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1

(Tropical Cylone; TC) ,

. TC ,

. ,

. ,

, 100 - 200 km

( , Willoughby, 1988; Houze, 2010).

. 10 km 50 km

. , 50 - 150 km

. ,

( , Schubert et al., 1999).

, , ,

,

( , Houze, 2010). ,

, . ,

, ,

( , Houze, 2010). ,

, ( , Ohno and

Satoh, 2015). ,

.

, . ,

TC ,

1



.

, .

200 km .

( ) ,

.

,

.

,

( , Emanuel, 1986).

, ( ,

), .

,

( , Emanuel, 1986). ,

, . ,

. , TC

. ,

, ( , Emanuel, 1986; Houze, 2010).

( ) , TC , TC

( , Schubert et al., 1999; Kossin et al.,

2000; Rozoff et al., 2006; Kuo et al., 2004, 2008).

TC ( , Black andWilloughby,

1992; McNoldy, 2004; Houze et al., 2007; Houze, 2010).

(Concentric Eyewall; CE) ,

. TC CE

2



. , TC .

,

.

1. ,

2. CE (Eyewall Replacement Cycle; ERC)

3. CE .

, 2 3 , (Eyewall Re-

placement Cycle; ERC) .

1.1

1.1.1

Fortner (1958) . Fortner

, Sarah (1956) .

, ”The eye was found to have an eye within an eye; the

diameter of the outer eye was 15 mi. and the inner eye had a diameter 3mi.”

.

, , Jordan and Schatzle (1961)

Donna (1960) ,

. ”The ’Double eye’ of Hurricane Donna”

, ,

2 .

3



,

. , Joint Typhoon Warning Center (JTWC)

Annular Report (Kotsch and Hutchinson, 1961)

Nancy (1961) ”Double eye”

, .

.

1970

, ,

. Hoose and Colón (1970)

Beulah (1967) , San Juan

,

. , 13

, 5 ,

,

.

Black and Willoughby (1992) ,

Gilbert (1988) ,

, . ,

,

. ,

, ,

. ,

,

.

4



Houze et al. (2006, 2007) The Hurricane Rainband and Intensity Change

Experiment (RAINEX ) ,

Rita (2005) , ,

,

3 .

,

, moat ( *1)

. , Rita , moat

,

. , ( 500

m ) , ,

. , 1200 m ,

. ,

moat , moat

. ,

, moat

. Rita ,

.

,

,

. ,

,

*1 , .

5



.

, Yang et al. (2013)

. 1997 2011

,

. , 85 GHz

,

, 8 . 8

8 .

, . 8

, 2 , 5

, TC .

, 15 , 70

, :

ERC 20 (37 ; 53 %).

NRC 20 (17 ; 24 %).

CEM 20 (16 ; 23 %).

, , , 1/4

CE .

, CEM ERC NRC ,

• .

• .

6



• moat .

. ,

, CEM ,

• ,

• ,

• ,

.

, Yang et al. (2015) ,

, ,

, CEM

. ,

CE .

CEM

, , CEM . Yang et al.

(2014) , Soulik (2013)

, 2, 3 CEM

.

1.1.2

,

. Kuo et al. (2004, 2008) ,

, ,

7



, . ,

:

1. .

2. ,

( , )

.

, Moon et al. (2010) TC

, .

Rozoff et al. (2006) , Rapid Fila-

mentation moat .

( ), (

) . , moat (

), ( ) , moat

. ,

.

q , (x, y)

Dq

Dt
= q̇,

D

Dt
≡ ∂

∂t
+ u

∂

∂x
+ v

∂

∂y

(1)

. , u, v x, y , q̇ q

. Okubo (1970); Weiss (1991) q

8



D

Dt

⎡
⎢⎣ qx + iqy

qx − iqy

⎤
⎥⎦ =

⎡
⎢⎣ iζ/2 −(S1 + iS2)/2

−(S1 − iS2)/2 −iζ/2

⎤
⎥⎦

⎡
⎢⎣ qx + iqy

qx − iqy

⎤
⎥⎦+

⎡
⎢⎣ q̇x + iq̇y

q̇x − iq̇y

⎤
⎥⎦ .

(2)

, qx+ iqy, qx− iqy q ,

. qx, qy , q x, y . ,

, q

. (2) 2 ,

q , 1 2 e−folding

:

exp

[
t

τf

]
, (S2

1 + S2
2 > ζ2), exponential growth

exp

[
i
t

|τf |
]
, (S2

1 + S2
2 < ζ2), oscillation

, τf Filamentation :

τf ≡ 2(S2
1 + S2

2 − ζ2)−1/2, (3)

S1 =
∂u

∂x
− ∂v

∂y
, S2 =

∂v

∂x
+

∂u

∂y
.

, . ζ . , (2)

2 q , (3) q

, q ,

. TC , (1) q̇

, (∼30 ) τf q

9



, moat . , Rozoff et al. (2006) ,

moat τf 30 ,

(rapid filamentation) moat .

, Wang (2008) 3 TC ,

moat filamentation

. moat rapid filamentation

.

Terwey and Montgomery (2008) Vallis and Maltrud (1993)

Jet genesis TC

. Jet genesis .

, ,

,

,

. TC Jet genesis ,

,

, ,

. ,

, . ,

,

. , Wind-Induced Surface

Heat Exchange (WISHE) *2(Emanuel, 1986, 1989, 1995a,b; Emanuel

*2Emanuel (1986)
. , ,

. ,
.

, ,
.

10



et al., 1994) , .

. , TC

, (Convective

Available Potential Energy; CAPE) ,

(q) (r) (−α∂q/∂r) *3

, ,

.

Huang et al. (2012) TC ,

, ,

.

, (M)

DM

Dt
= rF, M ≡ rv +

fr2

2

. , r, v, f , ,

. F ( , )

. ,

F M . , T

, M (δM) t

δM =

∫ T

0

rFdt

. , ,

, .
, . WISHE .

*3α .

11



T , M .

. , DM/Dt ≈ 0 ,

rv +
fr2

2
= const.

,

, ,

.

Wang et al. (2016)

,

,

. ,

( , Wang, 2009; Judt and Chen, 2010; Moon and Nolan, 2010; Rozoff

et al., 2012).

, ,

. ,

. ,

. ,

. ,

, Rayleigh-Kuo ( 6.1 ).

Kossin et al. (2000)

. , 2 ,

12



(

) , , 2 .

Type-I , .

, , .

, . Type-II

. ,

, , .

,

. , Zhou and Wang (2011) 3 ,

, ,

, Kossin et al. (2000) .

Rozoff et al. (2008)

, . ,

. , ,

,

. , ,

. ,

. ,

,

, .

Zhou and Wang (2011) 3

, . , ,

13



,

,

. Houze et al. (2007)

,

.

, . Nguyen

et al. (2011) , Inner-core Vacillation Cycle (IVC)

. TC

. IVC ,

• TC .

• PV PV

.

• 4-6 (ERC 12 ).

. , ,

, .

1.2

,

, (Secondary Eyewall Formation; SEF)

.

, ,

, . ,

14



,

, .

, ,

.

, TC

. ,

, .

, , TC

. ,

. ,

,

.

