫ ד1990 1

ѣȳ2005ד 6ѣȳ2006ד 9ѣ ד2010 8ѣᴟ 9ѣȴ1987ד 9ѣȳ1990ד 1ѣȳ

ד2005 6ѣⱢиέ ϱᾼщ Ṇ ȲἬѿậἬצ ᾼ ἤв ᴟ

Ȳ2006ד 9ѣȳ2010ד 8ѣᴟ 9ѣⱢиέ ȲҬậ 850hPaȳ700hPa

ế 500hPaᾼ ȴ 

    Ѭ ╥ᵓӣ NRL Monterey tropical cyclone Web pageМᾼ֮ ֝Ḕ ╦Ѭ

Ȳѿц ╦ ᾌ ɎSSM/Iɏᾼ ȴGOES-12ɎHillger 

et al. 2003ɏ GOES-13ɎHillger et al. 2007ɏᾼѬ Ɫ 6.5̡ 7.0ɛmȲѬӂ έ

⇔Ɫ 4еṭȲ ẗ Ɏweighting functionɏѻ иӁ֯ 500hPaẞ 300hPaП ȴ

ᵅ Є ᾼ ⇔Ӧ ԚҠ Ѭ Ɏtotal percipitable waterȲAlishouse et al. 1990ɏ

Ȳ͂SSM/IᵓӣЛ֝ ᾼ‐⇔ ⇔ч ҏ ᵅ Є ᾼ ԚҠ Ѭ Ȳ

ẗ иӁ֯ 700hPaѿϯȴ  

2.2 ֫  

     fӂ ϱȲ‍ Ӕ ☼ ᾼ ⇔Ѡ ֽϯȸ 
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Ћʁ

ЋÔ
Õẗɳʁ ẗɳʉɳʁ (2.1) 

ᶯ Ƕ ǶȲʁ ȲʉⱢ … ȴ 

    Ӕ ☼ Ҡѿӣ palinstrophy ӱ Ἧế ᾼṔᴥȲП∟ѿ P ῶӱ

palinstrophyȲPᾼứ Ɫ  

0
ρ

ς
ʁɳẗɳʁÄØÄÙ (2.2) 

Pᾼᾬ Ɫ ⇔ ᾼ ⇔ ⇔Ȳ ֵᾼ ȲP Єȴ 

    EckartɎ1948ɏế Kossin and SchubertɎ2003ɏӦӔ ⇔Ѡ ҏ P

ᾼ оⱢ  

Ä0

ÄÔ
Õʁ Ö Õ ʁʁ ÖʁÄØÄÙʉ ᶯʁ ÄØÄÙ (2.3) 

όῶӱ u x иȲÕῶӱ u y иȲẔһ֝ ȴɎ2.3ɏה Ң Ϛ

Ɫӂ☼ Ȳ ϡ Ɫ ȲҬצӂ☼ᵂӣҠѿ Ғ P Ȳ ᵂӣҬ ᵅ P

ȴ 2.1Ɫ Kuo et al.Ɏ2004ɏṿӣ‍ Ӕ Ȳה ӻФᵂӣ

… ʉᾼ ⇔ Ȳ 2.2Ɫ ȳ ⇔ ѿц P ᾼ оȴ֯Ӕ ѹ

ᾼ Ȳ ῺѾ‍ ᾼ☼ ẃ ȲϚ Ở ᵂӣЛ Ṫ Ȳ

⇔ оӦӂ☼ ѻ Ȳ ⇔ ὔ Ἦᴼכ ᾭȲ ҒЛ֝ ⇔П ᾼЮ

ȲἬѿ P ҒȲ ӱӂ☼ ᷊ Ἧ ⇔ᾼṔᴥȴ P ẞ Є Ȳ

ᾼᵂӣ Ở Ȳ֪ ױ P Ởϯ Ȳ ӱ ⇔иӁБ Ở ᶁлȴ

ὑ‍ Ӕ ☼ ẃ Ȳṿӣ palinstrophyҠѿϠ ᾼ ֥ ⇔Ȳᵀ╥

palinstrophy ᾎϠ ֢ ᴯ ᾼ ֥ ⇔ȴ 

    ὑ‍ Ӕ ☼ ẃ Ȳ ᾭо ᷊ ᾼṔᴥ ᴿὑ ἯȴTsai et al.Ɏ2010ɏ

ᵓӣ ϱᾼ ᾭо Ɏfilamentation timeɏȲ ᾼ оѿц ᾼ

ᴯ ȴ 
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    ᾭо ᾼứ Ɫ ⇔  כ⇔ ᾼ╓ Ɏe-folding timeɏȴ

ϱȲ ᾭо ᾼ ῶӱֽהϯ  

ʐ ς$ 3 3 ʁ   for 3 3 ʁ  (2.4) 

ʐῶӱ ᾭо ȲaⱢ֮ ҙ ȲהⱢ ⇔ȲʇⱢ ⇔ȲDῶӱ ʁῶӱד

⇔̢ 

    3 3 ῶӱᴼ Ɏstretchingɏ йɎshearingɏ ᶮ  

3
ЋÕ

ÁÃÏÓהЋʇ
ÃÏÓה

Ћ

ÁЋה

Ö

ÃÏÓה
 (2.5) 

3
ЋÖ

ÁÃÏÓהЋʇ
ÃÏÓה

ЋÕ

ÁЋה

ό

ὧέί‰
 (2.6) 

    2.3Ɫ ד1983 10ѣ 20ѡẞ 25ѡȲ⁮ҙ ᾼ TOMSɎTotal Ozone Mapping 

Systemɏ Ȳױ ⁮ҙ Ɫᵅ ⇔Ȳᵅ ⇔ Ἦᴼȳצ

ᾼ ȴ 2.4Ɫ֝Ϛ 550K ᾼᴯ ᾭо Ȳ ᴯ ếᵅ

⇔иӁ ѾϚ Ȳῶӱᴯ ϩѻ ⇔иӁȲ ᾭо ╓ҏ 10ѣ 20

ѡẞ 25ѡȲ֯ᴫ 90⇔ẞ 180⇔П ᾼ ᴯצ ⇔ Ғᾼ Ȳᴯ ӂ☼

ᵅ ᾼᴯ ȲἬѿ Ӈ И Ғᴯ ⇔Ȳᴖ ᾼ

Ғ ⇔П ᾼЮ Ȳᵅ ⇔ ҠѿḆᶶ֮ ϤМ ⇔Є Ȳ10ѣ 21ѡẞ

25ѡᾼ иӁ ӱ  Ὼᾼ Ὑצ⇔ Ғȴ 

    ᾭо ⇔ ᾼ оȲ ╥ ⇔ о ᾼ Ȳ

ᵀ╥ ᾭо ḥ ᾎϠ ֥ ⇔ȴ ֥╥╓ӂ☼ế Ԛ֝ ᾼכ Ȳӂ

☼ Ἦᴼế᷁פᾬ Ю Ȳ ⁄╥ ЛҠכ ᾼ ֥Ȳӂ☼ế П ᾼӻФ

ᵂӣṿ ֥ ⇔Л ὔứ оȴῺẃᾼׁשṅ ҏṿӣ Ɫ ᾼѠᾎȲҠ

ѿ ẓצӂ☼ ᾼ ạѠ ה צҬᵶכ ᾼ ạѠ Ȳṳѹה

ẞứ о ֥ ⇔ᾼ… ȴ   
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    Butchart and RamsbergɎ1986ɏ ҏӣ ᾬ Ɏtracerɏ Ҕ ᾼ ᵂ

ⱢиέѠᾎȲứ о‍ ế ֥ ᵂӣ כ ᾬ ᾼ оȲ ᾬ Ҡ

ѿ╥ᴯ ȳ ⇔ȳѬ ᵶ ȳ ᵶ ῺѾ’ׂᾼᾬ ȴ 2.5╥ ד1979

1ѣ 19ѡȳ1ѣ 27ѡế 2ѣ 4ѡ 850K ᾼᴯ ⇔ оȲ ╥ᴯ

Ȳҿ ᶄ ╥ ȲҢ ד╥⁄ ⇔Ɏequivalent latitudeɏȲ ӱ Ϯ

ᾼ ї ế surf zoneЄЊȲӂ☼ ᾼ ἤ Ɏsudden stratosphere 

warmingsɏ כ Ђѩᾌ Ȳ ї surf zoneᾼЄЊҠѿứ оױ

ᴯ ᾼ ȴ1ѣ 19ѡ ї ᾼ Ɫפּ 0.25Ȳ ◕ Ђѩᾌ ᾼ

ї ᾼᴯ ᴟ surf zoneȲἬѿ ї ᾼ ֯ 2ѣ 9ѡ юẞ

0.12Ȳ ӱױṶԈ ᴯכ иӁ−Єᾼ оȴ 

    NakamuraɎ1996ɏ ҏד  ⇔ Ɫứ о ֥ ⇔ᾼѠᾎȲᵓӣ‍ ᾼ

ӂ☼ ᾬ Ȳ ᾬ иӁ ד  ⇔ȲẔ ї ἘⱢ Л

֝ ⇔П ᾼꜜ  ⇔ȴ ᾬ ⱢϚ ȲҬ ϩ ṛȲẔ׀

֯ṳЛ Ḃ ϩ ᾼиӁȴẂֽȸ֯Лᴕ ϩ ᾼ ᾓϯȲѬ ╥Ϛ

ȴ ᴖѬ иӁ⁯Л ⇔ ᶙԓ֝דȲ֪Ɫ ᾼ

Ɏdiffusivityɏế ⇔ ᾼ ἤɎviscosityɏЄЊЛϚ ȴNakamuraɎ1996ɏӣϡ

Ɏx z Ѡ֣ɏ ה Kelvin-Helmholtz Л ứȲṳѹṿӣד  ⇔

Kelvin-HelmholtzЛ ứᾼ ֥ ⇔Ȳ 2.6╥ ᾼ ὨȲᴯ ếד

 ⇔֯ xѠ֣ zѠ֣иӁֽ 2.6ɎaɏếɎdɏȴ и Ɫ ה100ּ ȲМї

צ Єᾼד  ⇔ȲП∟ᴯ ⇔ ẃ ЊȲᴯ иӁ ẃ ᶁлȷ

צ Њᾼד  ⇔ȲП∟ᴯ ⇔Ь −Єȴ и ҒȲ ֥

Л ֮ Ȳ и ẞ 800 הּ Ȳ ֥ ᾼ −צ ᾼ ҒȲ

ᴯ Ѿᵧᶁл ֥ᾼᾭ ȴ 

    Haynes and SchuckburghɎ2000aɏᾘӣד  ⇔ᾼ ї ἘȲ ϚḔ ҏצ

Ȳצ Ҡѿ Ɫ Л֝ ⇔П ᾼ ȴHaynes and 



7 

 

SchuckburghɎ2000a, 2000bɏӣצ ԓ Є ᾼ ֥ ⇔ȲἉϯѿ 370K

ẃ ὙȲ 2.7Ɫצ ֯ᵅӂ☼ ᾼ оȲ иᵑ╥

֣ ⱢӔ ế ᾼ ȴɲҖҙ М ⇔ὑ 6ѣẞ 9ѣצ Єᾼצ Ȳ

ῶӱױ ὑ ֥ᾼᾭ Ȳ ֥ᾼ Ӣ Ṇ ѿцủ −צ☼

йᾼ …ȲЛ ֯ 12ѣẞ 3ѣ ֥ − Ȳױ Ɫᴫ ☼

ȲӦὑױ ẓצ−Єᾼ ⇔ ⇔Ȳ  ѦЄ М֢ ᾬ ֯⁮ҖѠ֣ϱᾼ

֥ȴѿϱׁשṅ ӱצ ֥ ứ о Є ᾼ ֥ ⇔ȴ 

    Hendricks and SchubertɎ2009ɏᵓӣצ ᴿ ᾼ ֥ ⇔ȴ

ᾼ Ὠ ӱ Ђѩᾌ ᾼ צ Єᾼ ֥ ӢȲ 2.8╥

Ɫ 1.333Њ ᾼ ⇔ צ Ȳ ᶮ ᴩ оᾼ Ȳ ṿ ⇔

⇔Њᾼ Ӣ Ђѩᾌ Ȳᴴ Ẓ ᾭᾼ ⇔ ҏ Ȳ֯ẔỂ צ

Єᾼצ Ȳᴖ ᶮ в צ Њᾼצ ȴ ☼ ⇔ᾼ

ӱ֯ ϚЄế ϡЄᾼ צ Њᾼצ Ȳ 2.9Ɏdɏ̡ɎeɏⱢ

40Њ ᾼ ⇔ צ Ȳױ ⇔ Ɫ ҵ צ ⇔ ɎmoatɏȲԛ

Ἇҵצ ⇔ Ȳ ⇔ ᾼצ ѩ ֣ ☼ Єϱ ֵȴӦ ⇔ ᾼ

ὨȲ ӱӔ Л ứᴴ ᾼ Ђѩᾌ Ҡѿ כ ⇔ вҵצ Єᾼצ

Ȳ 2.10Ɏbɏ̡ɎcɏⱢ ⇔ 13Њ ᾼ ⇔ צ ȲӔ Л

ứ Ӣҳ ֣ҵ ᾼ ᾭ ⇔ ȲỂ צ Єᾼצ Ȳ в Ϸצ

ҳ ᾼ ⇔ Ȳ ṷ צЄᾼװצ ȴѿϱᾼ Ὠ ӱצ

֥ ứ оӔ ☼ ᾼ ֥ ⇔ȴ 

צ2.3 Ɏeffective diffusivityɏ 

    Ӑׁשṅ ֥ ⇔ᾼѠᾎⱢצ ȲѿϯⱢױѠᾎᾼ

ѠᾎȲ Ẓ иᶁ ᴕ Schuckburgh and HaynesɎ2003ɏ Hendricks and Schubert

Ɏ2009ɏȴ 
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     fӂ ϱȲϡ ᾼ ᾬ Ɏpassive tracerɏ ạѠ  ϯȸֽה

