
5

10

• 1

•

•

•

CReSS 1 JSM
Japan Spectral Model Segami et al. (1989)

RAMS ARPS
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5.1

1

5.1.1

1 2km
atmospheric boundary layer planetary boundary layer; PBL

20 50m surface boundary
layer Ekman layer outer boundary layer

free atmosphere

constant flux layer

5.1.2

grid-scale motion mean motion
subgrid-scale motion, eddy motion

A

A = Ā + A′′ (5.1)

2

A′′ = 0 (5.2)

AB = ĀB̄ + A′′B′′ (5.3)

2
x ρ = const.

1 1
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∂ū

∂t
+ ū

∂ū

∂x
+ v̄

∂ū

∂y
+ w̄

∂ū

∂z
− f v̄ = −1

ρ

∂p̄

∂x

− 1
ρ

(
∂

∂x
ρu′′u′′ +

∂

∂y
ρu′′v′′ +

∂

∂z
ρu′′w′′

)
+ ν∇2ū (5.4)

−ρu′′u′′,−ρu′′v′′,−ρu′′w′′

eddy stress Reynolds stress

∂θ̄

∂t
+ ū

∂θ̄

∂x
+ v̄

∂θ̄

∂y
+ w̄

∂θ̄

∂z
= − ∂

∂x
u′′θ′′ − ∂

∂y
v′′θ′′ − ∂

∂z
w′′θ′′ (5.5)

2

5.1.3

(5.4) (5.5)

Prandtl (1925)

z − l′′ ū(z − l′′) l′′

z u′′

u′′ = ū(z − l′′) − ū(z) ∼= −l′′
∂ū

∂z
(5.6)

τzx = −ρu′′w′′ = ρl′′w′′ ∂ū

∂z
= ρKmz

∂ū

∂z
(5.7)

Kmz = l′′w′′ (5.8)
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eddy viscosity coefficient

|w′′| ∼ |u′′|

w′′ ∼ u′′ ∼= −l′′
∂ū

∂z
(5.9)

τzx = −ρu′′w′′ = ρl′′2
∂ū

∂z

∣∣∣∣∂ū

∂z

∣∣∣∣ (5.10)

Kmz = l′′2
∣∣∣∣∂ū

∂z

∣∣∣∣ (5.11)

−1
ρ

∂

∂z
ρu′′w′′ = −1

ρ

∂

∂z

(
ρKmz

∂ū

∂z

)
(5.12)

− ∂

∂z
w′′θ′′ = − ∂

∂z

(
Khz

∂θ̄

∂z

)
(5.13)

Prandtl mixing length theory

5.1.4

x (5.10)

∂ū

∂z
=

1
l

√
τzx

ρ
(5.14)

l =
√

l′′2

l

l = k z (5.15)
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z k Karman constant
k k = 0.4 2

u2
∗ ≡ τzx

ρ
= −u′′w′′ (5.16)

u∗ friction velocity

u∗ =
√

τzx

ρ
= kz

∂ū

∂z
= const. (5.17)

z

ū =
u∗
k

ln z + C (5.18)

z = 0 ū = 0
C z = Z0m ū = 0

ū =
u∗
k

ln
z

Z0m
(5.19)

logarithmic profile Z0m

roughness parameter roughness length

Kmz (5.11) (5.17)

Kmz = (kz)2
u∗
kz

= kzu∗ (5.20)

2 k τ = −ρu′′w′′ k = 0.4± 0.01
p99
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5.1.5

τ0 = −ρu′′w′′ = ρu2
∗ = ρū2

⎡
⎢⎣ k

ln
z

Z0m

⎤
⎥⎦

2

= ρCmū2 (5.21)

ū 10m

Cm =

⎡
⎢⎣ k

ln
z

Z0m

⎤
⎥⎦

2

(5.22)

Cm drag coefficient bulk
transfer coefficient

Hs, HL

u∗ z (5.20)
(5.13)

Kmz
∂θ̄

∂z
= w′′θ′′ (5.23)