,

. ,

. , 1 ,

.

15



2

, 3 Cloud Resolving Storm Simulator

(CReSS 3.4.2; Tsuboki and Sakakibara, 2002) .

2.1

2.1.1

5 ,

2 . Wang et al. (2013) ,

2 km . ,

, , .

Rapid Radiative Transfer Model (RRTM-G)

,

( k ). Ebert and

Curry (1992) , 50 μm

. , , , ,

4 . CO2 O3 .

2.1.2

Terwey and Montgomery (2008)

V

. , r z

16



, :

V (r, z) = −fr

2
+

√(
fr

2

)2

− 2r2θv0π
′

(r2 + a2)
, (4)

π′(r, z) =
B0a

2H

(a2 + r2)π

{
1

2
cos

(
2πz

H

)
− 0.2 cos

(πz
H

)
− 0.7

}
(5)

f, π, θv0(= θv0(z)) , ,

. . H, a

1/2, , H =8 km, a =100 km

. B0 10 m s−1 ,

B0 = 4× 10−7 . f 15◦ .

(4), (5) , .

, .

100 km 2 K .

. Jordan (1958)

. , ,

, .

2.2

2.2.1

CE 2 km .

, .

,

. ,

17



.

, , .

, ,

,

. TC

. ,

,

. , . ,

CReSS ,

.

3 .

1 .

4 .

1 km .

(Sea Surface Temperature; SST) Segami et al. (1989)

1 .

, .

Lin et al. (2008)

. , , Yablonsky and Ginis (2009)

. , Bolaven

SST , SST

18



2 K , SST

.

2.2.2

5 km Domain 1 GSM ( 0.5◦ × 0.5◦)

, 6 GSM .

GSM

(http://database.rish.kyoto-u.ac.jp/arch/glob-atmos/)

. , 2.5 km Domain 2 Domain 1

, 1 km Domain 3 Domain

2 . , Domain 1

( ).

, Domain 2, 3 , Domain 1

( ). Domain 1

. SST

Merged satellite and in-situ data Global Daily

Sea Surface Temperature (MGDSST) (http://ds.data.jma.go.jp/

gmd/goos/data/database.html) ( 0.25 ).

U.S. National Aeronautics and Space Administration U.S. Geological Survey

30 Shuttle Radar Topography Mission data

(http://www.dgadv.com/srtm30/).

19



2.3

CE ,

. , Bolaven , Regional Special-

ized Meteorological Center (RSMC) Tokyo

(http://www.jma.go.jp/jma/jma-eng/jma-center/rsmc-hp-pub-eg/besttrack.

html) . Yang et al. (2013) CE

, (Naval Research Laboratory; NRL) ,

(https://www.nrlmry.navy.mil/TC.html)

(Hawkins et al., 2001) . ,

(http://database.rish.kyoto-u.

ac.jp/arch/glob-atmos/) ,

CE . ,

10 .

, 3

, CE 3 .

20



3

3.1

3.1.1

, .

2 , , (Radius of

Maximum Wind; RMW) . Ts = 0 ,

Ts = 20 , .

900 hPa, 85 m s−1 . RMW Ts = 30 60 km

.

3 5 km ,

. Ts = 14 ,

30 km . , 70 km .

,

. Ts = 15 , 30 km .

Secondary Eyewall Formation (SEF)

Eyewall Replacement Cycle (ERC)

(e.g., Wu et al., 2012). Ts = 17, 22

. , ,

, Ts = 25 , .

SEF ERC

, , CE 5 km .

, 5 km 6

21



. , SEF

time . Nguyen et al. (2011) ERC ,

(Inner-core Vacillation Cycle; IVC) . IVC

4 - 6 , ERC 12 - 18 .

, ERC IVC , SEF time ,

6 .

, 13 SEF . SEF time

5 , 3 . SEF ,

CE1, CE2, · · · , CE13 ( 3).

Ts =15, 17, 22 , RMW

( 2c ). Ts = 15, 17 RMW

( 2b).

. Ts =14, 16, 19 , ( 2b

). , ( 3a). Ts =15, 17, 22

, RMW ( 2c ). ,

CE1, CE2, CE4 ( 3a, CE1, CE2, CE4

). CE ERC

(e.g., Black and Willoughby, 1992; Zhou and Wang, 2011).

, CE1, CE2, CE4 CE ERC . ,

CE CE . , CE

, Yang et al. (2013) ERC , SEF

(20 ) .

Yang et al. (2013) ERC CE CE

.

22



CE3 , , ,

. CE

(e.g., Yang et al., 2013).

, , .

3 , CE5 CE13 , 150 km .

, 100 km ,

, . ,

. ,

. , CE10 CE13

CE5 CE9

. , (

). 5 3 . 5

, CE5 CE13 CE 1 .

, CE5 CE13 CE CE .

CE Yang et al. (2013) CEM CE . ,

CE . ,

, CE TC CE

. Yang et al. (2013)

. , CE

.

3.1.2 CE

4 CE2 5 km

, , . TCE 5 SEF

23



. TCE = 0 20 km

( 4a, b). 60 km

( 4a). ,

. moat , 30 km

,

. TCE = 12 , ,

( 4d). moat 30, 50 km

( 4d). TCE = 22 , 20

km , 10 km ,

( 4f). , 40 km ,

100 km ( 4e, f).

. CE2

(e.g. Zhou and Wang, 2011).

3.1.3 CE

Ts =10 25 , ERC .

, Ts =25 ,

( 3b, c). 5 CE10

. TCE = 0 , 60 km 130

km ( 5a, b). CE2 , CE10

SEF

( 5b, d, f). CE10 CE2

( 4b, 5b). CE10 ,

. , CE10

24



( 5) CE2 ( 4) .

CE SEF

. ( 3). , CE

. , CE2

70 - 80 km , 1 30 - 40 km (

3a). , CE10 130 - 140 km , 1

110 - 120 km ( 3c). , CE

100 km , ( 3).

, ,

100 km ,

. ,

CE . , CE

, , , ,

,

.

3.2

3.2.1 KE

CE , (Kinetic Energy;

KE) . KE , Wang (2002b)

∂K

∂t
= ADVKB+ PTCB

+ BUOYB+ CONV +DISB.

(6)

25



, K KE , :

K ≡ u2 + v2 + w2

2
. (7)

,

ADVKB ≡− u
∂K

∂r
− w

∂K

∂z
,

PTCB ≡− u

ρ0

∂p

∂r
− w

ρ0

∂p

∂z
,

BUOYB ≡wB,

CONV ≡− u

[
∂ru′2

r∂r
+

1

ρ0

∂ρ0u′w′

∂z
− v′2

r

]

− v

[
∂ru′v′

r∂r
+

1

ρ0

∂ρ0v′w′

∂z
+

u′v′

r

]

− w

[
∂ru′w′

r∂r
+

1

ρ0

∂ρ0w′2

∂z

]
,

DISB ≡uF r + vF λ + wF z,

(8)

. u, v, w (r, λ, z) , ,

. , Fr, Fλ, Fz , , (

) . ρ0, p, B (z

), , . ,

ϕ ≡ 1

2π

∫ 2π

0

ϕdλ,

ϕ′ ≡ ϕ− ϕ,

, . , ϕ

. (6)-(8) 6.6 .