ЋÃ

ЋÔ
ÕẗɳÃ ẗɳʆɳÃ (2.7) 

ÃὼȟώȟÔῶӱ ᾬ ᾼ ⇔ЄЊȲÕῶӱѬӂѠ֣ϱᾼ‍ Ȳ‖Ɫ …

ȲҠ҅ῶװ ѐ⇔ᾼ ȴ⁮ ⱢϠṿ ᾬ ᾼиӁẓצЊѐ⇔

ᾼ Ȳậ‖ Ɫ 25ÍȾίȲẔһ ᾼ‖ Ɫ 30000ÍȾίȴ 

    2.11Ɫ ᾼӱ Ȳ Ӧױ ҠѿḆ ᵓ֮ צ ᾼ

ῶӱהȴ 

!#ȟÔ ÄØÄÙ (2.8) 

!#ȟÔῶӱ█Ϛ ἬҔ ᾼ ȲC╥█Ϛ ứᾼ ȴ !#ȟÔ ὑ

C ᴖṕ╥ ẗ Ȳ⁄!# ȟÔ πȴ ᾼ ἤ’ !#ȟÔצ

Ϛᾼчẗ #!ȟÔ֯׀ȴ 

ÄÃ

ÄÔ

ЋÃ

ЋÔ
Õ ẗɳÃ π (2.9) 

όῶӱ█Ϛ ᾼ ⇔ȴӦɎ2.8ɏהȳLeibniz ruleếɎ2.9ɏהҠѿ ҏɎ2.10ɏ

 ȴה

Ћ!#ȟÔ

ЋÔ

Ћ

ЋÔ
ÄØÄÙ Õẗ

Ãɳ

ȿɳÃȿ
ÄÓ

ȟ

ЋÃ

ЋÔȟ

ÄÓ

ȿɳÃȿ
 (2.10) 

᷂Ɏ2.7ɏה ϤɎ2.10ɏᾼ ∟Ϛ Ҡѿה ẞɎ2.11ɏהȴ 

Ћ!#ȟÔ

ЋÔ
ÕẗɳÃ

ÄÓ

ȿɳÃȿȟ

ᶯ
ȟ

ẗʆɳÃ
ÄÓ

ȿɳÃȿ
 (2.11) 

Ɏ2.12ɏᾼ Ϛ Ɫ֪╥ה қה ẞ #ȟÓ Ȳ и ϱ

ρȾȿɳÃȿȴӦ и Ӑứ Ҡѿ ẞɎ2.12ɏᾼ ϡ  ȴה

Ћ

Ћ#
  ÄØÄÙ

Ћ

Ћ#
  
ÄÓÄ#ᴂ

ȿɳÃȿ
  
ÄÓ

ȿɳÃȿȟ

 (2.12) 

ᵓӣɎ2.12ɏᾼ ∟Ϛ ếה Divergence theorem Ɏ2.11ɏהḂ Ȳṳᴕ

⇔Ɫ‍ ȲҠ ẞɎ2.13ɏהȴ 
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Ћ!#ȟÔ

ЋÔ

Ћ

Ћ#
ẗɳÃÕ

ÄÓÄ#

ȿɳÃȿ

Ћ

Ћ#
ẗɳʆɳÃ

ÄÓÄ#

ȿɳÃȿ
  

Ћ

Ћ#
Ã Õẗ

Ãɳ

ȿɳÃȿ
ÄÓ

ȟ

ʆȿɳÃȿÄÓ
ȟ

  

Ћ

Ћ#
ʆȿɳÃȿÄÓ
ȟ

 (2.13) 

ӣ chain rule Ä#!ȟÔȾÄÔπȲҠ ẞɎ2.14ɏהȴ 

Ћ!#ȟÔ

ЋÔ

Ћ#!ȟÔ

Ћ!

Ћ#!ȟÔ

ЋÔ
 (2.14) 

ӦɎ2.13ɏếɎ2.14ɏהҠѿ ҏ#!ȟÔ оᾼ ῶӱהȴ 

Ћ̽ !ȟÔ

ЋÔ

Ћ̽ !ȟÔ

Ћ!

Ћ

ЋC
ʆȿɳcȿÄÓ

̽ȟ

Ћ

Ћ!
ʆȿɳÃȿÄÓ

̽ȟ

 (2.15) 

ᵓӣɎ2.12ɏהȲҠ Ɏ2.15ɏהḂ ױȲֽהɎ2.16ɏכ ẞҬẓצ ᾼ

ạѠ +Ȳᴖה !ȟÔ צ╥ Ȳױ… Ҕᵶӂ☼ ế ᾼכ ȴ 

Ћ#

ЋÔ

Ћ

Ћ!
+ !ȟÔ

Ћ#!ȟÔ

Ћ!
 (2.16) 

+ !ȟÔ
Ћ#

Ћ!

Ћ

Ћ!
ʆȿɳÃȿÄØÄÙ (2.17) 

ṿӣ ᾼ ╝Ȳ+  ᾼ֪װⱢÍȾÓȲⱢϠṿצ ᾼ֪װế …

ᾼ֪װϚ ȲἬѿԛứ Ϛ ᾼ ȲẔ֪װⱢ mȲԛ ᴩϚװ ᵛҠ

ẞế …  ɎÍȾÓɏȴװᾼ֪֝ד

    ῴỞᾼ ᾬ иӁⱢ █Ϛ ֣ҵ ἤ Ȳ̓ ! ʌÒȲÒⱢ

צ ҙ ȲҠ ẞςʌÒЋȾЋ! ЋȾЋÒȲӦױ Ҡה… Ɏ2.16ɏהếɎ2.17ɏ

Ḃה ȴʆהếɎ2.19ɏהɎ2.18ɏכ ÒȟÔᾼ֪װế …  ȲᶁⱢÍȾÓȴ֝ד‖

 Ћ#ÒȟÔ

ЋÔ

Ћ

ÒЋÒ
Òʆ ÒȟÔ

Ћ#ÒȟÔ

ЋÒ
 (2.18) 

ʆ ÒȟÔ
+ !ȟÔ

τʌ!
 (2.19) 

֯ῴỞиӁⱢ ᾓϯȲד  ⇔ҠѿῶӱכɎ2.20ɏהȴ 



10 

 

ὒ ÒȟÔ
ʆ ÒȟÔ

ʆ

Ⱦ

ς“ὶ  (2.20) 

    ῴỞᾼ ᾬ иӁⱢӦ⁮֣Җ ἤ ᾼ ẗ Ȳ⁄҆! ,ÙȲL Ɫ

ה ֯ὧᴫѠ֣ᾼЄЊȲÙⱢצ  ⇔Ȳ ẞ,ЋȾЋ! ЋȾЋÙ ȲӦױ …

ҠḖҏếה … ᾼʆ֝דװ֪ ÙȟÔȲֽ Ɏ2.22ɏהἬӱȲẔ ạѠ ⱢɎ2.21ɏ

 ȴה

 Ћ#ÙȟÔ

ЋÔ

Ћ

ЋÙ
ʆ ÙȟÔ

Ћ#ÙȟÔ

ЋÙ
 (2.21) 

ʆ ÙȟÔ
+ !ȟÔ

,
 (2.22) 

צ     ᾼ ☼ ֽϯȲ Ԓ ứῴỞᾼ ᾬ иӁȲҠѿ╥

Җẞ⁮ᾼ ἤ ẗ ȲӼҠ╥ █Ϛ ֣ҵ ἤ ȲẔῶӱֽהϯ:  

ὧὶ ὧ ὥὶ (2.23) 

ὧ ρπππȲὥ τȢτςςËÍ Ȳ ╥ ἤ Ȳ⁄ὶ╥ԉ ᾼ ᴯ Мה

Җ ꜜᾼ ȴ ╥ ⁄ὶ╥ԉ ᾼ ᴯ ứ█Ϛ П ᾼ

ȴӐׁשṅᾼῴỞиӁⱢ Җẞ⁮ ἤ ẗ Ȳ֝ד ⇔ϱᾼ Ϛ Ȳ

Є ֯ Җ ꜜȴ 

    ӦɎ2.7ɏה ԉϚ ᾼÃὼȟώȟÔȲ ∟Ḗҏḕ ϱᾼȿɳÃȿȲ

ứ ÎȲÎ ЄҠѿ έẞḆЊѐ⇔ᾼ оȲӦὑ⁮

ᾼ έ⇔ȲἬѿậÎ υππȲ ᾼÎ υπȲ Ӣכ ᾼ

Î ρππȴ ᵓӣ ᾼѠᾎḖҏȲЎ# ÍÁØÃ ÍÉÎÃȾÎȲ

Ҕ ᾼ Ӧ вἬẓצᾼ ẃ҅ῶȲḖҏ!#ȟÔ∟ȲӣɎ2.17ɏ

הἨ╥Ɏ2.22ɏהếɎ2.19ɏה ʆ ÒȟÔἨʆ ÙȟÔȲ иᾼ ╥ӣϡ צ

иᾎȴ֪Ɫᾘ ֝Ϛ ᾼצ ד ȲἬѿҠѿ᷂ʆ ÒȟÔἨ

ʆ ÙȟÔ ʆכ ØȟÙȟÔȲצᵗὑᵒ צ ếẔ҃ᾬ ֯Ѭӂ ϱᾼ

…ȲЛ ẒԈṶ╥Ӈצ ᾃ ᾼȲ Ϛ╥צ ֯ϡ ӂ ӱᾼ╥Ϛ ᾼ

Ȳ֪Ɫצ ᾃᾼ╥ԉẒ П ᾼ ֥ȲПἬѿצ ᾼ …
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╥֪Ɫṿӣ ᾼ ╝ȷ ϡ╥צ Ҕᵶӂ☼ ᵂӣȲἬѿצ