∂θ̄

∂z
=

w′′θ′′

kzu∗
(5.24)

Hs J m−2 s−1

Hs = −ρCpw′′θ′′ (5.25)

θ∗ =
w′′θ′′

u∗
(5.26)
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θ∗

Hs

ρCp
= −w′′θ′′ = −kz

∂θ̄

∂z
u∗ = −θ∗u∗ (5.27)

θ∗

∂θ̄

∂z
=

θ∗
kz

(5.28)

θ̄ = θG Z0h

θ̄ − θG =
θ∗
k

ln
z

Z0h
(5.29)

Hs

ρCp
= −w′′θ′′ = −θ∗u∗ = − k

ln
z

Z0h

k

ln
z

Z0m

(θ̄ − θG)ū (5.30)

Hs

ρCp
= − k

ln
z

Z0h

k

ln
z

Z0m

(θ̄ − θG)ū = −Ch(θ̄ − θG)ū (5.31)

Ch =
k

ln
z

Z0h

k

ln
z

Z0m

(5.32)

HL

HL = lE = −Lvw′′q′′v (5.33)
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∂q̄v

∂z
=

w′′q′′v
kzu∗

(5.34)

L

E = −w′′q′′v = −kzu∗
∂q̄v

∂z
(5.35)

qv∗ =
w′′q′′v
u∗

(5.36)

qv∗

E = −w′′q′′v = −kz
∂q̄v

∂z
u∗ = −qv∗u∗ (5.37)

qv∗
q̄v = qvsfc Z0h

q̄v − qvsfc =
qv∗
k

ln
z

Z0h
(5.38)

−w′′q′′v = −qv∗u∗ = − k

ln
z

Z0h

k

ln
z

Z0m

(q̄v − qvsfc)ū (5.39)

(5.32) Ch

− k

ln
z

Z0h

k

ln
z

Z0m

(q̄v − qvsfc)ū = −Ch(q̄v − qvsfc)ū (5.40)

CReSS
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5.2

CReSS Segami et al. (1989) JSM Japan
Spectral Model 1
JSM

• JSM 4 CReSS m

• JSM n − 1
CReSS

• JSM Ohno and Isa (1983) CReSS

• JSM
CReSS n− 1

• JSM
∆t

CReSS

• JSM

1

•

•

•

•

•

HS = −ρaCpCh|Va|(Ta − TG) (5.41)

lE = −ρaLvCh|Va|β [qva − qvs(TG)] (5.42)



92 5

3

Fθ = −ρaCh|Va|(θva − θvG) (5.43)

Fqv = −ρaCh|Va|β [qva − qvs(TG)] (5.44)

ρaCh|Va|

5.2.1

Ohno and Isa (1984)

0 1
(1984) 400hPa 500

700hPa 850hPa 7 7.5km 5 6
3km 1.5km

(1984) 0 100 5 21
Rh

kn = 1 + 20 × Rh

100
(5.45)

kn CDL CDM CDH

CDL 0.00, 0.00, 0.00, 0.00, 0.00, 0.00, 0.00, 0.00, 0.00, 0.00,
0.00, 0.00, 0.07, 0.11, 0.19, 0.40, 0.85, 1.00, 1.00, 1.00, 1.00

CDM 0.00, 0.00, 0.00, 0.00, 0.00, 0.00, 0.00, 0.00, 0.00, 0.00,
0.00, 0.05, 0.12, 0.30, 0.40, 0.50, 0.70, 0.95, 1.00, 1.00, 1.00

CDM 0.00, 0.00, 0.00, 0.00, 0.00, 0.00, 0.00, 0.00, 0.00, 0.05,
0.15, 0.30, 0.55, 0.75, 0.87, 0.95, 1.00, 1.00, 1.00, 1.00, 1.00

3

CAPE
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qv Ta qv ea Tetens (1930)

p (= p̄ + p′), Ta, qv ea

ea =
qvp

ε + (1 − ε) qv
(5.46)