26



6 CE10 , (6) .

, ,

. , (6) ( KE )

,

( 6e, f). KE 50 km 120 km 2

, . KE

. ,

moat KE . KE

, KE ∂/∂r(∂K/∂t) < 0

. , KE KE , KE

, . KE KE

, KE , KE

. , 6f moat KE

, KE . KE

, .

, KE .

. , ,

( , KE ) .

CE

. ,

, KE .

(e.g., Abarca and Montgomery, 2015),

. , , KE

27



. , KE ,

∂/∂r(∂K/∂t) . ,

, KE .

, , (Available Potential Energy;

APE) KE (BUOYB) KE

( 6a). , BUOYB .

, ADVKB .

ADVKB , BUOYB

( 6c). CONV DISB

KE ( 6d).

, KE

( 6b). PTCB

(−(u/ρ0)∂p/∂r) (−(w/ρ0)∂p/∂z) . PTCB

moat .

. , PTCB

. , moat

( 5f). , TC

, PTCB

.

PTCB BUOYB ADVKB

. , KE

, . moat , BUOYB ADVKB

PTCB , KE , KE

. , CE

28



, moat

KE , .

, moat

. , .

, .

:

Du

Dt
= − 1

ρ0

∂p

∂r
+

(
f +

v

r

)
v

. , . ,

, Du/Dt > 0,

.

, .

, moat ,

. 7 CE10

. TCE =48 h 10

m s−1 .

, . ,

moat , PTCB

. , . ,

,

(Huang et al., 2012; Abarca and Montgomery, 2014).

CE10 , CE

. 8 CE SEF 24

.

29



. CE

CE

.

CE

. CE4

TCE =0 to 10 h CE ( 8 ).

, TCE = 10 h . CE4

Houze et al. (2006)

.

, SEF CE4 ,

.

Zhou and Wang (2011) ERC

. ,

. CE2 CE4 ERC

(SEF ) , CE4

. , SEF 100 km (

9). , CE , CE4

( 9 ). ,

CE4 . , CE4

, ERC

. ERC ,

, .

30



3.2.2

CE10 CE2 , ,

( 4, 5). CE10

, 4 m s−1 ( 5d).

PTCB , KE

. , .

, BUOYB CE2

. CE10 ,

. , CE10

.

10 CE2 CE10

. CE , 360 K

, 350 K .

.

, CE2 CE10 350 K

. CE2 350 K , 350 K 200

km 14 km ( 10a). CE2 TC

, ,

. 370 K . 12 km

, 30 km . , CE10 350 K

, 200 km 9 km (

10b). , CE10 TC ,

, ( 10b 370 K ).

31



, 370 K 9 km , 100 km

. TC

.

. 350 K ,

200 km 350 K . (

) ,

. , CE10

, .

, Ma et al. (2017) ,

, .

,

, . CE

,

,

. , TC

, CE .

3.2.3

. ,

. Yang et al. (2013)

, . ,

, SST, , ,

, .

32



, . , SST

, . , ,

, f . SST

.

,

, . 11 ,

500 km SEF

. CE (

84 % ) ( 11a). CE 84 %

. (

11b). , CE4 CE .

(Yang et al., 2013). ,

, TC

.

CE4 .

, . ,

CE4 CE CE ERC .

CE4 ERC

. , CE

( 84 % ) (Yang et al., 2013)

( 65 % ) .

, , TC CE

. .
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4 Bolaven

4.1 Bolaven

Bolaven 2012 8 19 , (142.1◦E, 14.1◦N) .

, 2012 8 26 ( 1).

, 8 28 , 29 .

, 100 knot,

910 hPa ( 3) *4.

8 25 1200 UTC .

, , Bolaven

( 12). 12b , Bolaven

,

(e.g., McNoldy, 2004; Zhao et al., 2016). McNoldy (2004)

, . Bolaven

, Yang et al. (2013)

. ,

, . , Yang

et al. (2013) , Abarca et al. (2014)

( 6.3 ).

, 12 ,

. , 8 25 1100 UTC

( 12a, b). , 26 0800 UTC (

*4 10 . , Joint Typhoon
Warning Center (JTWC) 1 . ,

. JTWC , 24 1800
UTC , 125 knot, 929 hPa .
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12c), 26 2000 UTC ( 12d). ,

20 , Yang et al. (2013) CEM

. , , 2

,

( 12c ).

,

. ,

, 1 km 10 .

Bolaven ,

( 13). Bolaven ,

,

( 13a). 12

, Bolaven

( 13b). Bolaven 8 26 1800 UTC

(Fig. 13c). , , 2

.

, .

( 12d). ,

, 8 27 0700 UTC ( ).

, , Bolaven 1

.

, Bolaven

. 14 ,

,

35



(8 25 1800 UTC 26 1800

UTC). , 3 8 24

1200 UTC Ts . ,

. Ts = 30 h 46 h , 2 3

. PO1

. , Ts = 46 h 54 h

. PO2 . , Bolaven

1 .

,

, Ts = 42 h 20, 60, 120 km

( 14). ,

10 km, 20 km, 60 km . , ,

moat , Ts = 30

h moat 20 - 30 km , moat 40 - 60 km

. Ts = 42 h , moat 10 km, 20 km

.

3 (Constant Altitude Plan

Position Indicator; CAPPI) , Bolaven .

15 Ts = 42 h .

, 20 dBZ 1 ,

2 10 km . , 1

10 km , 2 6 km .

(

). Bolaven
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. Yang et al. (2013) TBB

(Convective Activity; CA) ,

CEM SEF

, Bolaven . ,

Bolaven ( 8 km, 6 km)

( ). 3

14 .

4.2

4.2.1 Bolaven

3 ( 66 ) , .

Braun (2002) .

TC

(e.g., Mashiko, 2005). 6.4 .

(Root Mean Square Error; RMSE)

168 km . 1

, 3

. 1, 2

. Bolaven Tembin

, 1 Tembin

( ). , Tembin ,

. 3

. ,

37



, .

16 ,

. 910 hPa

, 926 hPa (

16a). , 47.5 m s−1

, 40 m s−1 .

Ts = 10 h 24 h

, Ts = 27 h 45 h

. , Bolaven Ts = 50 h ,

. ,

Ts = 50 h .

4.2.2

Ts = 15 h , ,

, (

17a). Ts = 24 h , ,

( 17b). , SEF

. Ts = 48 h , Bolaven

( 17c). ,

, .

( 13).

,

18 . 2

, 40 - 60 km 100 - 160 km .
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moat 40 km .

,

, 2 .

, 3 .

, 1

. , Ts = 24 h 50 h ,

2 .

Ts = 24 h 40 h ,

. PS1 ( 18 PS1). , Ts = 40 h

50 h .

PS2 ( 18 PS2).

Bolaven

. , ,

Bolaven Yang et al. (2013) CEM .

4.2.3

.

, *5

. Ts = 30 h , Bolaven 30 km ,

, ,

( 19). , 1

80 - 110 km , moat .

*5 Murakami (1990) ,
.
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moat , .

( 15). 40 - 60 km

, . , 100 - 160 km

1 , .

