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History of Deepconv	

•  anelastic,   mass stream function  
•  Nakajima   1984-86  On  the Earth’s convective clouds 

•  anelastic,  pressure eq 
•  Nakajima   1989-94 On  the Earth’s convective clouds 
•  Nakajima  1995-2000   application to Jupiter’s H2O cloud 
•  Nakajima 1998 ‘generic’  convections with phase change in GFD 
•  Odaka  1998-2002 application to dry convection on Mars 

•  Thermochemical package (“Oboro”) 
•  Sugiyama 2006,   for Jupiter’s H2O, NH3, NH4SH clouds 

•  Quasi-compressible eq. (“Arare”) 
•  Sugiyama 2009,   on Jupiter’s convective clouds 
•  Odaka 2005-     on Mars’s convection 
•  Yamashita -2015    CO2 condensation cloud on ancient Mars 



Basic equations (1)	
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ୈ1ষ ܥఔࣜํૅج

ਫฏํͷ࠲ඪมΛ x, y, Ԗํͷ࠲ඪมΛ z ͱද͠, ͷมํؒ࣌ t

ͱද͢.

1.1 ӡಈํఔࣜɾѹྗํఔࣜɾͷࣜɾࠞ߹ൺͷอଘࣜ

ྗֶతͳΈ, ४ѹॖํఔࣜܥ (Klemp and Wilhelmson,1978)Λ༻͍Δ. ͜ͷ
ํఔࣜܥͰ, ༧ใมΛਫฏҰ༷ͳجຊͱ͔ͦ͜ΒͷͣΕʹ͠, ํఔࣜͷ
ઢܗԽΛ͍ͯͬߦΔ. ํఔࣜதͷม D ʹࣔ͢.

ҎԼʹ४ѹॖํఔࣜܥͷൃؒ࣌లํఔࣜΛҰཡ͢Δ. ີͷࣜͰס૩ͱ࣪
५ͷྔࢠͷࠩΛྀ͢ߟΔ͕, ͷࣜͰྀ͠ߟͳ͍. ·ͨѹྗํఔࣜͰඇ
அՃʹΑΔେؾͷுͱ, .Δ͍ͯ͠ࢹ͏ѹྗมԽΛແʹॖڽ

ӡಈํఔࣜ

∂u

∂t
= −

(
(ū+ u)

∂u

∂x
+ (v̄ + v)

∂u

∂y
+ w

∂u

∂z
)

)
− w

∂ ū

∂z

−cpdθ̄v
∂π

∂x
+ Turb.u+ Turb.ū (1.1)

∂v

∂t
= −

(
(ū+ u)

∂v

∂x
+ (v̄ + v)

∂v

∂y
+ w

∂v

∂z

)
− w

∂ v̄

∂z

−cpdθ̄v
∂π

∂y
+ Turb.v + Turb.v̄ (1.2)

∂w

∂t
= −

(
(ū+ u)

∂w

∂x
+ (v̄ + v)

∂w

∂y
+ w

∂w

∂z

)
− cpdθ̄v

∂π

∂z
+ Turb.w

+

(
θ

θ̄
+

∑
qv/Mv

1/Md +
∑

q̄v/Mv
−
∑

qv +
∑

qc +
∑

qr
1 +

∑
q̄v

)
g (1.3)
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ѹྗํఔࣜ

∂π

∂t
= −

{
Cs

2

cpdθ̄v

(
∂u

∂x
+

∂v

∂y

)
+

Cs
2

cpdρ̄θ̄v
2

∂ρ̄θ̄vw

∂z

}

−
(
(ū+ u)

∂π

∂x
+ (v̄ + v)

∂π

∂y
+ w

∂π

∂z

)
+

Rdπ

cvd

(
∂u

∂x
+

∂v

∂y
+

∂w

∂z

)

+
C2

s

cpdθv

{
θ̇

θ
−
(∑

q̇v +
∑

q̇c +
∑

q̇r
1 +

∑
qv

.−
∑

q̇v/Mv

1/Md +
∑

qv/Mv

)}
.(1.4)

