
 

T
h

e
 P

B
L
 p

a
ra

m
e
te

riza
tio

n
 in

 E
C

M
W

F
 m

o
d

e
l



 

)

 

T
h
e p

aram
eterizatio

n
 sch

em
e rep

resen
ts th

e tu
rb

u
len

t tran
sfer o

f

h
eat, m

o
m

en
tu

m
 an

d
 m

o
istu

re b
etw

een
 th

e su
rface an

d
 th

e lo
w

est

m
o
d
el 

level 
an

d
 

th
e 

tu
rb

u
len

t 
tran

sp
o
rt 

o
f 

th
e 

sam
e 

q
u
an

tities

b
etw

een
 m

o
d
el levels. T

h
ese ten

d
en

cies are o
b
tain

ed
 as d

ifferen
ces

b
etw

een
 th

e resu
lts o

f an
 im

p
licit tim

e-step
 fro

m
 

 to
 

. 

 )

 

T
h
e sch

em
e co

m
p
u
tes th

e p
h
ysical ten

d
en

cies o
f th

e fo
u
r p

ro
g
n
o
s-

tic variab
les 

 an
d
 

 d
u
e th

e vertical exch
an

g
e b

y tu
rb

u
len

t

(n
o
n
-m

o
ist) p

ro
cesses.

 

)

 

T
h
e su

rface b
o
u
n
d
ary co

n
d
itio

n
 is fo

rm
u
lated

 sep
arately fo

r 8
 d

if-

feren
t tiles: w

ater, ice, w
et skin

, lo
w

 veg
etatio

n
, exp

o
sed

 sn
o
w

, h
ig

h

t
t

1
+

u(
v

T
,

,
q

)



 

veg
etatio

n
, sn

o
w

 u
n
d
er veg

etatio
n
 an

d
 b

are so
il. T

h
e d

ifferen
t tiles

h
ave th

eir o
w

n
 su

rface b
alan

ce an
d
 th

eir o
w

n
 skin

 tem
p
eratu

re. 

 

)

 

E
ach

 g
rid

 b
ox is d

ivid
ed

 in
to

 8
 fractio

n
s: tw

o
 veg

etated
 fractio

n
s

(h
ig

h
 an

d
 lo

w
 veg

etatio
n
 w

ith
o
u
t sn

o
w

), o
n
e b

are so
il fractio

n
, th

ree

sn
o
w

/ice fractio
n
s (sn

o
w

 o
n
 b

are g
ro

u
n
d
/lo

w
 veg

etatio
n
, h

ig
h
 veg

e-

tatio
n
 w

ith
 sn

o
w

 b
en

eath
, an

d
 sea-ice, resp

ectively), an
d
 tw

o
 w

ater

fractio
n
s (in

tercep
tio

n
 reservo

ir, o
cean

/lakes). A
 m

ixtu
re o

f lan
d
 an

d

w
ater (o

cean
/in

lan
d
 w

ater) tiles is n
o
t allo

w
ed

, a g
rid

 b
ox is eith

er

1
0
0
%

 o
cean

 (w
ater +

 ice) o
r 1

0
0
%

 lan
d
. 



 0

 

T
h

e
 S

u
rfa

ce
 L

a
y
e
r

 

)

 

T
h
e 

su
rface 

layer 
ap

p
roxim

atio
n
 
is 

ap
p
lied

 
b
etw

een
 
th

e 
lo

w
est

m
o
d
el level ( ~

1
0
 m

 ab
o
u
t th

e su
rface) an

d
 th

e su
rface fo

r each
 tile

sep
arately. It is assu

m
ed

 th
at th

e tu
rb

u
len

t flu
xes are co

n
stan

t w
ith

h
eig

h
t an

d
 eq

u
al to

 th
e su

rface valu
es. T

h
ey can

 b
e exp

ressed
, u

sin
g

M
o
n
in

-O
b
u
kh

ov th
eo

ry, in
 term

s o
f th

e g
rad

ien
t o

f w
in

d
, d

ry static

en
erg

y an
d
 sp

ecific h
u
m

id
ity, w

h
ich

 are assu
m

ed
 to

 b
e p

ro
p
o
rtio

n
al

to
 u

n
iversal g

rad
ien

t fu
n
ctio

n
 o

f a stab
ility p

aram
eter. 