20 dBZ 15 km

. , 12 km . ,

Bolaven

.

, ,

. ,

( 15).

. 20 Ts = 30 h Bolaven

. , 5 m s−1

1 km ( 20c). 50 km 140 km

2 , . ,

. (

) ,

. , 120 km 3 m s−1

2 - 3 km .

, 1 km 2 ( 40 km,

140 km ) ,

( 20a). ,

40



. , , 100

km 180 km . ,

2 , 40 km 120 km .

(e.g., Zhou and Wang, 2011; Wu et al., 2012).

, ,

( 19).

, ,

.

Yang et al. (2013) CEM .

4.3

, Houze et al. (2006, 2007)

(e.g., Houze et al., 2007; Rozoff et al.,

2008). Zhou and

Wang (2011) . , Weather Research and Forecasting (WRF)

, . ,

( ) , SEF

.

,

. , SEF ,

, ,

. ,

41



(e.g., Kossin et al., 2000; Rozoff et al., 2008; Kepert,

2013) , .

,

. , ,

.

4.3.1

(θe)

Θe ≡
∫∫∫

V0

ρθedV ,

θe ≡ θ +
Lqv
CpΠ

,

(9)

. , ρ , V0

. , , 60 km, 17 km

( 18). L, Cp, Π , ,

. θ qv .

. , Θe

dΘe

dt
= ADV + LHSH, (10)

. , ADV

ADV ≡
∫∫

Sl

ρθev · ndS +VA, (11)

42



, 1, 2 . Sl

, v dS .

n .

, . VA

, ( ). LHSH

60 km .

.

21 .

1 , , 4

. ,

(10) . , SEF (Ts = 0

20 h) , . ,

Ts =20 50 h . ADV , 0 0.2

K h−1 ( 21 ) , LHSH 0.02 K h−1 ( 21 )

. ,

.

ADV SEF 0.16 0.04 K h−1 , Ts = 28

40 h , 0.04 0.1 K h−1 .

, Ts = 44 h . , PS1, PS2

, . ,

, (

). , 20c ,

. PS1 ,

( , dΘe/dt < 0 )

43



. , PS2

. PS2

. , Bolaven , PS1, PS2

, . ,

, .

, SEF

, .

4.3.2

,

. ,

, ,

. ,

, .

.

xt−δt = xt −U(xt)δt. (12)

, xt t , U(xt) xt 3

. U(xt) Domain 3 1 3

. ,

44



. , ,

. , U(xt)

8 . , (12) 4

Runge-Kutta , δt = 1 . ,

. 200, 300, 400, 500, 600, 700,

800 m 7 , 60 km

50 ( 350 ) .

.

Ts = 36 h (PS1 ) Ts = 46 h (PS2 )

.

12 . , Ts = 36 h Ts = 24 h , Ts = 46

h Ts = 34 h .

, 22

4 . 1 ( 22 Path 1)

1 km , 120 km

. 2 ( 22 Path 2)

. 3

( 22 Path 3) 60 120 km 100 m *6

. , 4 ( 22 Path 4) 60 km

12 . 4

. ,

4 , 4

*6 CReSS 100 m ,
. , 3 100 m
, .
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. , 1, 2, 3 21

.

Ts = 36 h , 1 3 224 .

, , 1 159 (71 %), 2 63

(28 %), 3 2 (1 %) . , Ts = 46 h , 1 3

188 , 1 3

150 (80 %), 36 (19 %), 2 (1 %) .

60 km , 1

. , 1

.

23 1 ,

. Ts = 36 h 60 km

, ,

(

23a d). PS1 1

.

, 20c , PS1 1 km 30 km

. , PS1

,

. , PS1

. Zhou and Wang (2011)

.

.

46



,

, .

, Ts = 46 h 60 km

, 2

( 23e h).

(1) 23f , 120 km

.

(2) 23f g , 120 km

.

. 24 PS2

PO2 .

.

*7

. ,

, . ,

.

,

. ,

( ). ,

*7 , ,
.

47



,

,

. ,

, ,

. ,

,

.

,

( ). ,

. PS2

, .

4.4

(e.g., Kossin et al., 2000) (e.g.,

Zhou and Wang, 2011) .

. ,

PV .

, (PV) :

P ≡ ωa ·∇θ

ρ0
,

. ωa

, θ , ρ0 . PV (P )

48



Wang (2002a) ,

∂P̄

∂t
= MADVR+MADVZ

+ MDIAR +MDIAZ

+ ASYMM+ FRIC,

(13)

MADVR ≡− 1

r

∂

∂r

(
rP̄ ū

)
,

MADVZ ≡− 1

ρ0

∂

∂z

(
ρ0P̄ w̄

)
,

MDIAR ≡1

r

∂

∂r

(
rQ̄ω̄ar

)
,

MDIAZ ≡ 1

ρ0

∂

∂z

(
ρ0Q̄ω̄az

)
,

ASYMM ≡− 1

r

∂

∂r

(
rP ′u′) ,

− 1

ρ0

∂

∂z

(
ρ0P ′w′) ,

+
1

r

∂

∂r

(
rQ′ω′

ar

)
,

+
1

ρ0

∂

∂z

(
ρ0Q′ω′

az

)
.

(14)

, u, w , . , ωar, ωaz ,

, Q . MADVR, MADVZ P ,

, MDIAR, MDIAZ , P

. ASYMM P

P . , FRIC P

, , .

. ,

ϕ ≡ 1

2π

∫ 2π

0

ϕdλ,
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ϕ′ ≡ ϕ− ϕ,

, ϕ . , ∂P̄/∂t PV

. (14) 6.5 . , ASSYM

.

25 (Ts = 36 h, PS1) 26 (Ts = 43 h, PS2) 3 6

. , ,

( 25b, 26b) P ( 25a, 26a)

. , PV

.

Ts = 36 h ( 25), PV MDIAR MADVZ

, MDIAZ MADVR . , PV

( 25c-f).

PV (Wang, 2002a; Wu et al.,

2016). PV , ∂/∂r(∂P/∂t) PV

. , PV ∂P/∂t

. , MDIAR MADVZ

MDIAZ MADVR , PV

. MDIAR MDIAZ

. , MADVR MADVZ

. , (14)

.

Ts = 43 h , (14) Ts = 36 h

( 25, 26). , PV ASYMM PV
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Ts = 36 h ( 25g, 26g). ASYMM

. , ASYMM

PV , PV

. PS2 , 3 km ASYMM

, PV ( 80 - 100 km) PV

( 26b). , PV ( 70 - 90 km)

PV . 27 Ts = 36 h, 43 h (14)

. PV

PS1, PS2 PV ,

. ,

. , PS1

PS2 ASYMM

. ,

1. PS1 PS2

,

2. ,

. ,

. , PS2

( 23e-h). Zhou and

Wang (2011) , ,

. ,

ERC .

, ,

51



. , , ERC

,

, ERC .

Bolaven PS2

PO2 ( 13c). Bolaven

, .

, Abarca and Montgomery (2015)

. ,

*8 . ,

, Sawyer-Eliassen ( 6.7

). , Abarca and Montgomery (2015)

Sawyer-Eliassen . , Abarca and

Montgomery (2015) , CE ,

, 28 m s−1

. Sawyer-Eliassen ,

16 m s−1 . , 12 m s−1

, . v

,

∂v

∂t
= −u(f + ζ)− w

∂v

∂z
.