ᾼ ֥ ⇔╥ӂ☼ Ԛ֝ ᾼכ ȴ 

    Hendricks and SchubertɎ2009ɏᾼ ⇔ ӱҬ ῴỞиӁⱢ ẗ Ȳ

צ ╥Ϛ ᶙ ᾼ ЏẓȴЛ֝ʆ צכ ᾼЄЊצ−Єᾼ

ȲT ╥ʆ Ⱦ‖ ᾼ ЛыȴÎ ЄҠѿ έҏḆ ᾼ оȲậÎ ςππ

Ҡѿ҉и έҏ ⇔ ᾼ ֥ ⇔ȲЛ ậÎ υπvҠѿ έҏ

֥ ȴ֪ױȲӐׁשṅᾼиέᶁѿʆ Ⱦ‖ᾼ ẃῶӱצ ᾼиӁȲⱢϠ ẞṪ

Ṇ ѐ⇔ᾼ ֥ ⇔ ἬѿậϠϮ ЛϚ ᾼ ȴ  

    ѿϯЮ Ӑׁשṅ ᾬ иӁᾼ ѠᾎȲɔ ӣϚ fӂ ϱᾼᾌ

Ḗה ԉϚ ᾼ ᾬ иӁȴῈ и ӣ Ӵ ᾌ ᾎɎDouble 

Fourier pseudo-spectral methodɏȲѬӂᾼ Ɫ 96 96 Ȳ έ⇔ ד

Ȳ֝⁮ ᾼ έ⇔Ɫ 1.5⇔×1.5⇔ȲẔ҃ ᾼ έ⇔ᶁⱢ 1.125⇔×1.125

⇔ȴ ꜜ ԈⱢ Ể ἤ ꜜȲⱢϠ ᵅ ꜜ Ԉᾼ Ȳ צМה ᾼ

Ɫ 81 81 ȲẔ ᾼ Ɫ ȴ и ӣ fourth-order Runge-Kutta 

schemeɎRK4ɏȲ Ḕ Ɏtime stepɏⱢϫи ȴӦиέ ᾼד ⇔Ȳӣʁ ᶯ‪

Ḗ ☼ẗ Ȳԛ ☼ẗ и ẞ‍ и ᾼѬӂ ȲⱢϠṿ иẓ

ἤȲ ḕгЊ Ϛ ᾼ‍ ἤв ⱢḕХи Ϛ ȴҫҵȲ ᾼ

Ӧ Ὼ ἤв Ḗ ȴ
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Ϯ  ᴷ Ѡᾎᾼῶ  

    Ϛ ᵓӣ ѐ⇔ᾼ ᴷצ ᾼῶ ȲẔМẒ иᵑ╥М

⇔ế ᾼ оѿц ᾼ ȴ Ϯ ╥⁮ Ɏpolar vortexɏ

ᾌ Ȳױ ẞᾼ ⇔֯− ᾼ вצ−Єᾼ оȴ 

    McIntyre and PalmerɎ1983, 1984ɏ Ɫиέ ᾼ EPVɎErtel's potential 

vorticityɏ╥ẓ оӂ☼ ᾼЄѐ⇔ ϩ Ӑ ֻӣᾼѠᾎȲ֪Ɫᴯ ѻ Є

ѐ⇔ ϩ ȲᴖѹҠѿ ⱢῺѾ’ׂᾼᾬ ȴ ᾼᴯ иӁ ẁӂ☼

Ђѩᾌ ᾼ Ȳ ПҵȲϷṿױ ӂ☼ ☼ế‍ ἤ Ђѩᾌ Ḇ

ᴖὔṓȴ Ђѩᾌ ᴯכ Ẕ҃ ᾬ ᴩЛҠ ᾼ ֥ ȲМ

⇔ᾼ ᴯ ᾬ ѿ ẞᵅ ⇔ȴ 

    Thorncroft et al.Ɏ1993ɏӦᴯ ᾼ ҏẒ ᾌӢỄ ᾼ Ἐ Ɏ1ɏה

ᴫ ☼⁮ ᾼ ᴯὑч ה й ȲἬѿ ȴɎ2ɏᴫ ☼Җ

ᾼ ֯ ה й ȲἬѿ ȴӦὑМ ⇔ ֯ᴫ Ȳ

Ἤѿᴯ иӁҠѿ оכ 3.1ɎaɏἬӱȲ ╥ᴯ Ȳ 3.1Ɏbɏ

ếɎcɏ ӱ о ᾼ ạȴч ᾼה й ẃֽ 3.1Ɏbɏ

ἬӱᾼӔ̡ ᴯ ӂȲ ᾼᴫ ╥ᴫҖ Ȳὧ ╥ᴫ⁮ Ȳ֪ױ ᴫ ᾼ

זּצ ᴯ ᾼи Ȳᴯ ӂ☼ᵂӣṿ ᴯ юȲὧ ╥ӂᴩ ᴯ

ᾼи Ȳᴯ ӂ☼ЛḂ ᴯ ȴ֪ױᴯ ӂ☼ᵂӣ ṿ ȴ

ᾼה й Ȳ ẃֽ 3.1ɎcɏἬӱᾼӔ̡ ᴯ ӂȲ ᴫ

╥ᴫҖ Ȳὧ ╥ᴫ⁮ Ȳ֪ױ ὧ ᾼ זּצ ᴯ ᾼи Ȳᴯ ӂ

☼ᵂӣṿ ᴯ ҒȲᴫ ╥ӂᴩ ᴯ ᾼи Ȳᴯ ӂ☼ḥצḂ ᴯ

ȴ֪ױᴯ ӂ☼ᵂӣ ṿ ȴTsai et al.Ɏ2010ɏᵓӣ

ϱᾼ ᾭо Ȳ ứ ֮ ẁ оцй ᾼᴯ ѐ⇔ȴѩ Л֝
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⇔ оᾼ Ȳ ӱ ⇔ оᾼ ѩᵅ ⇔ᶶȲἬ

ᾼ ᾭо Ӽ ȴἉϯ ѩ ᾭо צ П ᾼ …ȲϠ

צ ὑ ⇔ оᾼ ȴ 

3.1 иέ 

    Ϛ ╥ ד1990 1ѣМ ⇔ о ᾼ ȴ 3.2Ɫ 1ѣ

28ѡ 1200UTC֯ 310K ᾼᴯ ᾭо Ȳᴫ 12⇔ẞὧ 9⇔ȲҖ

30 ⇔ẞ 60⇔П ᾼ ὧҖɇᴫ⁮ṛ֣ᾼצ Ȳ в ᾼ ᾭо Є

ѩ 9 Њ Ȳῶӱᴯ ⇔ 9 Њ ∟ ЄȲ ᴖṕȲױẘⱢ ᴯ

ӂ☼Ȳ֪֯ױ ᾭо ∟Ȳᴯ Ӈ И ṿᴯ ⇔ Єȴ

3.3Ɫ֝Ϛ ᾼᴯ צ Ȳױ צ Є иӁ֯ 1PVU Ὼȴ

24Њ ∟ᾼᴯ ȳ ᾭо צ ֽ 3.4ế 3.5Ȳᴯ ế ᾭо

ᾼϚ Ȳ ∟ᶮכ ᵅ Ɏcutoff lowɏȲױ Ȳ ᾼ

ᾭо ЬЊὑ 9 Њ Ȳ ӱ Ь ᴯצ ᾼ оȴ Єᾼצ

֯ ᵅ ⁮Ѡ Ȳ Є Ҡ ẞ ᵅ ᶮכ›ᾼ 1.5 Ȳצ

иӁᵧ ȴ 

    3.6Ɫ 1ѣ 28ѡ 1200UTC֯ 310K ᾼᴯ ᾭо Ȳᴫ 60

⇔ẞ 25⇔ȲҖ 40⇔ẞ 60⇔П ᾼ ᴫҖɇὧ⁮ṛ֣ᾼצ Ȳ Ể ᾼ

ᾭо Њὑ 12Њ ȲӦὑ ẃӔᴯ ӂ☼Ȳ֪ױᴯ Л

оẃ Ғᴯ ⇔ȲἬѿᴯ Ҡѿ ȴ 3.7Ɫ֝Ϛ ᾼᴯ צ

Ȳױ צ Є иӁ֯ 1PVU Ὼȴ24Њ ∟ᾼᴯ ȳ ᾭо צ

ֽ 3.8ế 3.9Ȳᴫ 35⇔ẞ 45⇔ȲҖ 50⇔ 65⇔вᾼ 2PVU

צ ᾼ Ȳ2PVU ᾼ ⇔ 5⇔ѿв Ғẞ 10⇔ѿ

ϱȲ ӱ ᾭо ᾼ ᾼ ȴ Єᾼצ ֯

1PVU ῺȲѹиӁ‍ ȴ 
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צ     ᾼ ӱ Ữӑצ ᾼ о Ȳ Єᾼצ

иӁ֯ 1PVU ῺȲ ╥֪Ɫ Ђѩᾌ Ӣ ᾼ ֥Ȳᴖ surf zone

ὔ Ӣ Ђѩᾌ Ȳ ὑ М ⇔ ẃ 1PVU ⌂ֻ╥ Є ⇔ ⇔

ᾼ ȲϷ ╥ surf zoneᾼᴯ ȴ о ᾼ Ӣ∟Ȳ ṷ

צ Єᾼצ Ȳᴖѹ 24Њ ѩҠד‹ Ғẞ 1.5 ѿϱȲᴖѹ

ᾼצ иӁ ѩ Ȳ оᾼᵧ ᾭȴ 

    ϡ ╥ ד2005 6ѣ ☼ ɎTropical Upper Tropospheric 

TroughȲTUTTɏ о ∟ᶮכ ᵅ ᾼ ȴ 3.10Ɫ 6ѣ 2ѡ 1200UTC֯

360K ᾼᴯ ᾭо Ȳᴫ 45⇔ẞ 70⇔ȲҖ 9⇔ẞ 30⇔ᾼ

вצὧҖɇᴫ⁮ṛ֣ᾼTUTTȲ֯ TUTTв ҵ ᾼ ᾭо Њὑ24Њ Ȳ

ӱ ṷ ᾼ ⇔ ⇔ 24Њ ∟ ЄȲ TUTTẃ Ȳױẘ╥ ᴯ ӂ

☼Ȳ֪ױᴯ Ӈ И ṿ ⇔ ⇔ ЄȲἬѿ ȴ

3.11Ɫ֝Ϛ ᾼᴯ צ Ȳ Єᾼצ Є иӁế TUTTᾼ

ᶮᾭϚ Ȳѻ иӁ֯ 2PVU Ὼȴ֯ TUTT ᾼᴫ Ȳ Єᾼצ ֯ Є

ᴯ ⇔ᾼҵ ȲT ḥצᶙԓᾘ Єᴯ ⇔ᾼ ȴ֯ TUTTᾼὧ⁮ Ȳ

צ ᾼ Є ᾘ Єᴯ ⇔ᾼ ֣ὧ⁮ѠἋᴼȲ֯ TUTT МїϷצ

Єᾼצ ȴӦὑ ᾭо ᴕצ ᾼ Ȳᴖצ ḥצᴕ

ȲἬѿ ᾭо ᾼ ế Єᾼצ ӑӇ ᶙԓϚ ȴ24 Њ ∟

ᾼᴯ ȳ ᾭо צ ֽ 3.12ế 3.13Ȳᴯ ֽ 24Њ ›ᾼ

ᾭо ᾼϚ Ȳ Мїᾼᴯ ᵅ ᶶ ᶮכȲױ

ᾼ ᾭо ӱ֯ МїȲᴯ ֯ᴫ 60⇔Җ 18⇔ᾼᴯ

ȴ Єᾼצ Л иӁ֯ Ȳ ᾼ⁮ ֣Ṛ Ἃᴼȴ24

Њ ∟ᾼᴯ ȳ ᾭо צ ֽ 3.14ế 3.15Ȳᴯ ֽ 24Њ

›ᾼ ᾭо ᾼϚ Ȳ Б ᶮכ ᵅ Ȳ ᾭо ӱ֯

ᾼᴯ ⇔ ═ Ғȴ֯ ᵅ ᾼỂ TUTT ᾼ֮Ѡצ
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╥ ЄᾼȲ ⇔ế 24Њ ѩד‹ צ ҒȲ ⇔ ֵҠ ҒẞẒ