(1
)

κ
z

u
∗

-------
z∂ ∂u

Φ
M

zL ---






=



 

(2
)

T
h
e scalin

g
 p

aram
eters 

, 
 an

d
 

 are exp
ressed

 in
 term

s o
f su

r-

face flu
xes:

(3
)

T
h
e stab

ility p
aram

eter 
 is th

e O
b
u
kh

ov len
g
th

 an
d
 

 is th
e V

o
n
 K

ar-

m
an

 co
n
stan

t (=
 0

.4
).

κ
z

s
∗

-------
z∂ ∂s

Φ
H

zL ---






=

κ
z

q
∗

-------
z∂ ∂q

Φ
Q

zL ---






=

u
∗

s
∗

q
∗

ρ
u
∗ 2

J
M

=

ρ
u
∗ s

∗
J

s
=

ρ
u
∗ q

∗
J

q
=

L
κ



 

)

 

In
 th

e su
rface layer th

e h
o
rizo

n
tal w

in
d
, d

ry static en
erg

y an
d
 sp

e-

cific h
u
m

id
ity p

ro
files are:

(4
)

(5
)

(6
)

(7
)

w
h
ere 

 is th
e u

n
iversal p

ro
file stab

ility fu
n
ctio

n
.

u
τ

x

κ
ρ

u
∗

---------------
zl

z0M
+z0M

-------------------






Ψ

M

zl
z0M

+L
-------------------






–

Ψ
M

z0ML ---------






+

log









=

v
τ

y

κ
ρ

u
∗

---------------
zl

z0M
+z0M

-------------------






Ψ

M

zl
z0M

+L
-------------------






–

Ψ
M

z0ML ---------






+

log









=

s
ssurf

–
J

s

κ
ρ

u
∗

---------------
zl

z0M
+z0M

-------------------






Ψ

M

zl
z0M

+L
-------------------






–

Ψ
M

z0ML ---------






+

log









=

q
q

surf
–

J
q

κ
ρ

u
∗

---------------
zl

z0M
+z0M

-------------------






Ψ

M

zl
z0M

+L
-------------------






–

Ψ
M

z0ML ---------






+

log









=

Ψ



0
S

u
rfa

ce
 F

lu
x
e
s

)
S
u
rface flu

xes fo
r h

eat an
d
 m

o
istu

re are co
m

p
u
ted

 sep
arately fo

r

th
e d

ifferen
t tiles.

)
T
h
e su

rface flu
xes are exp

ressed
 in

 term
s o

f d
ifferen

ces b
etw

een

p
aram

eters at level 
 an

d
 su

rface q
u
an

tities:

(8
)

w
h
ere 

, 
 an

d
 

 are p
rovid

ed
 b

y th
e lan

d
 sch

em
e

, an
d
 

 also
 p

rovid
ed

 b
y th

e lan
d
 sch

em
e.

zl

J
M

ρ
C

M
U

2
=

J
s

ρ
C

H
U

sl
ssurf

–
(

)
=

J
q

ρ
C

Q
U

α
l q

l
α

surf q
surf

–
(

)
=

q
surf

q
sat

T
surf

(
)

=
α

l
α

surf

ssurf
c

p
dry

,
1

δq
sa

+
(

)T
surf

=
q

sa



)
T
h
e tran

sfer co
efficien

ts are exp
ressed

 as

(9
)

 
(1

0
)