ͷࣜ

∂θ

∂t
= −

(
(ū+ u)

∂θ

∂x
+ (v̄ + v)

∂θ

∂v
+ w

∂θ

∂z

)
− w

∂θ̄

∂x
+

1

π̄
(Qcnd +Qrad +Qdis)

+Turb.θ̄ + Turb.θ (1.5)

ࠞ߹ൺͷอଘࣜ

∂qv
∂t

= −
(
(ū+ u)

∂qv
∂x

+ (v̄ + v)
∂qv
∂y

+ w
∂qv
∂z

)
− w

∂ q̄v
∂x

+Src.qv + Turb.qv + Turb.q̄v, (1.6)

∂qc
∂t

= −
(
(ū+ u)

∂qc
∂x

+ (v̄ + v)
∂qc
∂y

+ w
∂qc
∂z

)

+Src.qc + Turb.qc (1.7)

∂qr
∂t

= −
(
(ū+ u)

∂qc
∂x

+ (v̄ + v)
∂qr
∂y

+ w
∂qc
∂z

)

+Src.qr + Fall.qr + Turb.qr (1.8)

ͨͩ͠, ¯ͷ͍ͨมਫฏҰ༷ͳجຊͰ͋Δ͜ͱΛࣔ͠, ্͖ఴ͑ࣈ c 
.Λࣔ͢ॖڽʑͷݸ

ΤΫεφʔؔ π

π ≡
(

p

p0

)Rd/cpd

(1.9)

ԹҐ θ

θ ≡ T

(
p0
p

)Rd/cpd

=
T

π
(1.10)
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Equations of Motion	

Pressure Equation	



Basic equations (2) 	
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ѹྗํఔࣜ

∂π

∂t
= −

{
Cs

2

cpdθ̄v

(
∂u

∂x
+

∂v

∂y

)
+

Cs
2

cpdρ̄θ̄v
2

∂ρ̄θ̄vw

∂z

}

−
(
(ū+ u)

∂π

∂x
+ (v̄ + v)

∂π

∂y
+ w

∂π

∂z

)
+

Rdπ

cvd

(
∂u

∂x
+

∂v

∂y
+

∂w

∂z

)

+
C2

s

cpdθv

{
θ̇

θ
−
(∑

q̇v +
∑

q̇c +
∑

q̇r
1 +

∑
qv

.−
∑

q̇v/Mv

1/Md +
∑

qv/Mv

)}
.(1.4)

ͷࣜ

∂θ

∂t
= −

(
(ū+ u)

∂θ

∂x
+ (v̄ + v)

∂θ

∂v
+ w

∂θ

∂z

)
− w

∂θ̄

∂x
+

1

π̄
(Qcnd +Qrad +Qdis)

+Turb.θ̄ + Turb.θ (1.5)

ࠞ߹ൺͷอଘࣜ

∂qv
∂t

= −
(
(ū+ u)

∂qv
∂x

+ (v̄ + v)
∂qv
∂y

+ w
∂qv
∂z

)
− w

∂ q̄v
∂x

+Src.qv + Turb.qv + Turb.q̄v, (1.6)

∂qc
∂t

= −
(
(ū+ u)

∂qc
∂x

+ (v̄ + v)
∂qc
∂y

+ w
∂qc
∂z

)

+Src.qc + Turb.qc (1.7)

∂qr
∂t

= −
(
(ū+ u)

∂qc
∂x

+ (v̄ + v)
∂qr
∂y

+ w
∂qc
∂z

)

+Src.qr + Fall.qr + Turb.qr (1.8)

ͨͩ͠, ¯ͷ͍ͨมਫฏҰ༷ͳجຊͰ͋Δ͜ͱΛࣔ͠, ্͖ఴ͑ࣈ c 
.Λࣔ͢ॖڽʑͷݸ

ΤΫεφʔؔ π

π ≡
(

p

p0

)Rd/cpd

(1.9)

