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Topics

1. Physical context

2. Main choices :
Mass-flux schemes – Condensation / evaporation / ud detrainment – MT coupling

3. The updraught

1. Cloud profile
– Mixing – diagnostic – cloud en-

semble – prognostic
– Ascent – Condensates – detrai-

ned fraction
– Vertical prognostic equation

2. Closure and mesh fraction

3. Momentum handling

4. Outputs : fluxes – Other outputs

4. The downdraught

1. Principles – environment

2. Evaporating descent
Mixing – Moist adiabat – Available
condensate – Prognostic velocity

3. How to close the downdraught

4. Outputs - DD evaporation fluxes -
DD transport fluxes

5. Transport of precipitation by down-
draught

6. Implications on Sedimentation
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Physical context

Ocean and Land processes 
hydrological processes
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Main Choices

mass flux scheme

ψ ψ

σ

u e

u

significant ud fraction

ω u

vertic equation

λ u

Mixing profile

Condensates

ud detrains condensates

microphysics

common microphysics

Moist Conv  Closure

transport

condensation
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Convective updraught : ACCVUD

Structure :

– Initialisations

– Main vertical loop :

mixing coefficient λu
moist adiabatic segments alternating with isobaric mixing,

including Newton loop,.. → Tu, qvu, qcu, su, Tvu
Activity diagnostic δact

prognostic vertical equation → ωu
– Closure : prognostic equation → σu
– Momentum profile → (uu, vu)
– Output fluxes : condensation and transport

→ Fuvi, F
u
v`, J

u
v , J

u
i , J

u
` , J

u
s , JVu
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Mixing

∂ψu
∂φ

= λu (ψe − ψu) =
λu

1− σu
(ψ∗ − ψu)

4M
M

= λu4φ

λlu = f(φ,En, Ex, αIb)
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Mixing

∂ψu
∂φ

= λu (ψe − ψu) =
λu

1− σu
(ψ∗ − ψu)

4M
M

= λu4φ

λlu = f(φ,En, Ex, αIb) Ib =

φ1∫
φL

(had − h)dφ

– CAPE effect : entrainment is reduced when Ib is greater,
i.e. more buoyant clouds entrain globally less.
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Mixing

∂ψu
∂φ

= λu (ψe − ψu) =
λu

1− σu
(ψ∗ − ψu)

4M
M

= λu4φ

λlu = f(φ,En, Ex, αIb) Ib =

φ1∫
φL

(had − h)dφ

– CAPE effect : entrainment is reduced when Ib is greater,
i.e. more buoyant clouds entrain globally less.

– Ensemblist effects : the highest clouds are the less entraining ones
⇒ reduce the upward decrease of hu, more if (had − hu) greater.
For this use 4φu < 4φ above.
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Prognostic Mixing

Real prognostic approach,

revision and synthesis of ideas of Piriou (2005) and Mironov (2005)
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ψb = ψu + λ4φ(ψu − ψ) , with λ4φ =
4M
M
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Prognostic Mixing

Real prognostic approach,

revision and synthesis of ideas of Piriou (2005) and Mironov (2005)

ψb = ψu + λ4φ(ψu − ψ) , with λ4φ =
4M
M

λ =
{
λtx

– Turbulent contribution
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Prognostic Mixing

Real prognostic approach,

revision and synthesis of ideas of Piriou (2005) and Mironov (2005)

ψb = ψu + λ4φ(ψu − ψ) , with λ4φ =
4M
M

λ =
{
λtx +

βE
4φ

max(0,
4ωu
ωu

)γE
}

– Turbulent contribution

– Acceleration with assumed constant mesh fraction induces additional

mixing
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Prognostic Mixing

Real prognostic approach,

revision and synthesis of ideas of Piriou (2005) and Mironov (2005)

ψb = ψu + λ4φ(ψu − ψ) , with λ4φ =
4M
M

λ =
{
λtx +

βE
4φ

max(0,
4ωu
ωu

)γE
}

(1− ζ) + λtnζ

∂ζ

∂t
= αEσd −

ζ

τE

– Turbulent contribution

– Acceleration with assumed constant mesh fraction induces additional

mixing

– Downdraught activity reduces the mixing
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Ascent and condensation
– The mixed state is raised up to the next level
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Ascent and condensation
– The mixed state is raised up to the next level
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Ascent and condensation
– The mixed state is raised up to the next level

⇒ condensation δqca = −δqv
⇒ release of latent heat δH = L(T )qv
...which heats the layer cp(qv)δT
...which modifies the 4p or 4φ
. ⇒ requires Newton loop updating L, cp, R