, , 1

*8 , ,
.

.

52



. ,

2 ,

.

,

. 28 Sawyer-Eliassen ( 6.7 )

(e.g., Fudeyasu and Wang, 2011), Ts = 30 h

, 2 .

2 , ,

2 ( 20b, c) ,

. Wang et al. (2016) 12

, Kepert (2013)

. ,

Sawyer-Eliassen ,

. ,

, Ts = 30 h 15 m s−1 ( 20c)

, Sawyer-Eliassen 15 m s−1

( 28a).

, CE

. , PS1,

PS2 ( ). SEF

, ERC TC ,

. , CE

. CE

, CE

53



1 . , PV

,

. .

4.5

Yang et al. (2013) Kossin et al. (2000) ,

CE . , CReSS

Bolaven

. , Kossin et al. (2000)

( 6.2 ) , .

29 Kossin et al. (2000) Type-I

. ,

,

. 8

. 24 ,

, .

. Kossin et al. (2000)

6 . ,

.

, Kossin et al. (2000)

, CReSS Bolaven 3 km

. ,

54



30 . 50 km , 50

km 100 km

. moat

.

20 - 30 km . ,

4 . , 8

, 2 . moat

, 2 . 12

, , moat

.

, Kossin et al. (2000) 13 ,

CReSS Bolaven

, Type-II . ,

CReSS 3

. , CReSS

Bolaven CE Yang et al. (2013) Kossin et al.

(2000) .

, Bolaven CE

.

4.6

Bolaven ,

. 2 , 3

55



. 4.4

, Bolaven 2 Sawyer-

Eliassen 2 .

Bolaven Sawyer-Eliassen

.

, , Sawyer-Eliassen .

, , 2

.

,

. , ,

.

CE . ,

, . , PV PS1

2 PV .

, 2 ,

.

, TC , Pendergrass and Willoughby (2009) (Fig. B1a)

. , ,

56



:

v(r, z) = Vmax,m(z)

[
r

Rmax,m(z)

]
, 0 ≤ r ≤ R1,1(z),

v(r, z) = Vmax,m(z)

[
r

Rmax,m(z)

]

× [1− A(xm)] + Vo,mA(xm), R1,m(z) ≤ r ≤ R2,m(z),

v(r, z) = Vo,m = Vmax,m(z) exp

[
−r −Rmax,m(z)

300 km

]
,⎧⎪⎨

⎪⎩
R2,m(z) ≤ r ≤ R1,m+1(z), m < M,

R2,M(z) ≤ r, m = M.

(15)

, v(r, z) (r, z) . ,

xm =
r −R1,m

R2,m −R1,m

,

R2,m(z) = R1,m(z) + drm,

Rmax,m(z) = Rmax,m(0) + dRmax,m,

Vmax,m = Vmax,m(0)
[
1− z

18km

]
.

(16)

m M , m .

R1,m(z) Willoughby et al. (2006) (2), (3) .

( 31a),

Vmax,1(0) = Vmax,2(0) = 50 m s−1,

Rmax,1(0), Rmax,2(0) = 50 km, 100 km,

dRmax,1(0), Rmax,2(0) = 16/18, 128/18,

dr1, dr2 = 20 km, 40 km.

(17)
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, ( 31b),

Vmax,1(0) = Vmax,2(0) = Vmax,3(0) = 50 m s−1,

Rmax,1(0), Rmax,2(0), Rmax,3(0) = 15 km, 50 km, 100 km,

dRmax,1(0), Rmax,2(0), Rmax,3(0) = 16/18, 16/18, 128/18,

dr1, dr2, dr3 = 20 km, 20 km, 40 km.

(18)

,

, . ,

m = 2, 3 , m = 1

,

. m = 1 m = 2

.

31c, d 2 . ,

,

.

, 2 2 , 2

m s−1, 0.5 m s−1 ( 32).

,

2 10 % ( 32).

PV , 2

MADVR, MADVZ, MDIAR, MDIAZ . ,

2 10 %

, 10
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% . PV

PS1 ASYMM

. , ,

,

10 %

. , PS1

LHSH

.

. 2

, 60 km, 17 km

( , ρ × u; ρ, u

) . , 12 % .

, , 2

12 % .

, Bolaven ,

10 %

. , ,

CE .
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5

5.1

CE ,

CReSS .

, TC , SST TC

, ,

TC . 90

, 13 SEF 9 CE

.

CE . ,

CReSS

. 90 CReSS

.

, TC Ts =20 .

TC , 3 ERC CE ( ,

CE) . TC ,

ERC CE (e.g. Zhou

and Wang, 2011). , Ts = 20 , 9 CE

. , CE ,

, . ,

, .

9 CE ERC . 9

CE 1 ( ,
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CE). , CE TC

CE TC . Yang

et al. (2013) .

CE

. CE .

, , .

,

. CE

, (KE) . 33

. , APE KE

BUOYB KE . ,

BUOYB ,

(PTCB) . , PTCB KE

. PTCB moat

( 33 ). , KE . moat

KE , CE

.

PTCB

( 33 ).

,

. ,

( 33 ”SG” ). , CE

CE ,

CE . ,

61



,

.

, ,

,

. , CE

1 . , Zhou and Wang (2011) CE

, ,

CE .

CE ,

CE

. , 350

K . 350 K

( 33 350 K ).

.

, 350 K

. ,

. , TC

, ,

. ,

, . Yang

et al. (2013) CEM TC .

Yang et al. (2013) CE TC

. , TC

CE , . CE
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, . Yang et al. (2013)

. , CE ,

, .

5.2 Bolaven

CE

. ,

CE ,

CE Bolaven (2012) CReSS

, .

Bolaven , , CE .

,

2 . ,

, CE 2 .

PS1; PO1 SEF 16 ,

. , .

PS2; PO2 PS1 (PO1) 8 , ,

. , .

CE 2 .

1. ,

2. ,

63



, , , ,

(PV) .

( 34) .

(1) , , PS1, PS2

.

. ,

4

.

Path 1

.

Path 2 .

Path 3 moat .

Path 4 moat , .

, PS1, PS2 Path 1

. ,

( 34a ). , PS1 PS2 .

. Path 1 , PS1

( 34b ).

, PS2

( 34b

). PS1 PS2

64



. PS1

. , PS2

.

(2) , PV .

PV , PV

PV . PS1, PS2

, PV PV

. PV PV

, PV ( 34a

; MDIAR + MADVZ > 0). , PV

PV , PV

( 34a ; MDIAZ +MADVR > 0). PS1

,

.

PS1 PV PV

PV . , PS2 PV

. , , PV

PV , PV PV

( 34a ). , PS1

PV

, PS2

PV .

Bolaven , , PV

, CE

65



. ERC ,

Zhou and Wang (2011) , ,

.

, Bolaven

, 1 . ,

.

, ,

. ,

, , .

, Abarca and Montgomery (2015)

, Yang et al. (2013) moat

.

.