C
M

κ
2

zl
z0M

+z0M
-------------------






Ψ

M

zl
z0M

+L
-------------------






Ψ

M

z0
ML ---------







+
–

log
2

----------------------------------------------------------------------------------------------------------------
=

C
H

κ
2

zl
z0M

+z0M
-------------------






Ψ

M

zl
z0M

+L
-------------------






Ψ

M

z0ML ---------






+

–
log

-------------------------------------------------------------------------------------------------------------
×

=

1
zl

z0M
+z0H

-------------------






Ψ

H

zl
z0M

+L
-------------------






Ψ

H

z0ML ---------






+

–
log

------------------------------------------------------------------------------------------------------------



(1
1
)

)
 T

h
e w

in
d
 sp

eed
 

 is exp
ressed

 as

(1
2
)

w
ith

 
 th

e free co
n
vectio

n
 velo

city d
efin

ed
 b

y

(1
3
)

)
W

h
en

 th
e su

rface is h
eated

, th
is term

 g
u
aran

tees a fin
ite su

rface

w
in

d
-fo

rcin
g
 even

 fo
r van

ish
in

g
 

 an
d
 

, an
d
 p

reven
ts 

 an
d
 

 fro
m

b
eco

m
in

g
 zero.

C
H

κ
2

zl
z0M

+z0M
-------------------






Ψ

M

zl
z0M

+L
-------------------






Ψ

M

z0ML ---------






+

–
log

-------------------------------------------------------------------------------------------------------------
×

=

1
zl

z0M
+z0Q

-------------------






Ψ

Q

zl
z0M

+L
-------------------






Ψ

Q

z0ML ---------






+

–
log

------------------------------------------------------------------------------------------------------------

U

U
2

u
2

v
2

w
2∗

+
+

=

w
∗

w
∗

zi gT
l

----Q
0v







1
3⁄

=

u
v

U
L



0
D

ia
g

n
o

stic B
o

u
n

d
a
ry

 L
a
y
e
r H

e
ig

h
t

)
B
o
u
n
d
ary layer h

eig
h
t 

 is d
efin

ed
 as th

e level w
h
ere th

e b
u
lk

R
ich

ard
so

n
 n

u
m

b
er, b

ased
 o

n
 th

e d
ifferen

ce b
etw

een
 q

u
an

tities at

th
at 

level 
an

d
 

th
e 

lo
w

est 
m

o
d
el 

level, 
rich

es 
th

e 
critical 

valu
e

. T
h
e b

u
lk R

ich
ard

so
n
 n

u
m

b
er is co

m
p
u
ted

 fro
m

 th
e fo

l-

lo
w

in
g
 set o

f eq
u
atio

n

(1
4
)

h
B

L

R
i

cr
,

0.25
=

R
ib

h
bl

2g
svhbl

svl
–

∆
s

–
(

)

svhbl
svl

gh
bl

–
gzl

–
+

(
)
∆

U
2

------------------------------------------------------------------------
=



(1
5
)

 
(1

6
)

in
d
ex 

 in
d
icates th

e lo
w

est m
o
d
el level. T

h
e virtu

al d
ry static en

erg
y

fro
m

 th
e lo

w
est level, 

 is in
creased

 w
ith

 a tu
rb

u
len

t p
art 

 an
d

co
m

p
ared

 to
 th

e virtu
al d

ry static en
erg

y at b
o
u
n
d
ary layer h

eig
h
t

. T
h
e b

o
u
n
d
ary layer h

eig
h
t is fo

u
n
d
 b

y a vertical scan
 fro

m
 th

e

su
rface u

p
w

ard
s. If th

e b
o
u
n
d
ary layer is fo

u
n
d
 to

 b
e b

etw
een

 tw
o

levels a lin
ear in

terp
o
latio

n
 is d

o
n
e to

 fin
d
 th

e exact p
o
sitio

n
. 