– Verify Tu > Tw else back to (Tw, qw)
– Handle the produced condensate δqca :

∂(qvu + qcu)
∂φ

= −qcu
φ0
⇒ qcu = qcbe

−4φuφ0 + δqca
φ0

4φu
(
1− e−

4φu
φ0
)

φ0 = αiφ0i + (1− αi)φ0`
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Ascent and condensation
– The mixed state is raised up to the next level

⇒ condensation δqca = −δqv
⇒ release of latent heat δH = L(T )qv
...which heats the layer cp(qv)δT
...which modifies the 4p or 4φ
. ⇒ requires Newton loop updating L, cp, R

– Verify Tu > Tw else back to (Tw, qw)
– Handle the produced condensate δqca :

∂(qvu + qcu)
∂φ

= −qcu
φ0
⇒ qcu = qcbe

−4φuφ0 + δqca
φ0

4φu
(
1− e−

4φu
φ0
)

φ0 = αiφ0i + (1− αi)φ0`

– Activity declared if Tvu > Tve and moisture convergence.
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Prognostic vertical equation

Prognostic model variable : ω∗u = ωu − ωe (assuming |ωu| � |ωe|)

∂ω∗u
∂t

+ (V · ∇)ηω∗u + η̇u
∂p

∂η

∂ω∗u
∂p

= source(ω∗u)
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Prognostic vertical equation

Prognostic model variable : ω∗u = ωu − ωe (assuming |ωu| � |ωe|)

∂ω∗u
∂t

+ (V · ∇)ηω∗u + η̇u
∂p

∂η

∂ω∗u
∂p

= source(ω∗u)

∂ω∗u
∂t

∣∣∣∣
Φ

= − g2

1 + γ′
p

Ra

Tvu − Tv
TvTvu

buoyancy

+
ω∗u

2

p
{(1− σu) +RaTvu(λu +Kdu/g)} ”drag”

− (1− σu)
2

∂ω∗u
2

∂p
auto-advection

L. Gerard, 29 March 2007



Prognostic vertical equation

Prognostic model variable : ω∗u = ωu − ωe (assuming |ωu| � |ωe|)

∂ω∗u
∂t

+ (V · ∇)ηω∗u + η̇u
∂p

∂η

∂ω∗u
∂p

= source(ω∗u)

∂ω∗u
∂t

∣∣∣∣
Φ

= − g2

1 + γ′
p

Ra

Tvu − Tv
TvTvu

buoyancy

+
ω∗u

2

p
{(1− σu) +RaTvu(λu +Kdu/g)} ”drag”

− (1− σu)
2

∂ω∗u
2

∂p
auto-advection

= Aω∗u
2 − σeω∗u

∂ω∗u
∂p
−B′
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Updraught closure by Moisture Convergence

Driving forces : from larger/slower scale and local scale
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Updraught closure by Moisture Convergence

Driving forces : from larger/slower scale and local scale

buoyancy : generates the motion

supply of water vapour : generates the buoyancy by condensing.

. =⇒ assumed to be the limiting factor.
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Updraught closure by Moisture Convergence

Driving forces : buoyancy, water vapour supply.
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Driving forces : buoyancy, water vapour supply.

Energy storage in the updraught : ∂σu∂t (hu − he)
(difference of moist static energy between updraught and environment)
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Driving forces : buoyancy, water vapour supply.
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External supply :
h = s+ Lqv = cpT + φ+ Lqv
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Updraught closure by Moisture Convergence

Driving forces : buoyancy, water vapour supply.
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Convergence of sensible heat : distributed on the whole grid box

. ⇒ little impact on hu − he
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Updraught closure by Moisture Convergence

Driving forces : buoyancy, water vapour supply.

Energy storage in the updraught : ∂σu∂t (hu − he)
(difference of moist static energy between updraught and environment)

External supply :
h = s+ Lqv = cpT + φ+ Lqv

Convergence of sensible heat : distributed on the whole grid box

. ⇒ little impact on hu − he

the updraught sucks the moisture⇒ qe↘

condensation⇒ qu↘ but Tu↗

⇒ moisture supply
drives σu(hu − he)
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Updraught closure by Moisture Convergence

Driving forces : buoyancy, water vapour supply.

Energy storage in the updraught : ∂σu∂t (hu − he)
(difference of moist static energy between updraught and environment)

External supply : net moisture supply drives σu(hu − he)

Moisture transport :
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Updraught closure by Moisture Convergence

Driving forces : buoyancy, water vapour supply.