, , TC CE

. ,

CE

.
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6

6.1 Rayleigh-Kuo

6.1.1

, Kossin et al. (2000) Rayleigh-Kuo

. , β(= df/dy) 2

∂u

∂t
+ u

∂u

∂x
+ v

∂u

∂y
− fv = − 1

ρ0

∂p

∂x
,

∂v

∂t
+ u

∂v

∂x
+ v

∂v

∂y
+ fu = − 1

ρ0

∂p

∂y
,

∂u

∂x
+

∂v

∂y
= 0.

, u, v, p (x, y) x, y

. ρ0 , f . (ζ)

∂ζ

∂t
+ u

∂ζ

∂x
+ v

∂ζ

∂y
+ βv = 0 (19)

. , u .

x ( ) ( ) ,

u = u(y) + u′(x, y, t), v = v′(x, y, t), ζ = −du

dy
+ ζ ′(x, y, t).

,

∂ζ ′

∂t
+ (u+ u′)

∂ζ ′

∂x
− v′

d2u

dy2
+ v′

∂ζ ′

∂y
+ βv′ = 0.
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2 ,

∂ζ ′

∂t
+ u

∂ζ ′

∂x
+

(
β − d2u

dy2

)
v′ = 0.

, ψ′ ,

u′ = −∂ψ′

∂y
, v′ =

∂ψ′

∂x
, ζ ′ =

(
∂2

∂x2
+

∂2

∂y2

)
ψ′(= ∇2ψ′).

ψ′ ,

(
∂

∂t
+ u

∂

∂x

)
(∇2ψ′) +

(
β − d2u

dy2

)
∂ψ′

∂x
= 0.

, x ( k, c)

ψ′ = ψ̂(y)eik(x−ct)

,

[
(−c+ u)

(
−k2ψ̂ +

d2ψ̂

dy2

)
+

(
β − d2u

dy2

)
ψ̂

]
eik(x−ct) = 0.

, c = cr + ici, cr, ci , , ci > 0 , ψ′ ∝ ecit

(= ).

(−c+ u)

(
−k2ψ̂ +

d2ψ̂

dy2

)
+

(
β − d2u

dy2

)
ψ̂ = 0.
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Rayleigh . ψ̂∗ ( ) ,

(−c+ u)

(
−k2

∣∣∣ψ̂∣∣∣2 + ψ̂∗d
2ψ̂

dy2

)
+

(
β − d2u

dy2

) ∣∣∣ψ̂∣∣∣2 = 0.

*9. c �= u

, y (0 ≤ y ≤ L)

( ) ,

∫ L

0

⎡
⎣−k2

∣∣∣ψ̂∣∣∣2 −
∣∣∣∣∣dψ̂dy

∣∣∣∣∣
2

+ (u− c∗)
β − uyy

|ū− c|2
∣∣∣ψ̂∣∣∣2

⎤
⎦ dy = 0.

c , .

,

ci

∫ L

0

β − uyy

|ū− c|2
∣∣∣ψ̂∣∣∣2 dy = 0.

, ci > 0 . ,

:

∫ L

0

β − uyy

|ū− c|2
∣∣∣ψ̂∣∣∣2 dy = 0.

, β − uyy

. , β − uyy 1 .

PV ζa ,

ζa = f − du

dy
,

dζa
dy

= β − d2u

dy2
= β − uyy.

*9 , .
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Kuo� �
, PV ( PV

).
� �

Rayleigh� �
β = 0 , ,

( ) .
� �

• (

).

• , (

).

.

1

( 35). , 35 ,

, 35 .

( , Schubert

et al., 1999) ,

. ,

, . ,

.
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6.1.2

, . , 2

∂u

∂t
+ u

∂u

∂x
+ v

∂u

∂y
− fv = − 1

ρ0

∂p

∂x
,

∂v

∂t
+ u

∂v

∂x
+ v

∂v

∂y
+ fu = − 1

ρ0

∂p

∂y
.

K = (u2 + v2)/2 ,

∂K

∂t
+ u

∂K

∂x
+ v

∂K

∂y
= − 1

ρ0

[
∂(pu)

∂x
+

∂(pv)

∂y

]
.

, , y u = u(y, t) ,

( ) ( ) ,

u = u(y, t) + u′(x, y, t), v = v′(x, y, t), K =
u2

2
+ uu′ +

u
′2 + v

′2

2
.

K ,

∂(K +K ′)
∂t

+
∂v′K ′

∂y
+ u′v′

∂U

∂y
+ u

∂u′v′

∂y
= − 1

ρ0

∂p′v′

∂y
,

K ≡ u2

2
, K ′ ≡ u′2 + v′2

2
.

u

∂u

∂t
+

∂u′v′

∂y
= 0.
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u ,

∂K

∂t
+ u

∂u′v′

∂y
= 0.

,

∂K ′

∂t
+

∂v′K ′

∂y
+ u′v′

∂u

∂y
= − 1

ρ0

∂p′v′

∂y
.

2 ( ) , y

,

∂K

∂t
= u′v′

∂u

∂y
,

∂K ′

∂t
= −u′v′

∂u

∂y
.

.

36 , PV ,

. ,

u′v′ < 0, and
∂u

∂y
> 0

,

∂K

∂t
< 0,

∂K ′

∂t
> 0

. , .

, .
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6.1.3

.

, y = ys PV , ys

( ).

, (phase-lock).

.

• 37 , y

, .

• ,

.

• ( ) .

6.2 Kossin

, Bolaven , Kossin et al. (2000)

. Kossin et al.

(2000) , , ,

(x, y) (t) ,

:

∂ζ

∂t
+ u

∂ζ

∂x
+ v

∂ζ

∂y
= ν∇2ζ.

(19) f . ζ , ν

( ) .
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. ,

.

1 12 .

, , Bolaven

1 .

, Ts = 30 h 3 km

. , .

,

. ,

.

.

3 :

1. .

2. .

3. .

2

,

. Kossin et al. (2000)

, . ,

,

. 6 .

.
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6.3 Yang et al. (2013)

Yang et al. (2013) ,

,

. , .

, NRL NRL Tropical Cyclone Page (Hawkins

et al., 2001, https://www.nrlmry.navy.mil/TC.html)

SSMI, TMI 85 GHz . NRL 800×800

jpeg . , , JTWC

. ,

. , 3

.

Yang et al. (2013) 1 ( )� �

1. (Red), (Green), (Blue)

256 .

2. ,

256 , RGB .

3. RGB

.
� �
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Yang et al. (2013) 2 ( )� �

1. JTWC ,

.

, .

2.

.

3. , (θ) 8 .

−π/8 < θ ≤ π/8, π/8 < θ ≤ 3π/8, 3π/8 < θ ≤ 5π/8, 5π/8 <

θ ≤ 7π/8, 7π/8 < θ ≤ 9π/8, 9π/8 < θ ≤ 11π/8, 11π/8 < θ ≤

13π/8, 13π/8 < θ ≤ 15π/8 8 .

4. 150 km 8

. π/4

. , σ 8

.
� �
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Yang et al. (2013) 3 ( )� �

1. 8 ( TB)

, 1 ( ; TBmin
) 2

( ; TBimin
, TBomin

)

.

2. , .

TBmax � σomin + TBomax , , TBmax � σimin + TBimax
.