ԹҐ θ

θ ≡ T

(
p0
p

)Rd/cpd

=
T

π
(1.10)
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ີ ρ

ρ =
p

RdT

(
1/Md

1/Md +
∑

qv/Mv

)(
1 +

∑
qv +

∑
qc +

∑
qr
)

=
p

RdTv
=

p0πcvd/Rd

Rdθv
(1.11)

ԾԹҐ θv

θv =
θ(

1/Md

1/Md+
∑

qv/Mv

)
(1 +

∑
qv +

∑
qc +

∑
qr)

(1.12)

Ի Cs
2

Cs
2 =

cpd
cvd

Rdπθv (1.13)

1.2 ӢඍཧաఔͷύϥϝλϦθʔγϣϯ

ํఔࣜܥʹؚ·ΕΔॖڽʹΑΔՃ߲ Qcnd, ੜ߲ Src, མԼ߲ Fall ͷධՁ, த
ౡ (1998)Ͱ༻͍ΒΕͨ Kessler (1969) ͷύϥϝλϦθʔγϣϯʹै͏.

ஆ͔͍ӍͷόϧΫ๏ͷύϥϝλϦθʔγϣϯͰ, ૬Λදॖڽ૬ͱؾ ͠ࡌهʹ1.1
ͨ 3 ͭͷΧςΰϦʔʹ͚Δ. 3 ͭͷΧςΰϦʔؒͰੜ͡ΔඍཧૉաఔΛද 1.2

ʹࣔ͢. ͜ΕΒͷྔશͯਖ਼ͷͱͯ͠ఆٛ͞ΕΔ. ͳ͓, ਫৠ͕ؾӍਫʹڽ
݁͢Δաఔແ͢ࢹΔ.

߸ه ҙຯ ༰
qv ૬ͷࠞ߹ൺؾ .Δਫ͢ࡏதʹଘؾମͷঢ়ଶͰେؾ

qc Ӣਫࠞ߹ൺ མԼ͕θϩͳӷମͷཻࢠ.

.தͷӢཻʹରԠ͢Δؾͷେࡍ࣮

௨ৗ 100 µm ҎԼͷඍখͳྲྀମཻࢠͰ͋Δ.

qr Ӎਫࠞ߹ൺ ༗ҙͳམԼΛͭ࣋ӷମͷཻࢠ.

.தͷӍཻʹରԠ͢Δؾͷେࡍ࣮

ද 1.1: Kessler (1969) ͷύϥϝλϦθʔγϣϯʹ͓͚ΔΧςΰϦʔ.
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Thermodynamic Equation	

Equation of state	

Definition of Virtual Temperature	

Sound velocity	



Basic equations (3)	
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߸ه ༰
CNvc ΒӢਫͷม͔ؾΑΔਫৠʹ݁ڽ (condensation).

EVcv ৠൃʹΑΔӢਫ͔Βਫৠؾͷม (evaporation).

EVrv ৠൃʹΑΔӍਫ͔Βਫৠؾͷม (evaporation).

CNcr ซ߹ʹΑΔӢਫ͔ΒӍਫͷม (autocondensation).

ซ߹ਫৠࢄ֦ؾʹΑΓ, Ӣཻ͕ࢠӍཻͷେ͖͞ʹ·Ͱ͢Δ
CLcr িಥซ߹ʹΑΔӢਫ͔ΒӍਫͷม (collection).

େਫణ͕খਫణΛিಥซ߹͢Δ.

PRr ӍਫͷॏྗམԼʹ͏Ӎਫࠞ߹ൺͷมԽ (Precipitation).

ද 1.2: Kessler (1969) ͷύϥϝλϦθʔγϣϯʹ͓͚ΔӢඍཧૉաఔ

͜ͷඍཧૉաఔΛ༻͍ͯ (1.6) – (1.8) ࣜΛॻ͖͢ͱ, ҎԼͷΑ͏ʹͳΔ.