∆
U

2
u

hbl
u

l
–

(
) 2

v
hbl

v
l

–
(

) 2
+

=

svl
c

p
dry

,
T

l
1

εq
l

+
(

)
gzl

+
=

svhbl
c

p
dry

,
T

hbl
1

εq
hbl

+
(

)
gh

bl
+

=∆
s

8.5c
p

dry
,

u
∗ Q

0v
w

s
⁄

=

w
s

u
3∗

0.6
g

T⁄
(

)Q
0v h

bl
+

{
}

1
3⁄

unstable
=

w
s

u
∗

stable
=

l

svl
∆

s

h
bl



)
A
d
van

tag
es o

f b
u
lk R

ich
arso

n
 m

eth
o
d
 (T

ro
en

 an
d
 M

art, 1
9
8
6
):

	
d
o
es 

n
o
t 

req
u
ire 

reso
lu

tio
n
 
o
f 

th
e 

cap
p
in

g
 
in

versio
n
, 

w
h
en

 
it

exists;

	
allo

w
s fo

r a co
n
tin

u
o
u
s tran

sitio
n
 b

etw
een

 th
e stab

le an
d
 u

n
stab

le

b
o
u
n
d
ary layer;

	
d
escrib

es 
th

e 
n
ear-n

eu
tral 

case 
w

h
en

 
th

e 
su

rface 
h
eat 

flu
x 

is

u
n
im

p
o
rtan

t;

	
rem

o
ves certain

 in
co

n
sisten

cies b
etw

een
 th

e ap
p
licatio

n
 o

f su
r-

face sim
ilarity th

eo
ry an

d
 th

e “co
u
n
terg

rad
ien

t” flu
x co

rrectio
n
s;

	
co

n
sid

er th
e im

p
o
rtan

t p
ro

b
lem

 o
f b

o
u
n
d
ary-layer clo

u
d
s.



0
E
q

u
a
tio

n
 fo

r v
e
rtica

l d
iffu

sio
n

)
T
h
e eq

u
atio

n
 fo

r th
e vertical d

iffu
sio

n
 o

f an
y co

n
servative q

u
an

tity

 is:

(1
7
)

T
h
e vertical tu

rb
u
len

t flu
x 

 (p
o
sitive u

p
w

ard
) is w

ritten
 u

sin
g
 a

first-o
rd

er clo
su

re, w
h
ere 

 is th
e exch

an
g
e co

efficien
t. T

h
e g

o
al o

f

th
e vertical d

iffu
sio

n
 p

aram
eterizatio

n
 is to

 d
efin

e th
e exch

an
g
e co

ef-

ficien
ts an

d
 th

en
 so

lve eq
u
atio

n
 (1

7
) w

ith
 th

e fo
llo

w
in

g
 b

o
u
n
d
ary

co
n
d
itio

n
s:

ψ

t∂ ∂ψ
1ρ ---

z∂ ∂
ρ

K
ψ

z∂ ∂ψ






1ρ ---

z∂ ∂J
ψ

=
=

J
ψ

K
ψ



(1
8
)

w
h
ere 

 is th
e p

ressu
re at th

e to
p
 o

f th
e atm

o
sp

h
ere. Fo

r h
eat an

d

m
o
istu

re th
e su

rface b
o
u
n
d
ary co

n
d
itio

n
 is p

rovid
ed

 tile b
y tile an

d

flu
xes are averag

ed
 over 

 tiles, w
eig

h
ted

 b
y th

eir fractio
n
 

. Fo
r

th
e w

in
d
, a sin

g
le tile is u

sed
 w

ith
 a n

o
 slip

 co
n
d
itio

n
 at th

e su
rface.