ε kg kg−1 ε = 0.622
g kg−1 ε = 622.0 p ea Pa

Tetens (1930) T ◦C
eas Pa 0◦C es = 610.78 Pa

eas = es · 10
a·T
b+T (5.47)

eas = es exp
(

a · T
b + T

ln 10
)

(5.48)

a, b

a b

T ≥ 0◦C 7.5 237.3
T < 0◦C 9.5 265.3

Rh

Rh =
ea

eas
× 100 (5.49)

CReSS

zL, zM m−2

qL =
∫ zL

zsfc

ρ (qc + qr + qi + qs + qg) dz (5.50)
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qM =
∫ zM

zL

ρ (qc + qr + qi + qs + qg) dz (5.51)

qH =
∫ ztop

zM

ρ (qc + qr + qi + qs + qg) dz (5.52)

4

5.2.2

• 1 2 qv ea

•

• ea

• Ta ea

RS↓ L↓

1
5 (5.46)

1 1 jday TLC lat

UTC

TLC = UTC + lon/15 (5.53)

φs

φs = 23.44 cos(172 − jday) (5.54)

4 (2000)
5JSM 1 2
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ζ

ζ = sin(lat) sin(φs) + cos(lat) cos(φs) cos[0.2618(TLC − 12)] (5.55)

5.1

z

5.1. ζ

Al

S∞

S∞ = S0 cos ζ (S0 = 1, 367 W m−2 : ) (5.56)

6 ζ

a = 1.12 − b − 0.06 log10 ea (1 ≤ ea ≤ 3000 Pa : ) (5.57)

b = 0.43 + 0.00016ea (5.58)

S↓ =

{
S∞(a + b × 10−0.13secζ) cos ζ > 0
0 cos ζ ≤ 0

(5.59)

6 S∞ = S0(r̄E/rE)2 cos ζ rE r̄E
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RS↓ = (1 − Al)S↓(1 − cdL · CDL)(1 − cdM · CDM )(1 − cdH · CDH) (5.60)

cdL 0.7
cdM 0.6
cdH 0.3

Ohno and Isa, 1984
Al

0.6

Kondo (1976)

L↓ = εGσT 4
a [1 + (−0.49 + 0.0066

√
ea)(1 − CD · C · Ac)] (5.61)

Ta 1 2 3 7

C = 0.75 − 0.005ea (5.62)

Ac =
CDL + 0.85CDM + 0.5CDH

CD
+ 0.1

Nr

N
(5.63)

CD = CDL + CDM + CDH (5.64)

8

εG (emissivity) 0.95
σ Stefan-Boltzman 5.67×10−8 W m−2K−4

7JSM 1 2
8Nr/N 0
1 JSM 0
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5.2.3

τx, τy kg m s−1 m−2 s−1 = N m−2

τx = ρaCm|Va|ua (5.65)

τy = ρaCm|Va|va (5.66)

HS , lE J m−2 s−1 = W m−2

HS = −ρaCpCh|Va|(Ta − TG) (5.67)

lE = −ρaLvCh|Va|β [qva − qvs(TG)] (5.68)

a G 1 1 Cm

Ch qvs(TG) TG β

Lv Fθ kg K m−2 s−1

Fqv kg m−2 s−1

Fθ =
HS

Cp

(
p0

p

) R
Cp

= −ρaCh|Va|(θva − θvG)

= −ρau∗θ∗ (5.69)

Fqv = E = −ρaCh|Va|β [qva − qvs(TG)]

= −ρau∗qv∗ (5.70)

θ∗ qv∗ u∗

u2
∗ = Cm|Va|2 (5.71)

|Va|

|Va| = (u2
a + v2

a)
1
2 (5.72)

θv

θv =
1 + εivqv

1 + qv
θ (5.73)
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εiv

Cm, Ch roughness parameter Louis
et al. (1980)

Cm =

⎡
⎢⎢⎣ k

ln
(

za

Z0m

)
⎤
⎥⎥⎦

2

fm(Ri, za, Z0m) (5.74)