∂θ

∂t
= −

(
(ū+ u)

∂θ

∂x
+ (v̄ + v)

∂θ

∂y
+ w

∂θ

∂z

)
− w

∂θ̄

∂x
+

L

cpdπ̄
(CNvc − EVcv − EVrv)

+
1

π̄
(Qrad +Qdis) + Turb.θ̄ + Turb.θ (1.14)

∂qv
∂t

= −
(
(ū+ u)

∂qv
∂x

+ (v̄ + v)
∂qv
∂y

+ w
∂qv
∂z

)
− w

∂ q̄v
∂x

− (CNvc − EVcv − EVrv)

+Turb.qv + Turb.q̄v, (1.15)

∂qc
∂t

= −
(
(ū+ u)

∂qc
∂x

+ (v̄ + v)
∂qc
∂y

+ w
∂qc
∂z

)
+ (CNvc − EVcv − CNcr − CLcr)

+Turb.qc, (1.16)

∂qr
∂t

= −
(
(ū+ u)

∂qc
∂x

+ (v̄ + v)
∂qc
∂y

+ w
∂qc
∂z

)
+ (CNcr + CLcr − EVrv) + PRr

+Turb.qr (1.17)

͜͜Ͱ, γ = Lv/(cpdπ) Ͱ͋Γ, Lv ਫͷৠൃͷજ [J K−1 kg−1], cpd ס૩େؾ
ͷఆѹൺ [J K kg−1], π ΤΫεφʔؔͰ͋Δ.

ඍཧૉաఔҎԼͷΑ͏ʹఆࣜԽ͢Δ.

ਫৠؾͱӢਫͷؒͷม: −CNvc + EVcv

Ӣਫཻ͕খ͘͞,ਫৠؾͱͷؒͰॠؒతʹௐઅ͕͜ىΔͷͱ͢Δ. ͢
ͳΘͪ, ҠྲྀͳͲͷ߲Λޙͨ͠ࢉܭͷԹͱਫৠ͕ྔؾաঢ়ଶͱͳͬͯ
͍Δ߹ʹ, ͪΐ͏ͲʹͳΔྔͷਫৠؾΛͤ͞ॖڽΔ. Ұํ, ҠྲྀͳͲ
ͷ߲Λޙͨ͠ࢉܭʹ, Ӣਫ͕ଘ͢ࡏΔʹ߆ΘΒͣະʹͳ͍ͬͯΔॴ
Ͱ, ͪΐ͏ͲʹͳΔྔͷӢਫΛৠൃͤ͞Δ.

teishiki.tex 2012  12 ݄ 5  (ྲྀٿମి۞ָ෦)

Thermodynamic eq	
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߸ه ༰
CNvc ΒӢਫͷม͔ؾΑΔਫৠʹ݁ڽ (condensation).

EVcv ৠൃʹΑΔӢਫ͔Βਫৠؾͷม (evaporation).

EVrv ৠൃʹΑΔӍਫ͔Βਫৠؾͷม (evaporation).

CNcr ซ߹ʹΑΔӢਫ͔ΒӍਫͷม (autocondensation).

ซ߹ਫৠࢄ֦ؾʹΑΓ, Ӣཻ͕ࢠӍཻͷେ͖͞ʹ·Ͱ͢Δ
CLcr িಥซ߹ʹΑΔӢਫ͔ΒӍਫͷม (collection).

େਫణ͕খਫణΛিಥซ߹͢Δ.

PRr ӍਫͷॏྗམԼʹ͏Ӎਫࠞ߹ൺͷมԽ (Precipitation).

ද 1.2: Kessler (1969) ͷύϥϝλϦθʔγϣϯʹ͓͚ΔӢඍཧૉաఔ

͜ͷඍཧૉաఔΛ༻͍ͯ (1.6) – (1.8) ࣜΛॻ͖͢ͱ, ҎԼͷΑ͏ʹͳΔ.