, σimin, σomin , , TBimin
, TBomin

.

3. , TBouter max � 230 K

.

4. 8 , 5 .

5. ,

50 km .
� �

3 5 ,

. , 1 ,

,

.

, 1

. ,
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ERC 20 ,

,

.

NRC 20 ,

, .

CEM 20 ,

.

3

1 moat .

.

2 moat .

3 (Kuo et al., 2009).

4 moat .

5 .

, ,

. Abarca et al. (2014) Yang et al. (2013)

. , 3 3 , 2

2 (TB ≤230 K) , 3

3 (TB ≤240 K) . .

, Abarca et al. (2014) 2

. , Yang et al. (2013)
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, 2 2

.

6.4 Braun (2002)

, Braun (2002) ,

.

,

. 10 km

. ,

, (

100 km ) .

, ,

*10(Braun, 2002).

,

,

( 38 ). Braun (2002)

.

*10 , .
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� �

1. ( 39 fg) .

2. 39 , L ( 39

) .

3. , R

( 39 ) ( 40)

,

.

4. , , R

,

. , ( )

.
� �

Bolaven , 41 .

,

.

6.5 PV

(r, λ, z)

∂v

∂t
= − v ·∇v − 1

ρ0
∇p− fk × v + (g +B)k + F , (20)

∂θ

∂t
= − v ·∇θ +Q, (21)

∇ · (ρ0v) = 0, (22)
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, v 3 , v = ui + vj + wk , ∇ 3

, ∇ = i∂/∂r+ j ∂/(r∂λ) + k∂/∂z. p, B, g, ρ0, θ, Q, F , ,

, , , , , 3

. , ρ0 z .

(20) ,

∂ωa

∂t
= − v ·∇ωa + ωa ·∇v − ωa(∇ · v)

−∇
(

1

ρ0

)
× (∇p) + k ×∇B +∇× F

(23)

. ωa ≡ ∇×v + fk . (23) ρ0 ,

∂

∂t

(
ωa

ρ0

)
= − 1

ρ0
v ·∇ωa +

1

ρ0
ωa ·∇v − 1

ρ0
ωa(∇ · v)

− 1

ρ0
∇

(
1

ρ0

)
× (∇p) +

1

ρ0
k ×∇B +

1

ρ0
∇× F .

(24)

(22) , (24) 1 3

:

∂

∂t

(
ωa

ρ0

)
= − v ·∇

(
ωa

ρ0

)
+

1

ρ0
ωa ·∇v

− 1

ρ0
∇

(
1

ρ0

)
× (∇p) +

1

ρ0
k ×∇B +

1

ρ0
∇× F .

(25)

, (21) ,

∂(∇θ)

∂t
= −∇ {v ·∇θ}+∇Q, (26)

.

(∇θ) · (25) + (ωa/ρ0) · (26)
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,

∂

∂t

{
(∇θ) · ωa

ρ0

}
= − v ·∇

{
(∇θ) · ωa

ρ0

}

− (∇θ)

ρ0
·
{
∇

(
1

ρ0

)
× (∇p)

}

+
(∇θ)

ρ0
· (k ×∇B) +

(∇θ)

ρ0
· (∇× F ) +

(
ωa

ρ0

)
·∇Q.

(27)

2, 3 θ = θ(p, ρ), B = B(θ) . , PV

∂P

∂t
= −v ·∇P +

(∇θ)

ρ0
· (∇× F ) +

(
ωa

ρ0

)
·∇Q,

P ≡
{
(∇θ) · ωa

ρ0

}
.

(28)

, ,

,

∂P

∂t
= − ∂

r∂r
(rPu)− ∂

ρ0∂z
(ρ0Pw)

+
∂

r∂r
(rQωar) +

∂

ρ0∂z
(ρ0Qωaz)

+
(∇θ)

ρ0
· (∇× F ).

(29)

(29) (13) FRIC .
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6.6

(r, λ, z)

∂v

∂t
= − v · ∇v − 1

ρ0
∇p− fk × v +Bk + F , (30)

∇ · (ρ0v) = 0, (31)

v 3 , v = ui + vj + wk , ∇ 3 ,

∇ = i∂/∂r+ j ∂/(r∂λ) + k∂/∂k. B, f, ρ0, F ,

, , 3 . , ρ0 z

. p (p0) . ,

p0

dp0
dz

= −gρ0.

(30)

∂v

∂t
= − v · ∇v − v ′ · ∇v ′

− 1

ρ0
∇p− fk × v +Bk + F .

(32)

v ,

∂K

∂t
= − v · ∇K − v · [v ′ · ∇v ′]− v

ρ0
· ∇p+ wB + v · F (33)

. , (31) ,

∇ · (ρ0v) = 0, (34)
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∇ · (ρ0v ′) = 0. (35)

, (33) 2 *11

v · [v ′ · ∇v ′] = u

[
∂ru′2

r∂r
+

1

ρ0

∂ρ0u′w′

∂z
− v′2

r

]

+ v

[
∂ru′v′

r∂r
+

1

ρ0

∂ρ0v′w′

∂z
+

u′v′

r

]

+ w

[
∂ru′w′

r∂r
+

1

ρ0

∂ρ0w′2

∂z

]
.

,

∂K

∂t
= − u

∂K

∂r
− w

∂K

∂z

− u

ρ0

∂p

∂r
− w

ρ0

∂p

∂z

+ wB

− u

[
∂ru′2

r∂r
+

1

ρ0

∂ρ0u′w′

∂z
− v′2

r

]

− v

[
∂ru′v′

r∂r
+

1

ρ0

∂ρ0v′w′

∂z
+

u′v′

r

]

− w

[
∂ru′w′

r∂r
+

1

ρ0

∂ρ0w′2

∂z

]

+ uF r + vF λ + wF z

(36)

.

*11 ,
∂(ϕ)

∂λ
= 0,

.
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6.7 Sawyer-Eliassen

Sawyer-Eliassen . ,

,

. *12:

(
f +

v

r

)
v − 1

ρ0

∂p

∂r
= 0, (37)

∂v

∂t
= −u

∂v

∂r
− w

∂v

∂z
−

(
f +

v

r

)
u+ F λ, (38)

1

ρ0

∂p

∂z
= −g

ρ

ρ0
= g

θ

θ0
, (39)

∂θ

∂t
= −u

∂θ

∂r
− w

∂θ

∂z
− w

θ0
g
N2 + Q̇, (40)

∂(ρ0ru)

∂r
+

∂(ρ0rw)

∂z
= 0. (41)

(r, λ, z) ,

(u, v, w) . ρ, p, θ , , .

0 , z . g , N

:

N ≡ g

θ0

dθ0
dz

.

f (f ). Fλ, Q ,

, .

. (41) ψ

*12 , Willoughby (1979) .
, ε

, ε , O(1)
.

.
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:

ρ0u = −∂ψ

∂z
, ρ0w =

∂(rψ)

r∂r
. (42)

∂(37)/∂z ∂(39)/∂r :

∂

∂z

[
ρ0

(
f +

v

r

)
v

]
=

gρ0
θ0

∂θ

∂r
(43)

. , M

.