ȴ 

צ     ᾼ ӱ Ữӑצ ᾼ о ȲМ ⇔ ᾼ Є

צ ѻ иӁ֯ 1PVUᴖ ⁄╥иӁ֯ 2PVU ῺȲ֪Ɫ 1PVU⌂ֻ╥

М ⇔ ᾼ Є ⇔ ⇔ᾼ Ȳᴖ ⁄╥ 2PVUȲױ ὔצ Ђ

ѩᾌ ᾼ ȲἬѿ כ ᾼ ֥ȴ Ӣ ᾼ о ∟Ȳ о

ᾼ צ Єᾼצ Ȳ ế 24Њ ѩד‹ ҒẞẒ ѿϱȲᴖѹ

ᾼצ ѩ Ȳ оᾼᵧ ᾭȴ ᴯ ֥ᵂӣȲ

Ѡ צ оѿц ᾼ Ȳצ ӱ ᾼ Ӣ

ᾼ ֥ȲᴖẔ҃ ᾼ ֥ ⇔ѩ ЊȲ ӱצ ֥ ứ о щ

Ṇ ᾼ ֥ ⇔ȴ 

    ֯ ϱֽὨḥצ‍ ế Ȳ☼ ᾼѠהⱢ‍ ȲϮ ☼

ᾼᴩⱢ ᴿӔ ☼ Ȳ֪ױҠѿӦӔ ה ᾼ ὨɎHendricks and 

Schubert, 2009ɏ щ Ṇ ᾼצ иӁȲἉϯ ѩ щ Ṇ

ᾼצ Ӕ ᾼה ᶮ ὨȲПἬѿ ᾼѩ ╥֪Ɫ

ᶮ ếӂ☼ ᾼ ȲЛ ֯ ѿц ‍ ᴿȲד ᶮ

ᴴ ᾼ ᾭо Ҡѿ ⱢӔ֯ оᾼ ȴѿϱᾼиέ ӱ Єᾼצ

ҏ ֯ Єᴯ ⇔ᾼ Ȳᴖ Њ ҏ ֯ Єᴯ ⇔ᾼв Ȳ Ӕ

ᾼה ᶮ ὨϚ Ȳ Єᾼצ ҏ ֯ Ђѩᾌ ᾼ

Ȳᴖ Њ ҏ ֯ ї ȴ ᶮ Ɫᾌ ϡᾼ ȲⱢϠ оȲ

֯ ⇔ ⇔ Њᾼ Ӣ Ђѩᾌ Ȳױ Ӣ ᾭ Ȳצᵓ

Л֝ ⇔П ᾼ ֥ȲἬѿױ צ Єᾼצ ╥֥ ᾼȴ ї Ӣ

ЂѩᾌȲ᷂ắẞᾼ Ӂẞ ȲἬѿ в ᾼᾬ Лὔắẞҵꜜ

Ȳ֪ױЛ צ ᾼ ֥ȴ 
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3.2⁮ иέ 

    ⁮ҖѠ֣ᾼ ⇔ ⇔֯⁮ҙ ҍủ ẞ ЄȲӦ ϩ ӂ ῀ צ

Єᾼὧ Ȳ֪ױ ᾼ ֮ ẓצ Єᾼ ⇔ ⇔Ȳ Ҡѿ Ὲ ֯

ȲἬѿ ֮ếМ ⇔Є ѾЛ ӢФדӻ ᾼ Ȳ ֮ ῈᾼЄ

ѿ ═֯‍ ᵅᾼ ⇔Ȳᵅ ᾼ ὔ Ӣ ֮ӂ☼ ȴẞϠ⁮ҙ ╡ủȲ

Єּפ 10ѣ ỞȲ⁮ҙ ắẞ ԏ Ȳӂ☼ Мᾼ о֥ᾬ ҏẃȲ

о ᵂӣ ю⁮ Ὲᾼ ⇔ȴBowman and MangusɎ1993ɏиέ⁮ҙ

╡щᾼϮ Ȳׁשṅ Ὠ ӱ⁮ҙ ╡щ в ᵅ ⇔ᾼ Ϡ

Ӧ ᾼЄ ᾌ Ȳ ᵅ ⇔ᾼ ᾃϤẞМ ⇔Є ȲḆ ṓẞᾼ

ᾓ╥Ѭӂӂ☼ᵂӣṿᵅ ⇔ᾼ ӢἮᴼ ᾼ ȲἬѿᵅ ⇔ᾼ Ҡ

ѿᶶ ֮ ϤẞМ ⇔Є ȴ  

    3.16╥ NASAᾼ TOMSὑ ד1987 9ѣ 16ѡᾼ Ȳױ ⁮ҙ

Ɫᵅ ⇔ȲМ ⇔Ɫ ⇔Ȳ֯ 0⇔ Ȳ⁮ 50⇔ẞ 60⇔П ᾼ

צ⇔ ᾭо Ȳ  ῺϷצ ֵЊѐ⇔ᾼ ᾭо ȴ 3.17╥ NASAᾼ

ER-2 ֯ ד1987 9ѣ 16ѡȲ ⇔֯ 65500ѐɎfeetɏ ẞᾼ Ϛ о

⇔ ⇔ оȲ έ⇔ּפⱢ 3ẞ 4еṭȲⱢϠṿצ ᾼ έ⇔ Ὼ 3ẞ 4

еṭȲ֯ МȲצ ᾼ Ɫ 500ȴ֝Ϛщᾼ ֯

ᾼᴯ ϱצ ֵЊѐ⇔ᾼ ᾭо Ȳֽ 3.16ᾼּמᴥ ȴ 3.17

ӱ ⇔ ֯− ᾼ вȲ ᶝ Є ẞᶝ Њ ∟ԛ֫сẞᶝ

Є Ȳ ᾼ ֯⁮ 67⇔ẞ 69⇔ ᵑὙ Ȳ֪Ɫ ╥ Ђѩᾌ

ᾼ ȲἬѿᴯ ϩѻ ᾼ ⇔Ȳ ᾭо

כ ҵᾼ ⇔Є ϯ ȴ 3.18Ɫ 9ѣ 16ѡ֯ 495K ᾼצ

⇔ оȲ ӱצ Є ế ⇔ Њ ֯ Ѿ֝דᾼ ⇔Ȳ

в ᵅ ⇔ᾼ Ӧ ᾭо ᶝ֮ᾼכ ⇔Є ϯ Ȳצ
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Єᾼ Ȳ ⇔ϯ ֵȴ ⁮ 67⇔ẞ 69⇔ᾼ ⇔ếצ

ᾼד … -0.78ȲⱢ ד Ȳ ӱצ ᾼ ẓצ‍ ᾼҠ‒

⇔ȴ 

צ     Ҭ Ѭӂ ϩᾼ Ȳ ᾼ ⇔֯− в

Єᾼ−צ оȲЛ иӁ ắẞ₣᾿ ԏо ᵂӣ Ẕ֪҃ Ȳ֪צױ

ᾎᶙ ᾼ ⇔Ȳᵀ╥צ Ҡѿứ оЛ֝

ᾭо ᾼכ ֥ ⇔ȴѿϱᾼ ṅשׁ ӱЛ ╥ ֯Њѐ⇔ᾼ ֥ ╥

Єѐ⇔ᾼᴯ ֥ Ȳצ ֥ ᾼứ о ṷ ᾼ ֥ ⇔ȴ
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ҳ  Ӣכиέ 

4.1 Ӣכ ֫  

    ӢכϚ᾿╥Ữӑᶙԓ ḟᾼ ȴGrayɎ1968ɏ ҏг ế

Ӣכᴯ צ ᾼ ϩ ϩ Ԉȸּדѫ Л ыЊɎfɏȳᵅ ☼ ẓצṜ Є

ᾼד ⇔ȳ ☼ ᾼ₣᾿ йЛ ыЄȳ ѬɎ ῶ ẞ 60еѐ ɏ ⇔

ὑ 26ïCȳẓ ԈЛ ứᾼЄ ȳѿцМᵅ ☼ צ Пד ⇔ȴ ᴖϱ

Ɫ Ӣכ ᾼӇ ԈȲЛ╥҉и ԈȲϷ ╥ ᵛṿ Ể

ᾼ ֥ϱ ԈȲ ϷЛϚứ כ ȴ 

    ZehrɎ1992ɏȳSimpson et al.Ɏ1997ɏế GrayɎ1998ɏᾼׁשṅᶁ╓ҏ

Ӣכ ᴟюҠѿиכẒ ◕Ȳ 4.1Ɫӱ ȴ Ϛ ◕Ɫ ☼ Ȳ

ѻ ӦЄѐ⇔ ϩѻ Ȳ∂ӴҠѿ ϡ ◕ᾼ ȴ Ϛ ◕Є

ᵂӣɎ‍ ɏṿ ᾼ Ḇצ Ȳṳѹ֯Мᵅ Ӣѐ⇔

Є̡ ⇔ ᾼ ⇔Ȳ ҒМ ☼ᾼ ἤ ứ⇔Ȳ ᴖḀạМ ᾼ ֥ᵂӣȴ

Ṝצ ᾼ ϡ ◕ Ȳ Мѐ⇔ ☼Ṇ ɎMCSɏМ Њѐ⇔ᾼ

☼ɎExtreme Convectionɏ Ȳ ☼ẓצṜ ᾼ ⇔Ȳ Ṇ

Ϥв֯ ֥ɎInternally Forced Convergenceɏ ȲṆ Ҡѿ CISK

ɎConditional Instability of Second Kindɏ̡ WISHEɎWind Induced Surface Heat 

ExchangeɏἨ╥ VHTsɎVortical Hot Towersɏ ᴞᶺ ═Ȳ ∟ ϚḔᶮכ

ᾼ ếМї ϯ ᾼ ȴ 

    ᵅ ☼ ᾼד ⇔ẃ Є ϱצϮ ᾌ Ҡѿ ẁȲ Ϛ ╥Єᴫ◦

ϱᾼὧ ᾌɎeasterly waveɏȲ ϡ ╥ѻ ᴞМыӂ◦ ὧыӂ◦ᾼ ֥ Ђ

ѩ ϩᾌɎmixed Rossby-gravity waveɏȲ Ϯ ╥ Ӣ֯ᴫыӂ◦ᾼ ᵅ
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Ɏtropical depressionɏ ȴLandseaɎ1993ɏ╓ҏ 1967ẞ כЄᴫ◦ᶮ֯ד1991

ᾼ ế Ϛ ϡ Ɏminor hurricaneɏȲЄּצפᴍиПгϫ╥ ᴞὑ

‍☺ὧ ᾌȲ Ɏintense hurricaneɏ⁄פּצᴍиПϥϫ╥ ᴞὑ‍☺ὧ ᾌȴ

ὧ ᾌ ὑЄᴫ◦ᾼ Ӣ᷊כ Ṕᴥȴ 

    ‍☺ὧ ᾌᾼ Ӣ ₉ἮḘ ד Ȳ ủ ₉ἮḘ ϱѠЄ ắẞ֮

ῶҒ Ȳ ⇔Ҡѿ ẞ 30⇔ѿϱȲ ֯ 600hPaѿϯȲּפҖ 15⇔ᾼѬӂ ⇔

⇔Ѡ֣Ɫ ⁮Ѡ╓֣ҖѠȲᴕ Є ֯ ϩӂ ֮ ӂ ᾼ ᾓȲҠѿ

Ӧ ϩ ӂ ῀ П ϩ Ɫὧ Ȳ֪֯ױѬӂ ⇔ ⇔Ɫ ᾼ֮ѠȲ

Ϸ ╥֯ 700hPaế 500hPaП ᾼ ⇔ϱȲ צ ᾼὧ ☼Ȳὧ ☼ϯ

ᾼѬӂ ⇔ ⇔ Ȳ֪ױὧ ☼ Л ứȲ ὔ Ӣὧ ᾌȴ 

    ₉ἮῈ ɎSaharan air layerȲSALɏ ӢכᾼӔ Ɫ ẁӔ

⇔ ϱс ☼ȴὧ ☼ᾼ ЄȲ⁮ ᾼד ⇔Ϸ ЄȲ ☼Ғ

Ḇצ ȴ֪Ɫ ⇔ ЄȲ Ђѩ ᶮҙ ɎRossby radius of deformationɏ

ЊȲ֮ ѻ Ӧ ẞ Ȳ֪֯ױӂ☼ צ Ḃ Ȳṿ

ế ⇔ ẞӂ ѿ›Ȳ ϩᾌỮӑ Ṇ ȲἬѿṆ Ғȴὧ

ᾌ › Ɫ ☼ ֥ ╥֪Ɫ ›ᾼ ḥפצ ȲЛ ᴕ їϩȲ

Ṝ֮ ӂ ȲῈ ᾘ Ȳ ᴖ֯ Ɏaxis of troughɏ ῺȲ

צ ᾼפ ᶮȲ ᴕ їϩȲⱢϠṿּדѫϩ̡ їϩế ⇔ϩ ӂ Ȳ

›Ѡᾼ Ӈ Ȳױ Ɫ֮װ ȲӦὑ ֮ ᴟ֮װ

ȲἬѿ › Ɫ ☼ ֥ ȴ 

    ₉ἮῈ Ӣכᾼ Ɫ ẁ ҒЄ ứ⇔ כ Ὲ

ϯ ᾼ ȴ֪Ɫ ☼ Ȳ ₉ἮḘ ᾼ Ὲ ɎCarlson and Prospero, 

1972ɏᾼ ȲЄ ֪ᴖ ȲЛ ҒЄ ứ⇔Ȳ Ӣϯ

☼ȲḀạ ☼ПᶮכȴױҵȲ Ὲ ϷҠ Ϥẞὧ ᾌвᾼ ☼Ȳ ạ ☼ᾼ

ᶮכȲЛᵓῴ Пᶮכȴ 
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ZehrɎ1992ɏ Ϣᾼׁשṅṳḥצ ц֯Ẓװ ᵂӣҏ П ȲῴỞ