Ch =
k

ln
(

za

Z0m

) k

ln
(

za

Z0h

)fh(Ri, za, Z0m, Z0h) (5.75)

k =0.4 za 1 Z0m Z0h

Ri Richardson fm, fh Richardson

Ri < 0

fm = 1 − 2b · Ri

1 + 3bc

⎡
⎢⎢⎣ k

ln
(

za

Z0m

)
⎤
⎥⎥⎦

2(
−Ri · za

Z0m

) 1
2

(5.76)

fh = 1 − 3b · Ri

1 + 3bc
k

ln
(

za

Z0m

) k

ln
(

za

Z0h

) (−Ri · za

Z0h

) 1
2

(5.77)

b = c = 5 (5.78)

Ri > 0

fm =
1

1 + 2b · Ri · √1 + d · Ri
(5.79)

fh =
1

1 + 3b · Ri · √1 + d · Ri
(5.80)

b = d = 5 (5.81)
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Z0m, Z0h

Z0m u∗
Z0h 0.1 m Z0m Z0m

1

1 (ua, va) (5.72) |Va|

2

1 qvs(TG) Tetens (1930)
(5.47) (5.48)

Tetens (1930) kg kg−1

qvs(TG) = ε
eas

p
(5.82)

p = p̄ + p′ ε

3

β

qvsfc = β [qvs(TG) − qva] + qva (5.83)

qvsfc = qvs(TG) (5.84)
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4 Richardson

Louis et al. (1980) fm, fh

Richardson

Richardson Ri

Ri =
gza∆θv

θva|Va|2 (5.85)

εiv

θvG = TG
1 + εivqvsfc

1 + qvsfc

(
p0

p

) R
Cp

(5.86)

∆θv = θva − θvG (5.87)

za 1 g

5 1 Z0m u∗

Z0m, Z0h

u∗ 1
un−1
∗ Z0m

Z0h Z0m

Kondo (1975) Z0m u∗

Z0m = −34.7 × 10−6 + 8.28 × 10−4u∗ for u∗ ≤ 1.08 m s−1 (5.88)

Z0m = −0.277 × 10−2 + 3.39 × 10−3u∗ for u∗ > 1.08 m s−1 (5.89)

Z0m 1.5 × 10−5 m u∗ (5.71)

u∗ = |Va|
√

Cm (5.90)

Cm (5.74) fm (5.85)
Richardoson (5.76) (5.79)

u∗ (5.88) (5.89) Z0m

Z0m, u∗
Z0m, u∗
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6 fm, fh

Z0m (5) Z0h

Z0h = Z0m Z0m

Z0h 0.1m

Richardoson (5.85)
Louis et al. (1980) fm, fh (5.76),(5.77),(5.79),(5.80)

7 Cm, Ch

(5),(6) fm, fh Z0m, Z0h (5.74),(5.75) Cm, Ch

8 u∗

Cm |Va| (5.90) u∗

9 Kondo(1975)

Kondo (1975)

correction factor B−1
h , B−1

e Kondo (1975)

B−1
h =

1
k

ln
(

ν + ku∗Z0m

Da

)
(5.91)

B−1
e =

1
k

ln
(

ν + ku∗Z0m

Dv

)
= B−1

h +
1
k

ln
(Da

Dv

)
(5.92)

B−1
h =

1
k

ln
(
0.71 + 4.64 × 104ku∗Z0m

)
(5.93)

B−1
e = B−1

h − 0.168
1
k

(5.94)

B−1
h = 0 (5.95)

B−1
e = 0 (5.96)
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ν kinetic viscosity m2 s−1 Da m2 s−1

Dv m2 s−1 9 10

10

Eθ, Eqv

Eθ =
θ∗

θva − θvG
=
[

u∗
Ch|Va| + B−1

h

]−1

(5.103)

Eqv =
qv∗

qva − qvsfc
=
[

u∗
Ch|Va| + B−1

e

]−1

(5.104)