∂θ

∂t
= −

(
(ū+ u)

∂θ

∂x
+ (v̄ + v)

∂θ

∂y
+ w

∂θ

∂z

)
− w

∂θ̄

∂x
+

L

cpdπ̄
(CNvc − EVcv − EVrv)

+
1

π̄
(Qrad +Qdis) + Turb.θ̄ + Turb.θ (1.14)

∂qv
∂t

= −
(
(ū+ u)

∂qv
∂x

+ (v̄ + v)
∂qv
∂y

+ w
∂qv
∂z

)
− w

∂ q̄v
∂x

− (CNvc − EVcv − EVrv)

+Turb.qv + Turb.q̄v, (1.15)

∂qc
∂t

= −
(
(ū+ u)

∂qc
∂x

+ (v̄ + v)
∂qc
∂y

+ w
∂qc
∂z

)
+ (CNvc − EVcv − CNcr − CLcr)

+Turb.qc, (1.16)

∂qr
∂t

= −
(
(ū+ u)

∂qc
∂x

+ (v̄ + v)
∂qc
∂y

+ w
∂qc
∂z

)
+ (CNcr + CLcr − EVrv) + PRr

+Turb.qr (1.17)

͜͜Ͱ, γ = Lv/(cpdπ) Ͱ͋Γ, Lv ਫͷৠൃͷજ [J K−1 kg−1], cpd ס૩େؾ
ͷఆѹൺ [J K kg−1], π ΤΫεφʔؔͰ͋Δ.

ඍཧૉաఔҎԼͷΑ͏ʹఆࣜԽ͢Δ.

ਫৠؾͱӢਫͷؒͷม: −CNvc + EVcv

Ӣਫཻ͕খ͘͞,ਫৠؾͱͷؒͰॠؒతʹௐઅ͕͜ىΔͷͱ͢Δ. ͢
ͳΘͪ, ҠྲྀͳͲͷ߲Λޙͨ͠ࢉܭͷԹͱਫৠ͕ྔؾաঢ়ଶͱͳͬͯ
͍Δ߹ʹ, ͪΐ͏ͲʹͳΔྔͷਫৠؾΛͤ͞ॖڽΔ. Ұํ, ҠྲྀͳͲ
ͷ߲Λޙͨ͠ࢉܭʹ, Ӣਫ͕ଘ͢ࡏΔʹ߆ΘΒͣະʹͳ͍ͬͯΔॴ
Ͱ, ͪΐ͏ͲʹͳΔྔͷӢਫΛৠൃͤ͞Δ.
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Conservation eq. for vapor, cloud, and rain	

Thermodynamic 
quantities are 
provided by 
Oboro 
(thermochemical 
package) 
automatically. 



Grid configuration	

•  Horizontal 
Arakawa-C grid 

•  Vertical           
Lorenz grid 

•  Centered 
difference 
‒  2nd / 4th order 
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i(u),j(v),k(w)i-1(u),j(v),k(w)

i(u),j(v),k-1(w)i-1(u),j(v),k-1(w)

i(u),j-1(v),k-1(w)i-1(u),j-1(v),k-1(w)

i+1,j+1(v),ki,j+1,(v),k

i+1,j+1(v),k+1

i+1,j(v),k+1

i+1,j(v),ki,j(v),k

i+1,j,k(w)i,j,k(w)

i+1,j,k+1(w)i,j,k+1(w)

i+1,j,k+1

i,j(v),k+1

i,j+1(v),k+1

i,j,k i+1,j,k

i,j,k+1 i(u),j,k+1 i+1(u),j,k+1

i(u),j,k i+1(u),j,k

i-1(u),j-1(v),k(w) i(u),j-1(v),k(w)

ਤ 1.1: .ͷஔࢠ֨

-1 0 1 2 im+2im+1imim-1im-23

scalervector

-1 0 1 2 im+2im+1imim-1im-23

boundary boundary

ਤ 1.2: ఴࣈͱڥքͷઃఆ. ͷൣғࣈΔఴ͢ࢉܭʹࡍ࣮ 1 ͔Β im ͱ͢Δ.
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Coding style : use F90 array functions	