ֽᴶ ═Ȳ֪ױ Ӣשׁ⧵צ╥כṅᾼ ȴDunkerton et al.Ɏ2009ɏ ҏ

ᾼ Ӣכ Ɫ marsupial paradigmȲԍ ᶙԓ ḟ Ӣכ

ȴMarsupial paradigmҠѿ Ὑ ᴞὑὧ ᾌᾼ Ӣכᾼ ᴯ Ȳѿ

ц ѐ⇔ᾼὧ ᾌֽᴶ ═ῴỞ Ȳṿ ῴỞ ѿ ᴟẓצ ᵅ

⇔ᾼ ȴ 

4.2 Marsupial paradigm  

  ֯‍ӂ ᾼӔ Є Ȳᴕ ￼ Ɫ ὧ ☼Ȳֽ 4.2ᾼ ἬӱȲ

Ѭӂױ ֣ йҠѿ ⅔כ ᾼ☼ ȲẔ ⇔иӁֽ 4.2ᾼ Ȳױ⅔

☼ ᾼᶮᾭֽ Ϛ Ȳ Ɫ Kelvinôs catsô-eyesȲֽ 4.3ᾼ ȲӦὑ

⇔ ⇔ ֯ὧ ☼⁮Ѡᾼ Җ Ɫ Ȳ ᶮ֣כὧ ᾼ ЂѩᾌȲ Ђ

ѩᾌ Ϥẞ ꜜ Ɏcritical layerɏȲ ЂѩᾌҠ Ӣ и Ɏpartial absorptionɏȳ

ῺѾᶙּרч Ɏnear-perfect reflectionɏἨ╥ over-reflection Ϯ ᶮȲֽ 4.3

Ɏaɏ̡Ɏbɏ̡ɎcɏἬӱȴ ꜜ Ɫ Ђѩᾌᾼ ד֣ ế￼ ᾼ ֣ ֯Є

Њד ̡Ѡ֣דчᾼ Ȳ ꜜ Мї Ɫ ꜜ ⇔Ɏcritical latitudeɏȲẔ ֣

Ɫ ȴѿϯᾼ ᶁ ᴞὑ Andrews and McIntyre (1978)Ȳᴕ Ϛ֣⁮ ᾼ

Ђѩᾌѿц й ч ֫ẃᴖ֣Җ ᾼ ЂѩᾌȲ☼ẗ ᾼ иᵑⱢ C

CRȲ ᷿ ὺ‒ᴂὨώ ὅὯὰρ ȿὙȿ
 

ȲӦ 4.3Ɏaɏᾼ ⇔ ☼

῀ ꜜ вᾼ ☼ ⇔ Њὑ ȲἬѿȿ2ȿ ρȲч ֫ẃᾼ Ђѩᾌ

ЊȲ ꜜ в Ђѩᾌᾼ ȴӦ 4.3Ɏbɏᾼ ⇔ ☼ ῀ ꜜ

вᾼ ☼ ⇔ ῺѾὑ ȲἬѿȿ2ȿͯπȲ ꜜ в Ђѩᾌᾼ ḥצ юȴ

Ӧ 4.3Ɏcɏᾼ ⇔ ☼ ῀ ꜜ вᾼ ☼ ⇔ Єὑ ȲἬѿȿ2ȿ ρȲ

Ḇֵᾼ Ђѩᾌ ֫ẃȴKillworth and McIntyreɎ1985ɏ╓ҏ֯ԉᴶ ᾓϯȲ



21 

 

ꜜ в ᾼ catôs eye Є и ╥ Ὼᶙּרч Ɏnear-perfect reflectionɏ

ᶮȲᵛṿЛ╥ᶙּרч ᾼ ᶮϷ╥− ῺᾼᾭᾓȲἬצᴯὑ catôs eyeв ᾼ

⇔ ᴰȲḥ ᾎ catôs eyeᾼ ȴ 

    ᾼ ֯ ὧ ᾌ ᾼ ϱ ҏ ᴿ catôs eyeᾼ ȲἬ

ѿ Ђѩᾌᾼ ꜜ ἘҠѿ ӣẞ Ӣכ ϱȲDunkerton et al.Ɏ2009ɏ

Ɫ ᾌ ᾼ ꜜ ֯ ὑ ӢכἬ᷊ ᾼṔᴥצϯԝϮ  

1. ῴỞ ☼ ὑ Ӣצכ ᵗȲױ ☼ếᵅ ☼ ὧ ᾌ ꜜ צ⇔

−Єᾼ …ȴὧ ᾌếӐṝᾼ ꜜ ⇔ӻФᵂӣȲ ֯ ꜜ ế Kelvin catôs eye

ᾼв Ӣ ⅔ה ☼ Ȳױ ☼ ẓ ᾼ ᶮᵂӣȲἬѿ ѐ⇔ᾼ

ὧ ᾌếМѐ⇔ᾼ ⇔ Ϛ ֣ᴫ Ȳ ∟֯ ֣ ⇔ῺѾⱢ ᾼ☼ М

ṳ ⇔ȴױ☼ Ɫ ὧ ᾌ ϱ ֣ Ɫ ᾼ ȴ 

2. ὧ ᾌᾼ ꜜ ế catôs eye ᶮכϚ ⅔ ☼ Ȳв ᾼῈ Лὔắ

ᾼ Ὲ ϤȲѿц₣᾿ йᾼᵂӣȲἬѿ ☼ Ѭ ἏМ Ȳ

Є Ҡѿ’═ ᾼᾭ ȴἬѿҬ ῴỞ ᴯ ֯ ꜜ ⇔ ῺȲ

ắẞὧ ᾌᾼ’ ═ Ȳ᾿ẞ כ ⇔ ẞᴞᶺ ═ᾼ֮Ḕȴ 

3. ὧ ᾌắẞ═ ᾼМѐ⇔ ᴖ ═ṳѹҠ ȴ 

    1998 ẞד 2001 צЄᴫ◦ếὧыӂ◦ϱ֯ד 55 Ӣכ ֥

Dunkerton et al.Ɏ2009ɏἬ ᾼ ὧ ᾌɎmonochromic easterly waveɏᾌ ȴ

55 ᾼԚ֝ ╥֯ ὧ ᾌ ᾼ ϱȲ ᾼᴯ ᴯὑ ה

⅔ ☼ МїȲױ⅔ ☼ ⱢṎẐ ɎpouchɏȲᴖѹ☼ Мї Ὼצ═ ᾼ

☼ἤ Ѭȴ Ӣכᴯ Ɫὧ ᾌ ế ֣ Ɫ ᾼӻ ȴἉϯѿẔМ

Ẓ marsupial paradigmȴ 

  4.4ế 4.5иᵑⱢ Debbyᶮכ›֯ 850hPaế 600hPaϱ ὧ ᾌ

ᾼ☼ ⇔иӁȴᴥ ɎshadingɏⱢᵅ Ɏ Єὑ 2.5щɏד ⇔иӁȲ

Ɫ ὧ ᾌ ϱᾼ☼ẗ иӁȲ מּ ῶӱ ₤ Ɏsaddle 
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pointɏᾼ☼ẗ Ȳ ҅ῶὧ ᾌᾼ Ȳ ῶӱᵅ Ɏ Єὑ 2.5щɏ

֣ Ɫ Ȳ מּ ⁄╥Ḇᵅ Ɏ Єὑ 9 щɏᾼ ֣ Ɫ ȴӦὑ

850hPaế 600hPaᾼד Лẞ 1ÍȾÓȲ ӱױὧ ᾌ ὑד Ӕ Ȳ ☼

Мїᾼ₣᾿ й−Њȴ 

    Ӧὧ ᾌ ế ֣ Ɫ ᾼӻ Ҡѿ᷄ҏ⅔ ☼ МїȲֽ 4.4 ế

4.5ᾼ מּ Ҕ ᾼ ȴ 4.6Ɫ Debbyᶮכ Ѧ ϱᾼ ⇔ ☼ Ȳ

Ӧ☼ ⇔ Ҭ╥ᾘ ☼ ֣ᴫ Ȳᵀ╥֯ ὧ ᾌ ᾼ ϱȲ

⇔╥ ☼ Мї Ȳ ꜜ ᴰЄ иᾼ ⇔ȴױҵȲ֯ ὧ

ᾌ ᾼ ϱȲЛ ╥ 850hPa ╥ 600hPaȲֽ 4.4ế 4.5Ȳ Ҡѿכẞ

Ӣכᾼᴯ ‍ Ὼ⅔ ☼ МїȲ ᴖ֯ Ѧ ϱȲҬצ 850hPa

ҏ ⅔ ☼ Ȳֽ 4.6Ȳᴖѹ⅔ ☼ Мїếᶮכᴯ П ◕Ϛצ ȴ

Dunkerton et al.Ɏ2009ɏ ϚḔиέ⅔ ☼ вᾼ saturation fractionɎSFɏѿц

ϮЊ ​ иӁȲSFҠ҅ῶЄ МᵶצᾼѬ Ȳֽ 4.7ế 4.8Ȳ

ϱᾼ☼ Ҡѿ֥ ᴞӦ ☼Є ᾼѬ ế ☼иӁȲ ☼═ ֯

☼ Мї Ὼ Ȳṿ ☼ МїᾼѬ ═ Ғȴ 

    4.9 4.10Ɫὧыӂ◦ᶮכᾼ Fabioᾼᵅ Ɏ850hPaẞ 500hPaɏ

ế Ɏ850hPaẞ 200hPaɏ₣᾿ йиӁ ϱᾼ☼ иӁȴFabioᾼᶮ

ᴯכ ṳЛ╥₣᾿ й Њ Ȳ ӱ₣᾿ й ὑ Ӣכᴯ Л╥ḟứἤ

ᾼ֪ ȴ 

4.3 Ю  

    Karlế Gaston╥ ד2010 9ѣᶮכὑЄᴫ◦ϱᾼ Ȳ Ẓ

ᴞὑ‍☺ὧ ᾌȲЛ Karl∟ẃ כ Ȳᴖ Gastonᾼ Є ⇔ ẞ

ɎTSɏȴSmith and MontgomeryɎ2011ɏӦ Ὲ ҏ Karlế Gastonᾼ ᴯ

ế ד ᴯ ₣᾿ Ȳֽ 4.11ế 4.12ȴ Karlế Gastonẃ Ȳᵅ ɎẒ
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еṭѿϯɏᾼ ᴯ ế ד ᴯ ẃ ЄȲKarlᾼМ Ϸ╥ ẃ ЄȲ