)
T
h
e eq

u
atio

n
s fo

r tu
rb

u
len

t tran
sfer are so

lved
 w

ith
 th

e ten
d
en

cies

fro
m

 ad
iab

atic an
d
 rad

iative p
ro

cesses as so
u
rce term

s in
 th

e R
H

S
:

(1
9
)

K
ψ

z∂ ∂ψ
0

at
p

p
top

=
=

K
ψ

z∂ ∂ψ
F

i C
ψ

i, U
z()

ψ
z()

ψ
surf

i,
–

(
)

as
z

0
→

i
1

= N
T

∑
→

p
top

N
T

F
i

t∂ ∂ψ
g

p∂ ∂J
ψ

t∂ ∂ψ






ad

t∂ ∂ψ






rad

+
+

=



)
B
y ap

p
lyin

g
 a “fractio

n
al-step

” m
eth

o
d
, th

e d
iscretizatio

n
 o

f eq
u
a-

tio
n
 (1

9
) b

eco
m

es, fo
r 

,

(2
0
)

w
h
ere 

, th
e p

aram
eter 

 d
eterm

in
es th

e im
p
licit-

n
ess o

f th
e sch

em
e. Fo

r 
 th

e sch
em

e is exp
licit, fo

r 
 w

e

h
ave a C

ran
k-N

ich
o
lso

n
 an

d
 fo

r 
 w

e h
ave an

 im
p
licit b

ackw
ard

sch
em

e. In
 th

e m
o
d
el 

 to
 avo

id
 n

o
n
-lin

ear in
stab

ility fro
m

 
.

1
k

l
<

<

t∂ ∂ψ
diff

ψ
t

1
+

ψ
t

ψ
ad

ψ
rad

+
+

{
}

–

∆
t

-----------------------------------------------------------------
=

g
p

k
1

2⁄
+

p
k

1
2⁄

–
–

-----------------------------------------
ρ

k
1

2⁄
+

K
k

1
2⁄

+
t

ψ̂
k

1
+

ψ̂
k

–

zk
1

+
zk

–
--------------------------






  

=

ρ
k

1
2⁄

–
K

k
1

2⁄
–

t
ψ̂

k
ψ̂

k
1

–
–

zk
zk

1
–

–
--------------------------






  

–

ψ̂
α
ψ

t
1

+
1

α
–

(
)ψ

t
+

=
α

α
0

=
α

0.5
=

α
1

=

α
1.5

=
K



)
T
h
e exch

an
g
e co

efficien
ts 

 are estim
ated

 at h
alf m

o
d
el levels.

T
h
e co

m
p
u
tatio

n
 o

f th
e exch

an
g
e co

efficien
ts d

ep
en

d
s o

n
 th

e stab
ility

reg
im

es (lo
cally an

d
 at th

e su
rface) an

d
 o

n
 th

e vertical lo
catio

n
 ab

ove

th
e su

rface.

K
ψ



)
E
q
u
atio

n
 (2

0
) can

 b
e w

ritten
 as 

(2
1
)

)
A
t th

e lo
w

est level (
) th

e eq
u
atio

n
 in

clu
d
es th

e su
rface flu

xes

w
h
ich

 are o
b
tain

ed
 over 

 tiles:

(2
2
)