Energy storage in the updraught : ∂σu∂t (hu − he)
(difference of moist static energy between updraught and environment)

External supply : net moisture supply drives σu(hu − he)

Moisture transport :
Resolved convergence of water vapour towards the grid box

Local convergence of water vapour from vertical turbulent diffusion

Updraught circulation
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Updraught closure by Moisture Convergence

Driving forces : buoyancy, water vapour supply.

Energy storage in the updraught : ∂σu∂t (hu − he)
(difference of moist static energy between updraught and environment)

External supply : net moisture supply drives σu(hu − he)

Moisture transport :
Resolved convergence of water vapour towards the grid box

Local convergence of water vapour from vertical turbulent diffusion

Updraught circulation

pb∫
pt

[
∂σu
∂t

(hu − he)
]
dp

g
= L

pb∫
pt

[
CV GQ− σu(ωu − ωe)

∂q

∂p

]
dp

g
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Momentum treatment

∂MuVu

∂p
= EV −DVu +

σu
g
∇φ

∂Mu

∂p
= E −D,
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Momentum treatment

∂MuVu

∂p
= EV −DVu +

σu
g
∇φ

∂Mu

∂p
= E −D,

σu
g
∇φ = GuMu

∂V
∂p
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Momentum treatment

∂MuVu

∂p
= EV −DVu +

σu
g
∇φ

∂Mu

∂p
= E −D,

σu
g
∇φ = GuMu

∂V
∂p

⇒ ∂Vu

∂φ
= −λu(Vu −V) + Gu

∂V
∂φ
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Momentum treatment

∂MuVu

∂p
= EV −DVu +

σu
g
∇φ

∂Mu

∂p
= E −D,

σu
g
∇φ = GuMu

∂V
∂p

⇒ ∂Vu

∂φ
= −λu(Vu −V) + Gu

∂V
∂φ

cloud base : Vb
u = V

b
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Momentum treatment

uu, vu, u, v

∂MuVu

∂p
= EV −DVu +

σu
g
∇φ

∂Mu

∂p
= E −D,

σu
g
∇φ = GuMu

∂V
∂p

⇒ ∂Vu

∂φ
= −λu(Vu −V) + Gu

∂V
∂φ

cloud base : Vb
u = V

b
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Output fluxes

Condensation in the ascent δqca⇒ condensation fluxes :

F lcci = F l−1
cci + αiδqca

(Mu)
g

F lcc` = F l−1
cc` + (1− αi)δqca

(Mu)
g

Mass-flux transport :

∂ψ

∂t
= − ∂

∂p

(
Mu(ψ − ψu)

)
= −g

∂Jcuψ
∂p

– applied, using an implicit discretization, to s, qv, qi, q`, u, v.

– no transport of qr, qs presently.
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Other outputs

– Detrained condensate : local budget.

qcDδσD
4p
g

+ qcuδσu
4p
g︸ ︷︷ ︸

storages

= δqca
Mu

g︸ ︷︷ ︸
source

−
4
(
Muqcu

)
g︸ ︷︷ ︸

ud transport

− λu4φMuqc
g︸ ︷︷ ︸

entrained

Assuming qcD = qcu ⇒ σ′D
Then σD = min(σ′D, 1− σu)⇒ qcD ≥ qcu
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Other outputs

– Detrained condensate : local budget.

qcDδσD
4p
g

+ qcuδσu
4p
g︸ ︷︷ ︸

storages

= δqca
Mu

g︸ ︷︷ ︸
source

−
4
(
Muqcu

)
g︸ ︷︷ ︸

ud transport

− λu4φMuqc
g︸ ︷︷ ︸

entrained

Assuming qcD = qcu ⇒ σ′D
Then σD = min(σ′D, 1− σu)⇒ qcD ≥ qcu

– Updraught properties ⇒ updraught environment

ψ = σuψu + (1− σu)ψe ⇒ ψe =
ψ − σuψu

1− σu

– Vertical velocity in updraught environment :

ω∗u ≡ ωu − ωe ⇒ ωe = ω − σuω∗u
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Moist downdraught : ACMODO

Driving process : cooling associated to precipitation flux :
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Moist downdraught : ACMODO

Driving process : cooling associated to precipitation flux :

– Taking the local temperature (but requires adapted cp)

– Evaporating

– Melting

⇒ use a part of div FhP, (div precipitation flux latent heat).
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Moist downdraught : ACMODO

Driving process : cooling associated to precipitation flux :

Working process : further cooling by evaporation of precipitation
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Moist downdraught : ACMODO

Driving process : cooling associated to precipitation flux :

Working process : further cooling by evaporation of precipitation

In which environment ?