ᵀ╥ GastonᾼМ ⁯╥ ẃ Њȴ ȲSmith and MontgomeryɎ2011ɏ

Ɫ Gaston ᾎ כ ᾼѻ ֪╥М ắẞ Ὲ ϤȲЛ ᵅМ

ᾼѬ ᵶ ȲӼй Ѭ ẃ ȲЛᵓ ☼═ ═Ȳ ᾼ ⇔

ᾎ ѿц ═ȴ ᴖȲKarl ᾼМ Ѿḥצắẞ Ὲ ϤȲѬ ẃ

ϷϚ᾿֯׀ȲἬѿ Karl כ ȴECMWFᾼиέ ӱЛ֝ ⇔

ϱᾼד ⇔ оȲ 4.13 ӱ Gastonế Karlᾼᵅ Ɏ850hPaѿϯɏד

⇔Ϛ᾿ ὑ‍ ᾼ ᾓȲ ӱᵅ ᵓצ ӢכȲМ

Ɏ700hPaѿϱɏᾼד Єᾼ−צ⁄⇔ ȲGaston 9ѣ 1ѡѿ∟ ϯ Ȳ

Ӑ 80%ѿϱ юẞ 70%ѿϯȲᴖ KarlϚ᾿ ═֯ 80%ѿϱȴ    

    Rutherford and MontgomeryɎ2011ɏӣἮ ốиέɎLagrangian analysisɏ

Gastonế Karl֯ 500hPaế 700hPaᾼЄ ☼ ȴӦ 500hPaế 700hPaᾼи

έȲ ӱ 9ѣ 1ѡ GastonᾼṎẐ ѾЛắẞҖ ᾼ Ὲ Ȳ2ѡ ṎẐ

вצ ᾼ ֥ ӢȲ2ѡẞ 6ѡϚ᾿צ Ὲ ϤṎẐ Ȳ Ὲ ҏṎẐ

ᾼ Ȳ ═ ἤᾼ Л Gastonв ᾼѬ юϷй ẔѬ

ᾼẃ ȲЛ Karl ẃ ҵꜜᾼ Ὲ Ѿḥצ ϤṎẐ ᾼ ȲҒϱ ITCZ

ⱢẔѬ ҉ẃ ȲἬѿ KarlϚ᾿ ֯ ᾼ ȴ 

    GrayɎ1968ɏ ҏМ ᾼד ⇔Ɫ Ӣכᾼ ֪ ПϚȲDunkerton 

et al.Ɏ2009ɏᾼṎẐ Ӧ☼ Ὑצ ᾼ ѾḥצМ ᾼ

Ὲ ϤȲӦὑ☼ ṳ‍ᶙԓ⅔ ȲἬѿ Ὲ Ϥᾼ ⇔Ь╥ḥצᶙԓ

ḟᾼ ȲӐׁשṅ Л֝ὑṎẐ ᾼ Ȳӣצ ứ оḥצ

ɎGastonɏếצ ɎKarlɏᾼ Ể ᾼ ֥ ⇔Ȳṳ ֥ ╦Ѭ

ḥצ ếצ ᾼ ắẞ Ὲ Ϥᾼ ⇔ȴ 

צ     ếḥ ᾼ ⇔ оֽῶ 4.1ếῶ 4.2ȴGaston╥ḥ ᾼ

Ȳὑ 9ѣ 1ѡ 1200UTC ẞ ɎTSɏᾼ ⇔ȲЛ ϫϡЊ ∟Ȳ
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⇔ ᵛ ᴟ ᵅ ɎTDɏȲὑ 2ѡ 1800UTCԛ⇔ Ɫᵅ ȲП∟ѿᵅ ᾼ

ᾭ гщᾼפּ═ Ȳ ḥצԛ ᾼ ᶮȴKarl צ╥ כ ᾼ

Ȳὑ 9ѣ 14ѡ 1200UTC ẞ ᵅ ɎTDɏᾼ ⇔ȲП∟═ Ȳὑ 16

ѡ 1800UTC ẞ ᾼ ⇔ȴӐׁשṅиέ Gastonᶮכ ɎTSɏ›∟Ԛг

щᾼ Ȳѿц Karlᶮכ ›гщᾼ ȴ 

4.4 Ὠиέ 

    ֯ Ӣכῴ ȲЄѐ⇔ ϩѻ Ӣכ Ȳ Ϡ ☼ᾼ

ҵȲ☼ ѻ ֯ѬӂѠ֣ϱ ᴖѹῺѾᾬ ’ׂȲ֪ױṿӣצ

Є ☼ ᾼ ֥ ⇔╥֥ ᾼѠᾎȴ 

    4.14Ɫ 9ѣ 1ѡẞ 6ѡ 0000UTC֯ 500hPaᾼצ ȲּמᴥϮṔᶮ҅

ῶ GastonȴⱢϠѠ― Ȳứ ᴥế ᴥᾼ Ɫ ֥ Ȳ ᴥⱢМ

⇔ ế ȲӪᴥⱢ ֥ ȴ1ѡẞ 5ѡᾼצ иӁצϮ ̢

Ϛ ╥ иέ Gastonᾼᴫ ȳҖ ế⁮ Єצ ֥ Ȳῶӱ

Ѭӂϱכ ֥ᾼ ⇔ᴟю╥ ֥ ᾼϮ ѿϱȴ ϡ ╥

֥ Ҕ GastonȲ9ѣ 1ѡҬצҖ ҏ ֥ Ȳ2ѡᾼ Ȳᴫ ế⁮

ҏ ֥ Ȳ3ѡѿ∟Ȳᴫ ế⁮ ᾼ ֥ ҒȲѹὧ Ϸ

Ởҏ ֥ Ȳ֯ 5ѡᾼ Ȳ Gaston ֥ ᶙԓҔ ȴ Ϯ

╥ Gastonᾼв Ɏד ⇔Єὑυ ρπί ɏⱢ ֥ Ȳ ӱ ’צ

ᾼᵂӣȲЛ вҵᾼῈ ֯Ѭӂϱ Ӣ ֥ȴ 

    4.15Ɫ 9ѣ 1ѡẞ 6ѡᾼ ╦Ѭ ȲҠ҅ῶМ Ѭ ᵶ Ȳ9ѣ 1

ѡẞ6ѡᾼМ Ѭ ᵶ ╥Gastonᾼᴫ ếҖ Ѭצ ᵶ юᾼ Ɏ

ᴥɏȴѩ 500hPaᾼצ ếМ Ѭ ᵶ Ȳ ӱ ֥ ếѬ ᵶ

юᾼ צ ᾼ ᶮȲ ᾬ ⱢѬ ᵶ ȲῶӱҖ ᾼ Ὲ

Є ᾼ Ϥ GastonȲЄ юẔМ Ѭ ᵶ ȴѩ 1ѡẞ 6ѡᾼМ Ѭ
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иӁ Ȳ GastonỂ Ὲ ᾼ Ɏּמ ᴥɏ юȲ ᵑ╥ 2ѡẞ 3ѡȲ

ױ Ɫ Ȳ⌂ֻ 2ѡ GastonỂ ᾼצ Ϸ╥ ὑ Є ᾼ ᶮȲ

֥ ⇔ ẞ ֥ ᾼ 5 ѿϱȲצ ֥ ᾼ GastonỂ ᾼѬ

ᵶ оȴ ᴖȲ ֽ ϡ Ἤ Ȳצ Ҭᴕ ‍ Ӕ ϩȲ ϱ

Ѭ иӁ ắẞ ȳ₣᾿ӂ☼ѿц ϩᵂӣᾼ Ȳ צ ᾼ

ᾎᶙ ╦Ѭ Ȳᵀ╥צ Ҡѿứ оѬ ᵶ П ᾼ ֥

⇔ȴ  

    4.16Ɫ 9ѣ 10ѡẞ 15ѡ 0000UTC֯ 500hPaᾼצ ȲּמᴥϮṔᶮ

҅ῶ Karlȴ10ẞ 15ѡᾼצ Ẓצ ȴ Ϛ ╥ Karl ᾼỂ ḥצ

Є ֥ Ȳ ╥ ֥ Ȳῶӱ כ GastonỂ ᾼ ֥ ⇔

╥ KarlᾼϮ ѿϱȴ ϡ ╥ Karlᾼв Ɏד ⇔Єὑυ ρπί ɏⱢ

֥ Ȳ ӱ ’צ ᾼᵂӣȲЛ вҵᾼῈ ֯Ѭӂϱ Ӣ ᾼ

֥ȴ 

    4.17Ɫ 9ѣ 10ѡẞ 15ѡᾼ ╦Ѭ ȲҠ҅ῶМ Ѭ ᵶ ȲМ

Ѭ ᵶ ╥ Karlᾼὧ ȳҖ ѿцᴫ Ѭצ ᵶ юᾼ Ɏ ᴥɏȴѩ

צ ếѬ ᵶ ȲѬ ᵶ юᾼ  Ὼ ╥ ֥ Ȳ

ᾬ ⱢѬ ᵶ ȲῶӱҖ ᾼ Ὲ ḥצЄ ᾼ Ϥ KarlȲ KarlỂ ᾼѬ

ᵶ ḥצЄ юȴѩ 10ѡẞ 15ѡᾼМ Ѭ иӁ ȲKarl Ể ᾼ

Ὲ Ɏּמ ᴥɏ ҒȲ ᶮ֯ 12ѡẞ 13 ᵑὙ Ȳצ ֥ ᾼ

KarlỂ ᾼѬ ᵶ оȴ 

    4.18ế 4.19╥ Gastonế Karl֯ 700hPaᾼצ ȲּמᴥϮṔᶮиᵑ

҅ῶ Gastonế KarlȲGastonỂ ᾼצ юȲ ᴖ KarlỂ ╥

ҒȲ14ѡế 15ѡᾼ ֥ ⇔ế 2ѡѩ ẃ ѩ Њȴ

֯ 2 ѡế 3 ѡȲGastonᾼᴫҖ ὧҖ Єצ ֥ Ȳ4 ѡ ȲGaston

Ể Ҭ ϯЊ ᾼ ֥ ȲẞϠ 5ѡȲỂ Є ╥ ֥ ȴ֯ 11ѡẞ
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13ѡП ȲKarlᾼỂ Ɫ ֥ ȴẞϠ 14ѡế 15ѡȲKarlỂ ҏ Њ

ᾼ ֥ ȴ 

    4.20ế 4.21Ɫ Gastonế Karlᾼ ԚҠ Ѭ ế 850hPaᾼצ Ȳ

ᴥϮṔᶮиᵑ҅ῶמּ Gastonế Karlȴ֯ 1ѡ 4ѡȲGastonᾼỂ ᶁⱢМ⇔

֥ ȲKarlᾼỂ ֯ 11ѡ ╥ ֥ Ȳ 14ѡ ⁄╥ ֥ ȴѩ צ

ế ԚҠ ​ иӁ ӱ ֥ ếМ⇔ ֥ ᾼ ῺȲЛҬצ Ὲ

ᾼỂ Ȳ ẓϚứצ ᾼῈ Ȳᴖѹὑ иέ

⁮ѠᾼѬ ẃ ḥצ ȲἬѿ 850hPaᾼЄ ὑḥצ ɎGastonɏế

צ ɎKarlɏᾼ ẃ ḥצ ȴ
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Х   

5.1  

›ϢׁשṅɎSchuckburgh and Haynes, 2003; Hendricks and Schubert, 2009ɏȲ

ὑứ оӔ ☼ Єѐ⇔ ☼ᾼ ֥ ⇔Ȳצ ╥ᶙ ᾼ Ѡᾎȴ

ӦМ ⇔ ᾼׁשṅ ὨȲ ӱ ᶮᾭ о ᾼ צ ᾼ

֥Ȳ ֥ ⇔ế 24Њ ѩҠד‹ ҒẞẒ ѿϱȲᴖѹ ᾼиӁѩ Ȳ о

ᾼᵧ ᾭȴӦ⁮ ᾌ ᾼׁשṅ ὨȲ ӱצ Ҡѿ

ᾼ ⇔֯− ᾼ вצ−Єᾼ ԆȲ в ᵅ ⇔ᾼ Ӧ

ᾭо ᶝ֮ᾼכ ⇔Є ϯ Ȳצ Єᾼ Ȳ ⇔ϯ

ֵȲצ ⇔иӁП ᾼד … ẞ-0.78ȲⱢ ד ȴӦ

щ Ṇ ᾼׁשṅȲ ӱЛ ╥ ὑЊѐ⇔ ╥Єѐ⇔Ṇ ᾼ ֥ Ȳ

צ ὑ ֥ ⇔ᾼ ╥֥ ᶙ ᾼȲ Ϛ ὔ ᾼ Џẓ

ẘ֮҆ϢϠ ẞ ⇔ ϩ Є ᾼ ἤȴ 

    ɎKarlɏếḥ ɎGastonɏᾼ ṅȲשׁ ӱ 850hPaЄ ᾼ

֥ ⇔ ὑ Ӣכḥצ Ȳ700hPaế 500hPaᾼЄ ֥ ⇔ ὑ

Ӣצכ−Єᾼ Ȳ Karl ẃ Ȳ700hPaế 500hPaỂ ᾼ ֥

⇔Њὑ GastonỂ ᾼ 5 ѿϱȲἬѿ KarlҠѿ֯Ể צ Ὲ ᾼ֯׀ ᾓϯ

═ ☼Ȳᴖ Gaston⁄Ὑ ắẞ Ὲ ϤȲẔв ᾼѬ ᵶ ᵅȲױ

ҵӼ ⁮ѠᾼѬ ẃ ȲἬѿ Gastonв ᾼ ☼ᶮכ ắẞ ạȲ

֪ᴖ ᾎ כ ȴ Ӣכ ӱצ иέếἮ ốи

έɎDunkerton et al., 2009; Rutherford and Montgomery, 2011ɏ╥ד ṅשȴӐׁכד

Ὠ ӱᵓӣצ ֥Ѭ иӁȲ ὑиέЄᴫ◦ᾼ Ӣצ╥כӣ
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ᾼ Џẓȴ 

5.2ӑẃ  

    Ӑׁשṅ ὑЄᴫ◦ϱ ᴞὑὧ ᾌᾼ ȲӑẃҠѿиέᴫҖ

ыӂ◦֮ ᾼ Ȳѩ צ ֯ ếḥ ᾼ ȲҠѿ

ḆҒϠ Ӣכ ȲЄѐ⇔ ϩ ὑ ế П ֯ ⇔ Ѭ

ᾼ ֥ϱ᷊ ᾼṔᴥȴ 

    Ӑׁשṅ ᾬ ᾼ הӴ֯қ∂╥ה ϯȲḕ ᾼ ᶁ

ȲϷ֝ד ╥ḥצᴕ ֮ פ ȲӦὑ ֮ ᾼפ Л Ȳ ᾼ

ӣὑ ֮ Ȳᵀ╥ ὑМ ⇔ ⇔ᾼЄѐ⇔Ṇ ẃ ѩ Л

ӣȲṿӣẓפצ ᾼ ẃ ᾬ иӁ╥ѩ ֥ ᾼ

ᾎȴ 
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1.  