Ch B−1
h , B−1

e

0

11

τ = ρau2
∗ (5.105)

9 ν m2 s−1

ν = ν0
101325

p

(
T

273.16

)1.754

(5.97)

ν0 = 1.328 × 10−5 (5.98)

Da m2 s−1

Da = Da0
101325

p

(
T

273.16

)1.78

(5.99)

Da0 = 1.87 × 10−5 (5.100)

Dv m2 s−1

Dv = Dv0
101325

p

(
T

273.16

)1.81

(5.101)

Dv0 = 2.23 × 10−5 (5.102)

p130

10Bh Be ( 1 P95)
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x y

τx = τ
ua

|Va| (5.106)

τy = τ
va

|Va| (5.107)

HS lE

HS = −ρaCpu∗Eθ(Ta − TG) (5.108)

lE = −ρaLvu∗Eqv (qva − qvsfc) (5.109)

Fθ kg K m−2 s−1 Fqv kg m−2 s−1

Fθ = −ρau∗Eθ(θva − θvG) (5.110)

Fqv = −ρau∗Eqv (qva − qvsfc) (5.111)

(5.83) qva − qvsfc = β [qva − qvs(TG)] (5.109) (5.111)
β qvsfc

(5.108) (5.109)
(5.110) (5.111)

Cw = ρau2
∗

1
|Va| (5.112)

Cθ = ρau∗Eθ (5.113)

Cqv = ρau∗Eqv (5.114)

3 β qvsfc

x, y

τx = Cwua (5.115)

τy = Cwva (5.116)

Fθ = Cθ(θva − θvG) (5.117)

Fqv = Cqv (qva − qvsfc) (5.118)
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12

1.5m 10m

u∗ 10m (5.71) (5.90)

|Va10| =
u∗√
Cm10

(5.119)

Cm10 (5.74) (5.80) za = 10 fm, Cm x y

ux10 = |Va10| ua

|Va| (5.120)

vy10 = |Va10| va

|Va| (5.121)

za = 1.5 (5.74) (5.80) fm, Cm

1.5m Cm1.5 u∗

|Va1.5| =
u∗√
Cm1.5

(5.122)

1.5m 1.5m
Ch1.5 (5.103) (5.104)

Eθ1.5 =
[

u∗
Ch1.5|Va1.5| + B−1

h

]−1

(5.123)

Eqv1.5 =
[

u∗
Ch1.5|Va1.5| + B−1

e

]−1

(5.124)

1.5m θv1.5 1 θva, θvG

θv1.5 − θvG

θva − θvG
=

Eθ

Eθ1.5
(5.125)
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1.5m

θv1.5 = θvG + (θva − θvG)
Eθ

Eθ1.5
(5.126)

1.5m qv1.5 1
qva, qvsfc

qva1.5 − qvsfc

qva − qvsfc
=

Eqv

Eqv1.5
(5.127)

1.5m qva1.5

qva1.5 = qvsfc + (qva − qvsfc)
Eqv

Eqv1.5
(5.128)

qvsfc

13 Z0m

Z0m

u∗ (5.88) (5.89) Z0m

5.2.4

G
1
2 Turb.u = G

1
2

(
∂τ11

∂x
+

∂τ12

∂y
+

∂τ13

∂z

)
(5.129)

G
1
2 Turb.v = G

1
2

(
∂τ21

∂x
+

∂τ22

∂y
+

∂τ23

∂z

)
(5.130)

G
1
2 Turb.θ = G

1
2

(
∂Hθ1

∂x
+

∂Hθ2

∂y
+

∂Hθ3

∂z

)
(5.131)

G
1
2 Turb.qv = G

1
2

(
∂Hqv1

∂x
+

∂Hqv2

∂y
+

∂Hqv3

∂z

)
(5.132)
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τ13, τ23 Hθ3, Hqv3

t13 (z = za) = Cwua (5.133)

t23 (z = za) = Cwva (5.134)