→ Out of the updraught, hence over σe = 1− σu

ωe = ω − σuω∗u, ψe =
ψ − σuψu

1− σu

→ In the precipitation area.

→ The input profile not updated for what enters the closure.

→ Downdraught properties ψd, mesh fraction σd and output fluxes will

be referred to σe.
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Moist downdraught : ACMODO

Driving process : cooling associated to precipitation flux :

Working process : further cooling by evaporation of precipitation

In which environment ?

→ Out of the updraught, hence over σe = 1− σu

ωe = ω − σuω∗u, ψe =
ψ − σuψu

1− σu

→ In the precipitation area.

→ The input profile not updated for what enters the closure.

→ Downdraught properties ψd, mesh fraction σd and output fluxes will

be referred to σe.

Phase partition for evaporation : determined by the phase of the precipi-

tation αsnow, instead of αi(T )
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Evaporating descent

– Start at top from (Twe, qwe).

L. Gerard, 29 March 2007
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– Available precipitation Pav ⇒ δav :

δav = 0⇒ dry non entraining adiabat else Newton loop
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Evaporating descent

– Start at top from (Twe, qwe).

– Isobaric mixing, λd taken constant : ∂ψd∂φ = λd(ψ−e ψd)
– Available precipitation Pav ⇒ δav :

δav = 0⇒ dry non entraining adiabat else Newton loop

– Store evaporation increments δqev
– Estimate cumulative evaporation flux to adapt Pav

FevP
∗l−1 =

k=l−1∑
k=1

1
g4t

δqev
kσkdω

k
d ⇒ Pav ≈ P − FevP ∗
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Evaporating descent

– Start at top from (Twe, qwe).

– Isobaric mixing, λd taken constant : ∂ψd∂φ = λd(ψ−e ψd)
– Available precipitation Pav ⇒ δav :

δav = 0⇒ dry non entraining adiabat else Newton loop

– Store evaporation increments δqev
– Estimate cumulative evaporation flux to adapt Pav

FevP
∗l−1 =

k=l−1∑
k=1

1
g4t

δqev
kσkdω

k
d ⇒ Pav ≈ P − FevP ∗

– Activity diagnostic : δav = 1 and

Tvd < Tve or ωd > ωe at current or above level.
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Prognostic downdraught velocity

– Use absolute velocity ωd (not correlated with ωe).

∂ωd
∂t

+ (V · ∇)ηωd + η̇d
∂p

∂η

∂ωd
∂p

= source(ωd)

∂ωd
∂t

∣∣∣∣
Φ

+ (ωd − ω)
(
∂ωd
∂p
− ωd

p
+ ωd

∂ lnTv
∂p

)
= −ρg · source(wd)

= − g2

1 + γ′
π

Ra

Tvd − Tve
TveTvd

buoyancy

− δdP
{

(λd +Kdd/g)
RaTvd
π

}
(ωd − ωP)2 drag

− aω2
d

(psurf − p)β
surface braking (if ωd > 0)
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Downdraught closure

Downdraught does not depend on a larger scale forcing : driving forces coming
– from the same grid box
– with comparable time scale
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Downdraught closure

– Driving force : cooling associated to precipitation flux

ε ·
pb∫
pt

−g∂FhP
∂p

dp

g
[Wm−2] (ε ∼ σd

σP
)
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Downdraught closure

– Driving force : cooling associated to precipitation flux

ε ·
pb∫
pt

−g∂FhP
∂p

dp

g
[Wm−2] (ε ∼ σd

σP
)

– Consumption : work of the buoyancy force

pb∫
pt

Fbσd
ωd
ρg

dp

g
[Wm−2]
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Downdraught closure

– Driving force : cooling associated to precipitation flux

ε ·
pb∫
pt

−g∂FhP
∂p

dp

g
[Wm−2] (ε ∼ σd

σP
)

– Consumption : work of the buoyancy force

pb∫
pt

Fbσd
ωd
ρg

dp

g
[Wm−2]

– Storage : in moist static and kinetic energy :

∂σd
∂t
·
pb∫
pt

(hd − h′e) +
ω2
d − ω2

e

2(ρg)2

dp

g
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Downdraught closure

– Driving force : cooling associated to precipitation flux
– Consumption : work of the buoyancy force
– Storage : in moist static and kinetic energy