M ≡ rv +
f

2
r2. (44)

,

(
f +

v

r

)
v = r

(
M

r2
+

f

2

)(
M

r2
− f

2

)
= r

(
M

2

r4
− f 2

4

)

, (38), (43)

∂

∂t

(
M

r

)
= − u

∂

∂r

[(
M

r
− fr

2

)]
− w

∂

∂z

(
M

r

)
−

(
M

r2
+

f

2

)
u+ F λ

= − u

r

∂M

∂r
− w

r

∂M

∂z
+ F λ, (45)

∂

∂z

[
ρ0r

(
M

2

r4
− f 2

4

)]
=

gρ0
θ0

∂θ

∂r
(46)

. , . , (ρ0M/r2)×

(45), (gρ0/θ0)× (40) ,

∂

∂t

(
ρ0

M
2

2r3

)
= −u

r
ρ0

M

r2
∂M

∂r
− w

r
ρ0

M

r2
∂M

∂z
+ ρ0

M

r2
F λ
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⇒ ∂

∂t

(
ρ0

M
2

r3
− ρ0rf

2

4

)
= −ρ0u

r3
∂M

2

∂r
− ρ0w

r3
∂M

2

∂z
+ 2ρ0

M

r2
F λ, (47)

∂

∂t

(
gρ0
θ0

θ

)
= −u

gρ0
θ0

∂θ

∂r
− w

gρ0
θ0

∂θ

∂z
− wρ0N

2 +
gρ0
θ0

Q̇, (48)

.

∂(47)

∂z
− ∂(48)

∂r

,

∂

∂z

{
−ρ0u

r3
∂M

2

∂r
− ρ0w

r3
∂M

2

∂z
+ 2ρ0

M

r2
F λ

}

− ∂

∂r

{
−u

gρ0
θ0

∂θ

∂r
− wρ0

[
g

θ0

∂θ

∂z
+N2

]
+

gρ0
θ0

Q̇

}
= 0

(49)

. (42) , u, w ψ ,

∂

∂z

{
∂ψ

r3∂z

∂M
2

∂r
− ∂(rψ)

r∂r

1

r3
∂M

2

∂z
+ 2ρ0

M

r2
F λ

}

− ∂

∂r

{
∂ψ

∂z

g

θ0

∂θ

∂r
− ∂(rψ)

r∂r

[
g

θ0

∂θ

∂z
+N2

]
+

gρ0
θ0

Q̇

}
= 0

(50)

ψ ,

∂M
2

∂r

∂2ψ

r3∂z2
+

∂ψ

r3∂z

∂2M
2

∂r∂z
− ∂2(rψ)

r∂r∂z

1

r3
∂M

2

∂z
− ∂(rψ)

r∂r

1

r3
∂2M

2

∂z2

− ∂2ψ

∂z∂r

g

θ0

∂θ

∂r
− ∂ψ

∂z

g

θ0

∂2θ

∂r2
+

∂

∂r

[
∂(rψ)

r∂r

] [
g

θ0

∂θ

∂z
+N2

]
+

∂(rψ)

r∂r

g

θ0

∂2θ

∂z∂r

=
gρ0
θ0

∂Q̇

∂r
− 2

r2
∂
(
ρ0MF λ

)
∂z

(51)

,

∂M
2

∂z
= 2rM

∂v

∂z
= 2r2

(
v +

fr

2

)
∂v

∂z
= −r3B2,
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∂M
2

∂r
= 2M

[
∂rv

∂r
+ fr

]
= 2r2

(
v +

fr

2

)[
∂v

∂r
+

v

r
+ f

]
= r3I2,

∂2M
2

∂z2
= 2r2

[(
v +

fr

2

)
∂2v

∂z2
+

(
∂v

∂z

)2
]
= −r3

∂B2

∂z
,

∂2M
2

∂r∂z
= 2r2

{(
∂v

∂z

)[
∂v

∂r
+

v

r
+ f

]
+

(
v +

fr

2

)[
∂2v

∂r∂z
+

1

r

∂v

∂z

]}
= r3

∂I2

∂z
,

, (51)

I2
∂2ψ

∂z2
+

∂ψ

∂z

∂I2

∂z
+B2∂

2(rψ)

r∂r∂z
+

∂B2

∂z

∂(rψ)

r∂r

− ∂2ψ

∂z∂r

g

θ0

∂θ

∂r
− ∂ψ

∂z

g

θ0

∂2θ

∂r2
+

∂

∂r

[
∂(rψ)

r∂r

] [
g

θ0

∂θ

∂z
+N2

]
+

∂(rψ)

r∂r

g

θ0

∂2θ

∂z∂r

=
gρ0
θ0

∂Q̇

∂r
− 2

r2
∂
(
ρ0MF λ

)
∂z

.

, ψ ,

I2
∂2ψ

∂z2
+

[
B2 − g

θ0

∂θ

∂r

]
∂2ψ

∂z∂r
+

(
g

θ0

∂θ

∂z
+N2

)
∂2(rψ)

r∂r2

+

[
∂I2

∂z
− g

θ0

∂2θ

∂r2
+

B2

r

]
∂ψ

∂z
+

[
∂B2

∂z
+

g

θ0

∂2θ

∂z∂r
− 1

r

(
g

θ0

∂θ

∂z
+N2

)]
∂(rψ)

r∂r

=
gρ0
θ0

∂Q̇

∂r
− 2

r2
∂
(
ρ0MF λ

)
∂z

.
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ψ ,

I2
∂2ψ

∂z2
+

[
B2 − g

θ0

∂θ

∂r

]
∂2ψ

∂z∂r
+

(
g

θ0

∂θ

∂z
+N2

)
∂2ψ

∂r2

+

[
∂I2

∂z
− g

θ0

∂2θ

∂r2
+

B2

r

]
∂ψ

∂z
+

[
∂B2

∂z
+

g

θ0

∂2θ

∂z∂r
+

1

r

(
g

θ0

∂θ

∂z
+N2

)]
∂ψ

∂r

+

[
∂B2

∂z
+

g

θ0

∂2θ

∂z∂r
− 1

r

(
g

θ0

∂θ

∂z
+N2

)]
ψ

r

=
gρ0
θ0

∂Q̇

∂r
− 2

∂

∂z

[
ρ0

(
v

r
+

f

2

)
F λ

]
(52)

. CReSS Sawyer-Eliassen . ρ0

, (46)

∂

∂z

(
M

2

r3

)
=

g

θ0

∂θ

∂r
= −B2 (53)

, (52)

I2
∂2ψ

∂z2
+ 2B2 ∂2ψ

∂z∂r
+

(
g

θ0

∂θ

∂z
+N2

)
∂2ψ

∂r2

+

[
∂I2

∂z
− g

θ0

∂2θ

∂r2
+

B2

r

]
∂ψ

∂z
+

1

r

(
g

θ0

∂θ

∂z
+N2

)
∂ψ

∂r

− 1

r

(
g

θ0

∂θ

∂z
+N2

)
ψ

r

=
gρ0
θ0

∂Q̇

∂r
− 2

∂

∂z

[
ρ0

(
v

r
+

f

2

)
F λ

]
(54)

. , ψ 2

. ,

, , ψ .

, ψ , (42) u, w .

Sawyer-Eliassen
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