Hθ3 (z = za) = Cθ (θva − θvG) (5.135)

Hqv3 (z = za) = Cqv (qva − qvsfc) (5.136)

1

Segami et
al. (1989) JSM Mellor and Yamada (1974) turbulent closure model level 2

1

1 z

∂u

∂t
=

1
ρ

∂

∂z

(
ρKm

∂u

∂z

)
(5.137)

∂v

∂t
=

1
ρ

∂

∂z

(
ρKm

∂v

∂z

)
(5.138)

∂θv

∂t
=

1
ρ

∂

∂z

(
ρKh

∂θv

∂z

)
(5.139)

∂qv

∂t
=

1
ρ

∂

∂z

(
ρKh

∂qv

∂z

)
(5.140)

K0 = 1.0 m2 s−1

Km = K0 + l2
∣∣∣∣∂V
∂z

∣∣∣∣Sm (5.141)

Kh = K0 + l2
∣∣∣∣∂V
∂z

∣∣∣∣Sh (5.142)

Sm, Sh flux Richardson number Mellor and Yamada, 1974
l

l =
kz

1 +
kz

l0

(5.143)
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k l0 E

l0 = 0.10 ×

∫ ∞

zsfc

ρEzdz∫ ∞

zsfc

ρEdz

(5.144)

1

1

ρw
k 5.2

2 2

Richardson

∣∣∣∣∂Vk

∂z

∣∣∣∣
2

=
(

∂uk

∂z

)2

+
(

∂vk

∂z

)2

(5.145)

3 gradient Richardson

Mellor and Yamada (1974) level 2 flux Richardson Rf gradient Richardson Ri

Ri =
g
∂θv

∂z

θ̄v

∣∣∣∣∂Vk

∂z

∣∣∣∣
2 (5.146)

θ̄v =
1
2
(θvk+1 + θvk)

4 flux Richardson

Mellor and Yamada (1974) flux Richardson Rf

Rf = 0.725
(

Ri + 0.186 −
√

R2
i − 0.316Ri + 0.0346

)
(5.147)
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5 S̃H , S̃M

Mellor and Yamada (1974)

A1 A2 B1 B2 C1

0.78 0.78 15.0 8.0 0.056

γ1 ≡ 1
3
− 2A1

B1
= 0.2293333 (5.148)

γ2 ≡ B2

B1
+

6A1

B1
= 0.8453333 (5.149)

flux Richardson

Γ ≡ Rf

1 − Rf
(5.150)

S̃H , S̃M

S̃H = 3A2(γ1 − γ2Γ) (5.151)

S̃M = 3A1(γ1 − γ2Γ)
γ1 − C1 − (6A1 + 3A2)

Γ
B1

γ1 − γ2Γ + 3A1
Γ
B1

(5.152)

Γ A1 = A2

S̃H = 3A2
γ1 − (γ1 + γ2)Rf

1 − Rf
(5.153)

S̃M = S̃H
X1 − X2Rf

X3 − X4Rf
(5.154)

γ1 + γ2 = 1.074667 (5.155)

3A2 = 2.34 (5.156)

X1 = 0.173333 (5.157)

X2 = 0.641333 (5.158)

X3 = 0.229333 (5.159)

X4 = 0.918667 (5.160)
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6 SH , SM

S̃H , S̃M SH , SM SH , SM

Se =

√
B1(1 − Rf )

∣∣∣∣∂V
∂z

∣∣∣∣
2

S̃M (5.161)

SH = SeS̃H (5.162)

SM = SeS̃M (5.163)

7 l0

Mellor and Yamada (1974) l0 E (5.144)

l0 = 100 m , (Ri ≤ 0) (5.164)

l0 = 30 m , (Ri ≥ 0) (5.165)

8 l

l (5.143)

l =
z

1
k

+
z

l0

(5.166)

9 Km, Kh

Km, Kh (5.141) (5.142) SM , SH

Km = K0 + l2SM (5.167)

Kh = K0 + l2SH (5.168)

K0 = 1.0 m2 s−1
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10

Km, Kh

(5.137) (5.140)

m-1

1

2

zm-1

z1

z2

zm-1

z2

z1

1,u1,

m-1,um-1,

2,u2,

m-1,Km m-1,Kh m-1 ,fm-1

1,Km 1,Kh 1,f1

2,Km 2,Kh 2,f2

m-1

1

2

mzm m,um, m,dm

m-1,dm-1

2,d2

1,d1

w

w

w

5.2.