𝜁↓𝑡 =𝜈(𝜕↑2 𝜁/𝜕𝑥↑2  + 𝜕↑2 𝜁/𝜕
𝑧↑2  )	
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ୈ2ষ Խࢄͷํۭؒ

͜ͷઅͰۭؒඍͷࢄԽͷํ๏ͱͦͷͨΊʹඞཁͱͳΔฏ࡞ૢۉ, ք݅ڥ
ͷ༩͑ํʹ͍ͭͯઆ໌͢Δ. ࢄԽ 2 ਫ਼ࠩ·ͨ࣍ 4 ͍ͯ༺ਫ਼ࠩΛ࣍
.͏ߦ

ਤ 1.1 ͷۭؒͷҐஔΛද͢ఴࣈͱͯ͠, x ΛࢠϑϥοΫεͷ֨ํ (i(u), j, k), y

ΛࢠϑϥοΫεͷ֨ํ (i, j(v), k), z ΛࢠϑϥοΫεͷ֨ํ (i, j, k(w)), ε
Χϥʔྔͷ֨ࢠΛ (i, j, k), ͷ֯ʹͨΔΛࢠ֨ (i(u), j(v), k(w)) ͱ͢Δ (ਤ
1.1 .(রࢀ ୠ͠ 1 ≤ i(u) ≤ im, 1 ≤ i ≤ im, 1 ≤ j(v) ≤ jm, 1 ≤ j ≤ jm,

1 ≤ k(w) ≤ km, 1 ≤ k ≤ km Ͱ͋Δ.

2.1 ฏ࡞ૢۉ

ۭؒඍͷࢄԽΛ͏ߦલʹ, ͦͷͨΊʹඞཁͱͳΔฏ࡞ૢۉΛఆ͓ٛͯ͘͠. ྫ
͑ x ͰධՁ͢ΔࢠͰධՁ͞ΕΔมΛεΧϥʔྔͷ֨ࢠϑϥοΫε֨ํ
߹, ϑϥοΫε֨ࢠͷΛฏͯ͠ۉεΧϥʔ֨ࢠͰͷͱΈͳ͢.

ඞཁͱͳΔฏ࡞ૢۉΛҎԼʹࣔ͢. ͜͜Ͱ x ͷมΛࢠͷϑϥοΫε֨ํ
ui(u),j,k, y ͷมΛࢠͷϑϥοΫε֨ํ vi,j(v),k, z ͷࢠͷϑϥοΫε֨ํ
มΛ wi,k(w), εΧϥʔ֨ࢠͷมΛ πi,k ͱ͍ͯ͠Δ.

πi(u),j,k ≡
πi+1,j,k + πi,j,k

2
(2.1)

πi,j(v),k ≡
πi,j+1,k + πi,j,k

2
(2.2)

πi,j,k(w) ≡
πi,j,k+1 + πi,j,k

2
(2.3)

πi(u),j(v),k(w) ≡
1

8
(πi,j,k + πi+1,j,k + πi,j+1,k + πi+1,j+1,k

πi,j,k+1 + πi+1,j,k+1 + πi,j+1,k+1 + πi+1,j+1,k+1) . (2.4)

ui,j,k ≡
ui(u),j,k + ui−1(u),j,k

2
(2.5)
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Back to ”moderate” way	

• With extensive usage of F90 array 
functions, the model runs like a turtle. 
‒  Back to more F77 like style 
‒  Improve the speed by 100 times 

• With extensive dependence of Oboro 
thermodynamic package, the model 
loses flexibility. 
‒  “molecular weight of non-condensible 
component” can be specified again. 

‒ Helpful for “mechanistic experiments.” 



Example 1 : Jupiter 
clouds of three components: 

H2O, NH3, NH4SH	



Set-up of the experiments	
•  Boundary conditions 

•  Horizontal boundary is 
cyclic. Stress free condition 
and  
w = 0 are given at the lower 
and upper boundaries.  

•  Temperature and mixing 
ratios of vapor at the lowest 
level  
are fixed.  