K
k

1
2⁄

– ∗∆
p

k
------------------

ψ̂
k

1
–

α
-------------






–

1
K

k
1

2⁄
+ ∗∆
p

k
-------------------

K
k

1
2⁄

– ∗∆
p

k
------------------

ψ̂
k

α ------






K

k
1

2⁄
+ ∗∆
p

k
-------------------

ψ̂
k

1
+

α
-------------






–

+
+

+

ψ̂
k t

α ------
∆
ψ

ad
∆
ψ

rad
+

+
=

k
l

=N
T

ψ̂
l

α -----
ψ̂

l t

α -----
∆
ψ

ad
∆
ψ

rad
K

l
1

2⁄
– ∗

ψ̂
l

ψ̂
l

1
–

–α
∆

p
l

------------------------
–

+
+

=

F
i C

∗ψ
i,

α
∆

p
l

----------------
A

l
i, ψ̂

l
A

surf
i, ψ̂

surf
i,

–
{

}
i

1
= N

T

∑



w
ith
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)
A
t th

e to
p
 o

f th
e atm

o
sp

h
ere (

) tu
rb

u
len

t flu
xes are set to

 zero

an
d
 w

e h
ave

(2
3
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0
B

o
u

n
d

a
ry

 la
y
e
r clo

u
d

s

)
T
h
is p

art o
f th

e sch
em

e co
n
sid

ers strato
cu

m
u
lu

s clo
u
d
s at th

e to
p

o
f co

n
vective b

o
u
n
d
ary layers. T

h
ey are d

istin
g
u
ish

ed
 fro

m
 sh

allo
w

cu
m

u
li b

y m
akin

g
 th

e assu
m

p
tio

n
, th

at th
e clo

u
d
 d

ep
th

 m
u
st n

o
t

exceed
 o

n
e m

o
d
el-layer d

ep
th

. A
ll clo

u
d
s d

eep
er th

an
 o

n
e layer are

rep
resen

ted
 as co

n
vective clo

u
d
s b

y th
e cu

m
u
lu

s co
n
vectio

n
 sch

em
e.

)
T
h
e 

sch
em

e 
fo

llo
w

s 
th

e 
m

ass-flu
x 

ap
p
ro

ach
, 

so
 
th

at 
th

e 
clo

u
d

tran
sp

o
rt fo

r m
o
istu

re is w
ritten

 as

(2
4
)

F
q

ρ
ŵ

q
up

q
dow

n
–

(
)

=



w
h
ere 

 an
d

 are th
e u

p
d
raft an

d
 d

o
w

n
d
raft sp

ecific h
u
m

id
ity,

resp
ectively, an

d
 

 (=
) is th

e clo
u
d
 m

ass flu
x an

d
 

 is th
e

clo
u
d
 fractio

n
al area o

f u
p
d
rafts, typ

ically ab
o
u
t 0

.2
-0

.3
.

)
U

p
d
rafts start n

ear th
e su

rface w
ith

 th
e p

ro
p
erties o

f th
e m

ean
 flo

w

at th
e lo

w
est m

o
d
el level an

d
 d

o
w

n
d
rafts start at th

e first m
o
d
el level

ab
o
u
t clo

u
d
 b

ase, ag
ain

 w
ith

 th
e p

ro
p
erties o

f th
e m

ean
.

)
 U

p
d
raft an

d
 d

o
w

n
d
raft valu

es o
f th

erm
o
d
yn

am
ical variab

les are

d
eterm

in
ed

 b
y d

ry-ad
iab

atic (b
elo

w
 clo

u
d
 b

ase) an
d
 m

o
ist-ad

iab
atic

ascen
t/d

escen
t (ab

ove clo
u
d
 b

ase). 

q
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q
dow

nρ
ŵ

ρ
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up w
up

α
u
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)
D

o
w

n
d
rafts 

can
 
b
e 

satu
rated

 
o
r 

u
n
satu

rated
 
d
ep

en
d
in

g
 
o
n
 
th

e

existen
ce o

f clo
u
d
s. 