5.2

un
k − un−1

k

∆t
=

1
ρk

1
zk − zk−1

(
ρw

k Kmk

uN
k+1 − uN

k

zφ
k+1 − zφ

k

− ρw
k−1Kmk−1

uN
k − uN

k−1

zφ
k − zφ

k−1

)
(5.169)

φn
k − φn−1

k

∆t
=

1
ρk

1
zk − zk−1

(
ρw

k Kmk

φN
k+1 − φN

k

zφ
k+1 − zφ

k

− ρw
k−1Kmk−1

φN
k − φN

k−1

zφ
k − zφ

k−1

)
(5.170)

un
k φn

k k

n N N = n−1
N = n

(5.112) Cw (5.113) Cθ (5.114) Cqv 1 k = 1

un
1 − un−1

1

∆t
=

1
ρ1

1
z1

[
ρw
1 Km1

uN
2 − uN

1

zφ
2 − zφ

1

− Cw(uN
1 − uN

sfc)

]
(5.171)

φn
1 − φn−1

1

∆t
=

1
ρ1

1
z1

[
ρw
1 Km1

φN
2 − φN

1

zφ
2 − zφ

1

− Cφ(φN
1 − φN

sfc)

]
(5.172)
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φ

uN
sfc = 0 (5.173)

z0 = 0

dk =
1
ρk

1
zk − zk−1

(5.174)

fk = ρw
k Kmk

1

zφ
k+1 − zφ

k

(5.175)

Khk
fk

k = 1

un
1 − un−1

1

∆t
= d1

[
f1(uN

2 − uN
1 ) − CwuN

1

]
(5.176)

φn
1 − φn−1

1

∆t
= d1

[
f1(φN

2 − φN
1 ) − Cφ(φN

1 − φN
sfc)
]

(5.177)

k ≥ 2

un
k − un−1

k

∆t
= dk

[
fk(uN

k+1 − uN
k ) − fk−1(uN

k − uN
k−1)

]
(5.178)

φn
k − φn−1

k

∆t
= dk

[
fk(φN

k+1 − φN
k ) − fk−1(φN

k − φN
k−1)

]
(5.179)

k = m − 1

un
m−1 − un−1

m−1

∆t
= dm−1

[
fm−1(un−1

m − uN
m−1) − fm−2(uN

m−1 − uN
m−2)

]
(5.180)

φn
m−1 − φn−1

m−1

∆t
= dm−1

[
fm−1(φn−1

m − φN
m−1) − fm−2(φN

m−1 − φN
m−2)

]
(5.181)

k = m− 1 un−1
m φn−1

m

N = n− 1 N = n
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ak = −dkfk−1∆t (5.182)

bk = −dkfk∆t (5.183)

ψ

ψn
1 = ψn−1

1 + d1Cψ∆t(ψn
sfc − ψn

1 ) + b1(ψn
1 − ψn

2 )

ψn
2 = ψn−1

2 + a2(ψn
2 − ψn

1 ) + b2(ψn
2 − ψn

3 )

· · · · · · ·

ψn
k = ψn−1

k + ak(ψn
k − ψn

k−1) + bk(ψn
k − ψn

k+1)

· · · · · · ·

ψn
m−1 = ψn−1

m−1 + am−1(ψn
m−1 − ψn

m−2) + bm−1(ψn
m−1 − ψm)

(5.184)

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

ψn
1

ψn
2

...
ψn

k

...
ψn

m−1

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

=

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

ψn−1
1 + d1Cψψn

sfc∆t

ψn−1
2

...
ψn−1

k
...
ψn−1

m−1 − bm−1ψm

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

(5.185)

+

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

b′1 −b1 0 · · · · · · · · · 0
−a2 a2 + b2 −b2 0 · · · · · · 0

...
...