•  Initial condition 

•  Random potential 
temperature perturbation  
(Δθmax = 0.1 K) is given to 
seed convective motion.  

(1 x solar)	



Jupiter’s  “Convective” clouds	

lightning	Lightning	 Convective clouds  
(Vasavada and Showman, 2005) 

lightning	Lightning	



Results: Animation 	



Temporal variation	

•  Overall temperature of the 
cloud layer synchronizes with 
the intermittent convective 
activity.  
–  We will refer the time when 

the active cloud convection 
occurs as `active period' (A) 
and the other as `quiet 
period’ (Q).  

•  The convective activity of the whole layer is not steady but 
quasi-periodic with a period of about 40 days.  



Period of the intermittency   

Conversion rate 
from cloud to 
rain (100 sec)	

period in the 
numerical 
experiment (day)	

ratio 	

1	 36.4	 1	
10	 60.2	 1.80	

100	 62.5	 1.85	
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Cloud mixing ratio (Horizontal mean)        	
•  The period of the quasi-

periodic cycle is about 2 times 
larger than that of the previous 
study. 



Example 2 : Mars 
condensation of major 

component (CO2)	



•  Ancient warm and 
moist Mars? 



Condensation convection of CO2 and cloud type 
(Colaprete et al. 2003)	

T	

P	

Air	  
parcel	

Nearly  
newtral ×	

•  Whether supersaturation is allowed or not is key 
point. 
‒  No: Stratiform cloud  Yes: Convective cloud 

T	

P	

Can 
obtain 

buoyancy 

Air	  
parcel	



CO2 ice cloud microphysics	
•  Condensation/Evaporation rate (Tobie et al., 2003) 

‒  For 1<S<Scr, condensation does not occur if cloud density is less 
than a threshold value 

‒  We assume the value of threshold as 1.0e-6 kg/m3  

•  Gravitational settling rate 

 

constantGas:tcoefficiendiffusionThermal :
particlecloudfornumberKnudsen:

densityiceCO2:particlecloudofRadius:
nucleioncondensatiofdensityNumber:*

tcoefficienviscosity:densityGas:
pressurevaporSaturation:Pressure:

ratioSaturation:

*

*

Rk
Kn
r
N

pp
p
pS

Iρ

ηρ

=

𝑀↓𝑐𝑜𝑛𝑑 = 4𝜋𝑟𝜌𝑁↓∗ 𝑘𝑅𝜃↑2 Π↑2 /𝐿↑2  (𝑆−1)	

𝑀↓𝑓𝑎𝑙𝑙 = 𝜕/𝜕𝑧 (𝜌↓𝑠 𝑉↓𝑡𝑒𝑟𝑚 )	

𝑉↓𝑡𝑒𝑟𝑚 =(1+ 4/3 𝐾↓𝑛 )2𝑟↑2 𝑔𝜌↓𝐼 /9𝜂 	



•  Domain size:  
‒  100km in horizontal direction 
(grid spacing: 500m) 

‒  80km in vertical direction 
(grid spacing: 400m) 

•  Initial temperature and cooling profile 
‒  Based on Kasting (1991)    

 
•  Critical saturation ratio (Scr): 1.0, 1.35  

(Glandorf et al., 2002) 
•  Number density of condensation nuclei (N*): 5.0x104, 5.0x106, 

5.0x108 /kg  
(Tobie et al.,2003: Forget et al., 2013) 

Setup of experiments	

Iso-‐thermal	  

Uniform 
cooling  
(-0.1 K/day)	

Newtonian 
cooling	

Initial temperature and  
cooling profile	

Ts = 273K 
Ps = 2.0x105 Pa	
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Vertical velocity	

Cloud density	 Saturation ratio	

Potential temperature(θ-Θ(z))	

Circulation features and cloud distribution: Scr=1.0 
（100 days)	

Cloud is generated by gravity wave	
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Circulation features and cloud distribution: Scr=1.35  
(143 days)	

Buoyancy flow occurs above condensetion 
region	

The dry convection is activated due to evaporation cooling of dropped cloud 
particle	