∂σd
∂t
·
pb∫
pt

(hd − h′e) +
ω2
d − ω2

e

2(ρg)2

dp

g︸ ︷︷ ︸
storage

= σd

pb∫
pt

Fb
ωd
ρg

dp

g︸ ︷︷ ︸
−consumption

+ ε ·
pb∫
pt

−g∂FhP
∂p

dp

g︸ ︷︷ ︸
input
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ACMODO output fluxes
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ACMODO output fluxes

Evaporation in the descent δqev ⇒ evaporation fluxes :

FevP
l = FevP

l−1 + δqev
(Md)
g

Fevs = FevP αsnow Fevr = FevP (1− αsnow)
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ACMODO output fluxes

Evaporation in the descent δqev ⇒ evaporation fluxes :

FevP
l = FevP

l−1 + δqev
(Md)
g

Fevs = FevP αsnow Fevr = FevP (1− αsnow)

Mass-flux transport :

∂ψ

∂t
= − ∂

∂p

(
Md(ψd − ψ)

)
= −g

∂Jddψ
∂p

– applied, using an implicit discretization, to

s, qv, qi, q` (with qid = 0 = q`d), u, v.

– no transport of qr, qs presently.
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Transport of precipitation species by downdraught
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Transport of precipitation species by downdraught

– DD subsaturated : no condensates inside
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Transport of precipitation species by downdraught

– DD subsaturated : no condensates inside

⇒ precipitation at the border

– wP 6= wd to take water vapour away.
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Transport of precipitation species by downdraught

– DD subsaturated : no condensates inside

⇒ precipitation at the border

– wP 6= wd to take water vapour away.

ωd = 0, ωP > 0→ evap and cooling
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Transport of precipitation species by downdraught

– DD subsaturated : no condensates inside
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Transport of precipitation species by downdraught

– DD subsaturated : no condensates inside

⇒ precipitation at the border

– wP 6= wd to take water vapour away.

ωd = 0, ωP > 0→ evap and cooling

→ ωd > 0→ near dd : ωP ↗, cooling ∼↘
ωrd < 0→ in return current : ωP ↘, , cooling ∼↗

⇒ σP reduced downwards ?

ωP increased by dd

L. Gerard, 29 March 2007



Downdraught Transport vs Sedimentation
– Downdraught requires to know P, FhP

L. Gerard, 29 March 2007



Downdraught Transport vs Sedimentation
– Downdraught requires to know P, FhP
– Downdraught evaporates precipitation → FevP

L. Gerard, 29 March 2007



Downdraught Transport vs Sedimentation
– Downdraught requires to know P, FhP
– Downdraught evaporates precipitation → FevP

FevP → FevP + δE and P → P − δE

L. Gerard, 29 March 2007



Downdraught Transport vs Sedimentation
– Downdraught requires to know P, FhP
– Downdraught evaporates precipitation → FevP

FevP → FevP + δE and P → P − δE

– Evolution equation :

δqP
δt

= −g
(4FevP
4p

+
4P
4p
)

L. Gerard, 29 March 2007



Downdraught Transport vs Sedimentation
– Downdraught requires to know P, FhP
– Downdraught evaporates precipitation → FevP

FevP → FevP + δE and P → P − δE

– Evolution equation :

δqP
δt

= −g
(4FevP
4p

+
4P
4p
)

Where

qr, qs are at the end of the time step

L. Gerard, 29 March 2007



Downdraught Transport vs Sedimentation
– Downdraught requires to know P, FhP
– Downdraught evaporates precipitation → FevP

FevP → FevP + δE and P → P − δE

– Evolution equation :

δqP
δt

= −g
(4FevP
4p

+
4P
4p
)

Where

qr, qs are at the end of the time step

P, FevP are averages over the time step

L. Gerard, 29 March 2007



Downdraught Transport vs Sedimentation
– Downdraught requires to know P, FhP
– Downdraught evaporates precipitation → FevP

FevP → FevP + δE and P → P − δE

– Evolution equation :

δqP
δt

= −g
(4FevP
4p

+
4P
4p
)

Where

qr, qs are at the end of the time step

P, FevP are averages over the time step

Finite velocity sedimentation ⇒ δP occurs later than δFevP .

Transient is missed !
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Downdraught Transport vs Sedimentation (2)

⇒ Sedimentation should be redone :

.evaporation reduces P l−1⇒ collection in all subsequent layers, etc.

* Neglecting the effects on collection, apply evaporation with a delay

(or vertical offset) based on the pdf P3 :

P l → P l −
(
P3FevP

l + (1− P3)FevP l−1
)

* Do not modify qr, qs at this time step

but dd activity intervenes in microphysics at next time step :

– to estimate the sedimentation velocity

– to reinforce evaporation
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