...
...

...
...

...
0 · · · −ak ak + bk −bk · · · 0
...

...
...

...
...

...
...

0 · · · · · · · · · · · · −am−1 am−1 + bm−1

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

ψn
1

ψn
2

...
ψn

k
...

ψn
m−1

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

Ψn = F + AΨn (5.186)
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b′1 = b1 − d1Cψ∆t (5.187)

(m − 1) × (m − 1) I Ψn

(I − A)Ψn = F (5.188)

6.1.3

5.2.5

m 5.3

T1=TG k = 1Z1

T2

Tm-1

Tm=const. k = m

k = m-1

k = 2

Zm-1

Zm

Z2

G0

5.3.

m

∂T1

∂t
=

G0

ρGCG∆Z1
+

2νG

∆Z1(∆Z2 + ∆Z1)
(T2 − T1)

∂T2

∂t
= − 2νG

∆Z2(∆Z2 + ∆Z1)
(T2 − T1) +

2νG

∆Z2(∆Z3 + ∆Z2)
(T3 − T2)

· · · · · · ·

∂Tk

∂t
= − 2νG(Tk − Tk−1)

∆Zk(∆Zk + ∆Zk−1)
+

2νG(Tk+1 − Tk)
∆Zk(∆Zk+1 + ∆Zk)

· · · · · · ·

∂Tm−1

∂t
= − 2νG(Tm−1 − Tm−2)

∆Zm−1(∆Zm−1 + ∆Zm−2)
+

2νG(Tm − Tm−1)
∆Zm−1(∆Zm + ∆Zm−1)

(5.189)
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m Tm ρGCG

νG

ρGCG = 2.3 × 106 [Jm−3K−1] (5.190)

νG = 7.0 × 10−7 [m2s−1] (5.191)

5.189 1 k = 1 G0

Rnet HS lE

G0 = Rnet − HS − lE (5.192)

Rnet = RS↓ + L↓ − L↑ (5.193)

HS = −CpCθ(Ta − TG) (5.194)

lE = −LvCqvβ [qva − qvs(TG)] (5.195)

Rnet T1 = TG

L↑ = εGσT 4
G (5.196)

lE β

implicit scheme (5.189)

k = 1 ∼ m − 1

a1 = 0 (5.197)

ak = −∆t
2νG

∆zk(∆zk + ∆zk−1)
(5.198)

bk = −∆t
2νG

∆zk(∆zk+1 + ∆zk)
(5.199)



5.2 115

(5.189)

T n
1 = T n−1

1 +
∆tG0

ρGCG∆Z1
+ b1(T n

1 − T n
2 )

T n
2 = T n−1

2 + a2(T n
2 − T n

1 ) + b2(T n
2 − T n

3 )

· · · · · · ·

T n
k = T n−1

k + ak(T n
k − T n

k−1) + bk(T n
k − T n

k+1)

· · · · · · ·

T n
m−1 = T n−1

m−1 + am−1(T n
m−1 − T n

m−2) + bm−1(T n
m−1 − Tm)

(5.200)

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

T n
1

T n
2

...
T n

k
...

T n
m−1

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

=

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

T n−1
1 +

∆tG0

ρGCG∆Z1

T n−1
2

...
T n−1

k
...
T n−1

m−1 − bm−1Tm

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

(5.201)

+

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

b1 −b1 0 · · · · · · · · · 0
−a2 a2 + b2 −b2 0 · · · · · · 0

...
...

...
...

...
...

...
0 · · · −ak ak + bk −bk · · · 0
...

...
...

...
...

...
...

0 · · · · · · · · · · · · −am−1 am−1 + bm−1

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

T n
1

T n
2

...
T n

k
...

T n
m−1

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠

n