 

ד2011  1.1  10ѣ 25ѡ GOES-13 ╦Ѭ Ȳ ᴥῶӱѬ ᵶ ᾼ

Ȳּמᴥ⁄╥Ѭ ᵶ юᾼ Ȳ Rinaᾼв ẓצ ᵶ

Ѭ ȲצϚ Ѭ ᵶ ᾼ  ᾭ МїᾼҖ ֣ҵἋᴼȲ

ֽ Ϛ RinaȴɎ ẃ CIMSSɏ 

   

 

 

 

 

 



35 

 

2.  

 

 2.1  ‍ Ӕ Ȳה ӻФᵂӣ … ʉᾼ ⇔ Ȳ ᴥ

ῶӱ ⇔ ЄȲ Ϛԝ ӻФᵂӣᾼʉ ứⱢ3.25Ȳ ϡԝⱢ6.5Ȳ

ϮԝⱢ 32.5Ȳ ҳԝⱢ 97.5ȲẒ ҙ ѩɎrɏ= 0.25Ȳ оПẒװ֪

ɎЎȾ2ɏ= 2.5ȲẒ ᾼ ⇔ѩɎɾɏ= 10ȴɎ ᴞ Kuo et al., 2004ɏ 
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 2.2  ‍ Ӕ Ȳה ӻФᵂӣ … ʉᾼ ⇔ ȴ ӱ

KEɎ ɏ̡ ENɎ ⇔ ɏế palinstrophy ᾼ оȴ М Ɫ

Ȳ Ɫד ὑῴỞ ᾼᴍиѩȴ ʉ ЊȲpalinstrophyᾼ Є

Ɏֽϯ ἬӱɏȲ Ὼᴿὑ’ׂȲ ᴖ ⇔ Ь ᴭ Ɏֽϱ Ἤ

ӱɏȲ ᵛⱢϡ ☼ᾼ ἤ ȴɎ ᴞ Kuo et al., 2004ɏ 
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ד1983  2.3  10ѣ 20ѡẞ 10ѣ 25ѡ⁮ҙ ᾼ TOMSɎTotal Ozone Mapping 

Systemɏ Ȳ ᾼ ῶӱ ⇔ Ȳ ῶӱ ⇔Ȳ ҵ

ᾼ Ɫ⁮ 20⇔ȴɎ ᴞ Bowman and Mangus, 1993ɏ 
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10ѣ20ѡẞ10ѣ25ѡ⁮ҙד1983  2.4  550K ᾼ ᾭо ᴯ ȴ

ᴥ Ɫ ᾭо Ɏ ᴯⱢЊ ɏȲ ᴥ ᾼ ᾭо Ɫ 6ẞ 9Њ

Ȳ ᴥ⁄╥ 12ẞ 15Њ ȴּמᴥ ῶӱᴯ иӁɎPVUɏȲ Њ

Ɫ 60PVUȲ Ɫ 10PVUȴ ῶӱ Ɏm/sɏȴ ⇔ ⁮ 20

⇔ẞ⁮ 90⇔ȴɎ ᴞ Ȳ2010ɏ 
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ד1979  2.5  1ѣ 19ѡɎ ɏ̡ 1ѣ 27ѡɎ ɏ̡ 2ѣ 4ѡɎ ɏȲ

֯ 850K ᾼᴯ Ɏρπ+Í Ó ɏ ד ⇔ᾼиӁȲ ╥ᴯ

Ȳҿ ᶄ ╥ Ȳ ד╥ ὑ⁮ҙ ᾼ Ȳ Є Ɫ 1ȲҢ

ד╥⁄ ⇔ȴɎ ᴞ Butchart and Remsberg, 1986ɏ 

 

 

 

 

 

 



40 

 

 

 2.6  −Єᾼ ᾓϯȲ2-D Kelvin-HelmholtzЛ ứᾼӢỄҭȲɎaɏⱢᴯ ֯ xѠ֣ zѠ֣ᾼиӁȲ₣᾿ѐ⇔ⱢѬӂᾼẒ ȴ

Ɏbɏᾼ Ɫᴯ Ȳ ᶄ Ɫד ὑϯ ꜜᾼ ЄЊȲѹᶁ ѿ ẃ оȴɎcɏᾼ ⱢÌÎ ЋʃȾЋ!Ȳ

ᶄ ֝ɎbɏȴɎdɏᾼ ⱢÌÎ,Ȳ ᶄ ֝ɎbɏȴɎeɏᾼ ⱢÌÎ ,‬—Ⱦ‬ὃȲ ᶄ ֝ɎbɏȴɎ ᴞ Nakamura, 1996ɏ
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 2.7  370K ᾼצ ȴ Ɫ Ȳ1996ד 12ѣẞ ד1998 5ѣȲ

Ɫד ⇔Ȳᴥ Ɫצ иӁȲẔứ ⱢÌÎ‖ǿ ÌÎ ʆ Ⱦ‖Ȳ

צᴥῶӱמּ ЄȲ ᴥῶӱצ ЊȲ иᵑῶ

ӱ ֣ ⱢӔᾼ ֣ Ɫ ᾼ ȴҖҙ ᾼМ ⇔֮ ὑ

ד1997 6ѣẞ 9ѣП ╥ ֥ Ȳ12ѣẞ 3ѣȲ╥ ֥ ȴɎ

ᴞ Haynes and Schuburgh, 2000bɏ 
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 2.8  ‍ Ӕ ה ᶮ Ȳҿ ╥ 1.333Њ ᾼ ⇔иӁȲ

ᴥῶӱ ⇔ ЄȲҢ ᾼᴥ Ɫ֝Ϛ ᾼצ иӁɎʆ Ȳ

ᴯⱢÍȾίɏȲ ᴥῶӱצ Єȴ֯ ᾭ ᾼ ⇔  Ὼצ Є

ᾼ ֥ ӢȴɎ ᴞ Hendricks and Schubert, 2009ɏ 
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 2.9  ‍ Ӕ ה ☼ ⇔ȲɎaɏ̡Ɏbɏ̡Ɏdɏᾼᴥ Ɫ ⇔иӁȲ ᴥ

ῶӱ ⇔ ЄȴɎcɏ̡Ɏeɏᾼᴥ Ɫצ иӁɎʆȲ ᴯⱢÍȾίɏȲ

ᴥῶӱצ ЄȴɎ ᴞ Hendricks and Schubert, 2009ɏ 
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 2.10  ‍ Ӕ ה ⇔ ȲɎaɏ̡Ɏbɏ̡Ɏdɏᾼᴥ Ɫ ⇔иӁȲ ᴥ

ῶӱ ⇔ ЄȴɎcɏ̡Ɏeɏᾼᴥ Ɫצ иӁɎʆȲ ᴯⱢÍȾίɏȲ

ᴥῶӱצ ЄȴɎ ᴞ Hendricks and Schubert, 2009ɏ 
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 2.11  ᾼӱ ȴÃØȟÙȟÔⱢ ᾬ иӁȲCῶӱ█Ϛ ứ ᾼ

Ȳ!#ȟÔⱢÃØȟÙȟÔЄὑ Cᾼ Ȳɾ#ȟÔⱢᾘ C ᾼ Ȳ

dsⱢ ◕ Ȳόῶӱ ᾼ ⇔ȴɎ ᴞ Hendricks and Schubert, 2009ɏ 
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3.  

 

 3.1  ῴỞᴯ ⱢӔἌẗ Ȳ֯ Л֝ᾼ ֣ й Л֝צ ȴ

ɎaɏⱢᴯ ȲẔиӁӔἌẗ Ȳ Ɫ ȴɎbɏếɎcɏᾼ

Ɫч ה й ה й ϯ ᾼӔ̡כ ᴯ ӂȴɎ ᴞ

Thorncroft et al., 1993ɏ 
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ד1990  3.2  1ѣ 28ѡ 1200UTC֯ 310K Ȳᴥ Ɫ ᾭо Ȳ ᴯⱢ

Њ ȴ ᴥ Ɫᴯ Ɏ1̡3̡5 PVUɏȴ ῶӱ ȴ 

 

ד1990  3.3  1ѣ 28ѡ 1200UTC֯ 310K Ȳᴥ Ɫצ ѿ

… Ɏʆ ȾʆɏȲ ᴥῶӱ Єȴ ᴥ Ɫᴯ Ɏ1̡ 3̡ 5 PVUɏȴ

ῶӱ ȴ 
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ד1990  3.4  1ѣ 29ѡ 1200UTC֯ 310K Ȳᴥ Ɫ ᾭо Ȳ ᴯⱢ

Њ ȴ ᴥ Ɫᴯ Ɏ1̡3̡5 PVUɏȴ ῶӱ ȴ 

 

ד1990  3.5  1ѣ 29ѡ 0000UTC֯ 310K Ȳᴥ Ɫצ ѿ

… Ɏʆ ȾʆɏȲ ᴥῶӱ Єȴ ᴥ Ɫᴯ Ɏ1̡ 3̡ 5 PVUɏȴ

ῶӱ ȴ 
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ד1990  3.6  1ѣ 28ѡ 1200UTC֯ 310K Ȳᴥ Ɫ ᾭо Ȳ ᴯⱢ

Њ ȴ ᴥ Ɫᴯ Ɏ1̡2̡4ȳ6ȳ8 PVUɏȴ ῶӱ ȴ 

 

ד1990  3.7  1ѣ 28ѡ 1200UTC֯ 310K Ȳᴥ Ɫצ ѿ

… Ɏʆ ȾʆɏȲ ᴥῶӱ Єȴ ᴥ Ɫᴯ Ɏ1̡ 2̡ 4ȳ6ȳ8 PVUɏȴ

ῶӱ  
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ד1990  3.8  1ѣ 29ѡ 1200UTC֯ 310K Ȳᴥ Ɫ ᾭо Ȳ ᴯⱢ

Њ ȴ ᴥ Ɫᴯ Ɏ1̡2̡4ȳ6ȳ8 PVUɏȴ ῶӱ ȴ 

 

ד1990  3.9  1ѣ 29ѡ 1200UTC֯ 310K Ȳᴥ Ɫצ ѿ

… Ɏʆ ȾʆɏȲ ᴥῶӱ Єȴ ᴥ Ɫᴯ Ɏ1̡ 2̡ 4ȳ6ȳ8 PVUɏȴ

ῶӱ ȴ 
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ד2005  3.10  6ѣ 2ѡ 1200UTC֯ 360K Ȳᴥ Ɫ ᾭо Ȳ ᴯⱢ

Њ ȴ ᴥ Ɫᴯ Ɏ2̡3̡4̡5̡6 PVUɏȴ ῶӱ ȴ 

 

ד2005  3.11  6ѣ 2ѡ 1200UTC֯ 360K Ȳᴥ Ɫצ ѿ

… Ɏʆ ȾʆɏȲ ᴥⱢ Єȴ ᴥ Ɫᴯ Ɏ2̡ 3̡ 4̡ 5̡ 6 PVUɏȴ

ῶӱ ȴ 
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ד2005  3.12  6ѣ 3ѡ 1200UTC֯ 360K Ȳᴥ Ɫ ᾭо Ȳ ᴯⱢ

Њ ȴ ᴥ Ɫᴯ Ɏ2̡3̡4̡ 5̡6 PVUɏȴ ῶӱ ȴ 

 