)
In

 th
e case o

f a so
lid

 clo
u
d
 d

eck, all d
o
w

n
d
rafts b

eco
m

e satu
rated

an
d
 stay satu

rated
 rig

h
t d

o
w

n
 to

 th
e clo

u
d
 b

ase if th
e clo

u
d
 w

ater

co
n
ten

t eq
u
als th

e u
p
d
raft valu

e. T
h
e co

n
d
en

satio
n
 in

 u
p
d
rafts is

th
en

 to
tally co

m
p
en

sated
 b

y evap
o
ratio

n
 in

 d
o
w

n
d
rafts an

d
 as a co

n
-

seq
u
en

ce, clo
u
d
 w

ater is n
o
w

 lo
n
g
er p

ro
d
u
ced

 an
d
 th

e n
et liq

u
id

w
ater 

flu
x 

b
eco

m
es 

zero. 
T
h
is 

ag
rees 

w
ith

 
th

e 
fin

d
in

g
 
o
f 

R
an

d
all

(1
9
8
7
) th

at liq
u
id

 w
ater flu

xes an
d
 b

u
oyan

cy p
ro

d
u
ctio

n
 b

y clo
u
d
s

are larg
est w

h
en

 th
e clo

u
d
 cover is sm

all an
d
 b

eco
m

e sm
aller w

ith

in
creasin

g
 clo

u
d
 cover.



)
Fo

r th
e case o

f p
artial clo

u
d
 cover th

e d
o
w

n
d
rafts o

ccu
p
y clo

u
d
y

an
d
 clo

u
d
-free areas at even

 d
istrib

u
tio

n
 an

d
 are satu

rated
 o

r u
n
sat-

u
rated

 acco
rd

in
g
ly. 

)
T
h
e clo

u
d
-m

ass flu
x is d

eterm
in

ed
 b

y refo
rm

u
latin

g
 th

e tu
rb

u
len

t

m
o
istu

re tran
sp

o
rt at clo

u
d
 b

ase p
ro

d
u
ced

 b
y th

e b
o
u
n
d
ary layer

p
aram

eterizatio
n
 

 in
to

 th
e m

ass-flu
x co

n
cep

t. T
h
e assu

m
p
tio

n
 is

th
at th

e tu
rb

u
len

t flu
xes in

 th
e in

terio
r o

f th
e b

o
u
n
d
ary layer are

en
tirely d

u
e to

 co
n
vective circu

latio
n

(2
5
)
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T
h
e su

b
scrip

ts “0
” an

d
 “to

p
” refer to

 m
o
d
el levels n

ear th
e su

rface

an
d
 clo

se to
 th

e clo
u
d
 to

p
 (i.e. n

ext level ab
ove clo

u
d
 b

ase), resp
ec-

tively, in
d
icatin

g
 th

at th
e u

p
d
rafts starts clo

se to
 th

e su
rface an

d
 th

e

d
o
w

n
d
rafts clo

u
d
 to

p
. 

)
S
trato

cu
m

u
lu

s clo
u
d
 d

ecks are stro
n
g
ly affected

 b
y larg

e-scale su
b
-

sid
en

ce, rad
iative tran

sfer an
d
 tu

rb
u
len

t en
train

m
en

t o
f w

arm
 an

d

d
ry air ab

ove th
e in

versio
n
.

)
Fo

r th
e en

train
m

en
t, th

e n
eg

ative b
u
oyan

cy flu
x at clo

u
d
 to

p
 is

assu
m

ed
 to

 b
e p

ro
p
o
rtio

n
al to

 th
e averag

e b
u
oyan

cy flu
x w

ith
in

 th
e

m
ixed

 layer (D
eard

o
rff, 1

9
7
6
)
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6
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w
h
ere H

 is th
e h

eig
h
t o

f th
e m

ixed
 layer an

d
 

. In
tro

d
u
cin

g
 th

e

en
train

m
en

t velo
city

(2
7
)

th
e en

train
m

en
t flu

xes o
f 

, 
 an

d
 

 b
eco

m
e

(2
8
)

w
h
ere 

, 
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 an
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 are ju
m

p
s acro

ss th
e in

versio
n
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)
 A

b
ove clo

u
d
 b

ase th
e assu

m
p
tio

n
 is m

ad
e th

at 
 d

ecreases lin
early

to
 zero

 at clo
u
d
 to

p
. T

h
e n

et g
en

eratio
n
 o

f clo
u
d
 w

ater/ice d
u
e to

co
n
d
en

satio
n
 in

 u
p
d
rafts an

d
 evap

o
ratio

n
 in

 d
o
w

n
d
rafts b

eco
m
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