ד2005  3.13  6ѣ 3ѡ 1200UTC֯ 360K Ȳᴥ Ɫצ ѿ

… Ɏʆ ȾʆɏȲ ᴥⱢ Єȴ ᴥ Ɫᴯ Ɏ2̡ 3̡ 4̡ 5̡ 6 PVUɏȴ

ῶӱ ȴ 
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ד2005  3.14  6ѣ 4ѡ 1200UTC֯ 360K Ȳᴥ Ɫ ᾭо Ȳ ᴯⱢ

Њ ȴ ᴥ Ɫᴯ Ɏ2ȳ3ȳ4ȳ5ȳ6 PVUɏȴ ῶӱ ȴ 

 

ד2005  3.15  6ѣ 4ѡ 1200UTC֯ 360K Ȳᴥ Ɫצ ѿ

… Ɏʆ ȾʆɏȲ ᴥⱢ Єȴ ᴥ Ɫᴯ Ɏ2̡ 3̡ 4̡ 5̡ 6 PVUɏȴ

ῶӱ ȴ 
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ד1987  3.16  9ѣ 16ѡȲ⁮ҙ ᾼ TOMSɎTotal Ozone Mapping Systemɏ

Ȳ ᾼמּ ῶӱ ⇔ Ȳױ ⁮ҙ Ɫᵅ ⇔ȴ

ᴥמּ Ɫᴫ 68.1⇔ Ȳ⁮ 60⇔ẞ⁮ 72⇔Пвᾼ ȴɎ ẃ

ȸNASAɏ 
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ד1987  3.17  9ѣ 16ѡ 1200UTC ⇔֯ 65500ѐɎfeetɏҿҢȲᾘ ᴫ 68.1

⇔Ȳ⁮ 60⇔ẞ⁮ 72⇔вȲ NASAᾼ ER-2 Ɏּמ ɏ

Ϛ о Ɏ ɏᾼ ⇔ ⇔иӁȴɎ ẃ Beloit College and the 

Regents of the University of Californiaɏ  

 

 3.18  ᶄ Ɫ ⇔Ȳ Ɫצ ѿ … Ɏʆ ȾʆɏȲ1987ד 9

ѣ 16ѡ 1200UTC֯ 495K Ȳᾘ ᴫ 68.1⇔Ȳ⁮ 60⇔ẞ⁮

72⇔П ᾼצ ⇔иӁȴ 
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4.  

 

 4.1  оᵧ Ẓ ◕ᾼᶮכ ȴḕ Ϯщ ҏ ҵ֯ ֥

ɎExternally Forced Convergence, EFCɏᾼ Ȳ М Ԛҏ ẒװȲ

Ẕ ṿϚ вצ ☼ɎExtreme Convection, ECɏ ӢȲṳѹ

в֯ ֥Ɏ Internally Forced Convergence, IFCɏἨ╥ CISK

ɎConditional Instability of Second Kindɏᾼ ȴɎ ᴞ Gray, 1998ɏ 
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 4.2  Ѭӂ ϱᾼ ὧ ☼ӱ ȲCLῶӱ ꜜ ⇔Ȳױ ֣ Ɫ 0Ȳ

ῶӱ ֣ ⇔иӁȲ Ɫ ⇔ ⇔иӁȲὧ

☼⁮ ᾼ ϱѠ ⇔ ⇔ Ɫ Ȳ ϯѠ ⇔ ⇔ ⱢӔȴ

ҢϯѠᾼ Ɫᴕ Ӕ Є ☼ Ȳ֯ CL ῺᾼѬӂ й Ҡѿᶮכ

⅔ה ☼ Ɏ ɏȴɎ ᴞ Dunkerton et al., 2009ɏ 
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 4.3  ῶӱ☼ ȲòKelvinôs catsô-eyesò╥ᶮᾭֽ Ϛ ᾼ⅔ ☼ ȴ

ῶӱ ⇔ᾼ ȲֽὨ ᴥמּ ᾼ ⇔ѩ ᴥЄȲɎaɏמּ

ᾼ ꜜ Ɫ иᵮן ᾓȲɎbɏᾼ ꜜ Ɫ Ѿᶙּרᾼч ᾓȴɎcɏᾼ

ꜜ Ɫ over-reflectionȴ ꜜ ╥╓ Ђѩᾌᾼ ד֣ ế￼ ☼ ᾼ

֣ ЄЊד ̡Ѡ֣דчᾼ Ȳ ꜜ Мї Ɫ ꜜ ⇔ȲẔ ֣

Ɫ ȴɎ ᴞ Dunkerton et al., 2009ɏ
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 4.4  Debbyᶮכ›֯ 850hPaϱ ὧ ᾌ ᾼѬӂ☼ ד ⇔иӁȲ ẃ Ɫ ERA-40ȴ ᴥ ῶӱѬӂᾼ☼

Ȳ מּ ῶӱ ₤ ᾼ☼ ȴᴥ Ɫᵅ Ɏ Єὑ 2.5щɏד ⇔иӁȲ ᴯⱢρπί ȴ ҅ῶὧ ᾌᾼ

ȴ ῶӱᵅ Ɏ Єὑ 2.5щɏ ֣ Ɫ Ȳ Ɫ ȴ ∟Ϛ ᾼ Ɫ best-trackᾼᶮכᴯ ȴ

∟Ϛ ᾼ מּ ╥Ḇᵅ Ɏ Єὑ 9щɏᾼ ֣ Ɫ ȴ850hPaϱὧ ᾌᾼ ֣ ⇔Ɫ ρπȢπ πȢφÍȾÓȴɎ ᴞ

Dunkerton et al., 2009ɏ 
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 4.5  Debby֯ 600hPaϱ ὧ ᾌ ᾼѬӂ☼ ד ⇔иӁȲẔ ӱᶁ Ȳ600hPaϱὧ֝ד4.4 ᾌᾼ ֣

⇔Ɫ ωȢρ πȢσȾÓȴɎ ᴞ Dunkerton et al., 2009ɏ 
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 4.6  DebbyɎ2000ɏɲ כ ֯ 850hPaế 600hPaϱ ѦɎЛ ὧ ᾌ ɏᾼѬӂ☼ ד ⇔иӁȲ ẃ Ɫ ERA-40ȴ

ᴥ ῶӱѬӂᾼ☼ ȲҔᵶ и Ȳ מּ ῶӱ ₤ Ɏsaddle pointɏᾼ☼ ȴᴥ Ɫᵅ Ɏ Є

ὑ 2.5щɏד ⇔иӁȲ ᴯⱢρπί ȴɎ ᴞ Dunkerton et al., 2009ɏ 
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 4.7  Debby֯ 850hPaϱ ὧ ᾌ ᾼѬӂ☼ saturation fractionиӁȴᴥ Ɫ saturation fractionиӁȲ 81ẞ 100Ȳ

ᴯⱢᴍиѩȴẔ ӱᶁ ȴɎ֝ד4.4 ᴞ Dunkerton et al., 2009ɏ 
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 4.8  Debby֯ 600hPaϱ ὧ ᾌ ᾼѬӂ☼ ϮЊ ​ иӁȴᴥ ⱢϮЊ ​иӁȲ ᴯⱢÍÍȾÄÁÙȴ

Ẕ ӱᶁ ȴɎ֝ד4.4 ᴞ Dunkerton et al., 2009ɏ 
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 4.9  Fabio֯ 850hPa ὧ ᾌ ᾼѬӂ☼ 850hPa 500hPaᾼ₣᾿ й Ȳ Fabioᶮכ› 36Њ ḕ 6Њ Ϛ

Ȳ ẃ Ɫ ERA-40ȴᴥ Ɫ 850hPa 500hPaᾼ₣᾿ й Ɏ ᴯⱢÍȾÓɏȴẔ ӱᶁὑ Ȳ850hPaϱὧ֝ד4.4

ᾌᾼ ֣ ⇔Ɫ σȢχ πȢυÍȾÓȴɎ ᴞ Dunkerton et al., 2009ɏ 
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 4.10  Fabio֯ 600hPa ὧ ᾌ ᾼѬӂ☼ 850hPa 200hPaᾼ₣᾿ й Ȳ Fabioᶮכ› 36Њ ḕ 6Њ

Ϛ Ȳ ẃ Ɫ ERA-40ȴᴥ Ɫ 850hPa 200hPaᾼ₣᾿ й Ɏ ᴯⱢÍȾÓɏȴẔ ӱᶁ Ȳ600hPaϱὧ֝ד4.4

ᾌᾼ ֣ ⇔Ɫ σȢρ πȢψÍȾÓȴɎ ᴞ Dunkerton et al., 2009ɏ 
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 4.11  Ӧ PGI38ɎGastonɏṎẐ вᾼ Ὲ Ḗ ӂᶁ ᴯ Ɏvirtual 

potential temperatureȲʃɏ ד ᴯ Ɏpseudo-equivalent potential 

temperatureȲʃɏ₣᾿ ȴּמ ῶӱ 9ѣ 10ѡẞ 14ѡᾼ ᴯ Ȳ

ῶӱ 9ѣ 10ѡẞ 14ѡᾼ ד ᴯ ȴɎ ᴞ Smith and Montgomery, 

2011ɏ 
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 4.12  Ӧ PGI44ɎKarlɏṎẐ ᾼ Ὲ Ḗ ӂᶁ ᴯ Ɏvirtual potential 

temperatureȲʃɏ ד ᴯ Ɏpseudo-equivalent potential temperatureȲ

ʃɏ₣᾿ ȴּמ ῶӱ 9ѣ 10ѡẞ 14ѡᾼ ᴯ Ȳ ῶӱ 9ѣ 10

ѡẞ 14ѡᾼ ד ᴯ ȴɎ ᴞ Smith and Montgomery, 2011ɏ 

 

 



68 

 

 

 4.13  ҿ Ɫ GastonȲҢ Ɫ Karl֯Л֝ ⇔ᾼד ⇔ щ оȴדױ ⇔╥ѿṎẐ МїẒ⇔ вᾼ ậӂᶁȲד

⇔ᾼ ẃ Ɫ ECMWFᾼ ȴɎ ᴞ Rutherford and Montgomery, 2011ɏ
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ד2010  4.14  9ѣ 1ѡẞ 9ѣ 6ѡ 0000UTC Ȳ Ɫ 500hPaᾼד ⇔Ɏ1ȳ

2ȳ3ȳ4ȳ5 ρπs
-1ɏȲᴥ ╥500hPaᾼצ ѿ … Ɏʆ ȾʆɏȲ

ᴥϮṔᶮῶӱמּ Gastonȴ 
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ד2010  4.15  9ѣ 1ѡẞ 6ѡᾼ ╦Ѭ Ɏ ԝѠה מɏȴּ֝ד4.14

ᴥῶӱ Ѭ ᵶ Ȳ ᴥῶӱᵅѬ ᵶ ȴɎ ẃ ȸNRLɏ 
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ד2010  4.16  9ѣ 10ѡẞ 9ѣ 15ѡ 0000UTCȲ Ɫ 500hPaᾼד ⇔

Ɏ1ȳ2ȳ3ȳ4ȳ5 ρπs
-1ɏȲᴥ ╥ 500hPaᾼצ ѿ …

Ɏʆ ȾʆɏȲּמᴥϮṔᶮῶӱ Karlȴ 
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ד2010  4.17  9ѣ 10ѡẞ 15ѡᾼ ╦Ѭ Ɏ ԝѠה ɏȲ֝ד4.16

ᴥῶӱמּ Ѭ ᵶ Ȳ ᴥῶӱᵅѬ ᵶ ȴɎ ẃ ȸNRLɏ 
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ד2010  4.18  9ѣ 1ѡẞ 9ѣ 6ѡ 0000UTCȲ Ɫ 700hPaᾼד ⇔Ɏ1ȳ

2ȳ3ȳ4ȳ5 ρπs
-1ɏȲᴥ ╥700hPaᾼצ ѿ … Ɏʆ ȾʆɏȲ

ᴥϮṔᶮῶӱמּ Gastonȴ 
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ד2010  4.19  9ѣ 10ѡẞ 9ѣ 15ѡ 0000UTCȲ Ɫ 700hPaᾼד ⇔

Ɏ1ȳ2ȳ3ȳ4ȳ5 ρπs
-1ɏȲᴥ ╥ 700hPaᾼצ ѿ …

Ɏʆ ȾʆɏȲּמᴥϮṔᶮῶӱ Karlȴ 

 








