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tical
th

ick
n
ess,

from
F
u
eglistaler

e
t
a
l.,

2009..

13



F
igu

re
11:

F
ig.

5;
P
eter

et
al.

(2003).
N

ote
th

at
x
-ax

is
is

lon
gitu

d
e,

n
ot

latitu
d
e.

C
lou

d
s

like
th

is
w

ere
ob

served
w

ith
as

little
as

40p
p
b
v

in
th

e
con

d
en

sed
p
h
ase.

14



1
.6

T
h
e

T
T

L
-

E
n
tra

in
m

e
n
t

la
y
e
r

o
r

fi
rst

a
p
p
e
a
ra

n
ce

o
f

‘e
d
d
y
-d

riv
e
n
’
circu

la
tio

n
?

(S
ee

d
iscu

ssion
in

T
T

L
R

ev
.

G
eop

h
y
sics

article.)

-
M

ean
h
eat

b
u
d
get

-
A

n
n
u
al

cy
cle

-
T
racers

-
T

im
escales

(con
vective

tu
rn

over
tim

es
etc.)

F
igu

re
12:

F
u
eglistaler,

L
egras,

B
eljaars,

M
orcrette,

S
im

m
on

s,
T
om

p
k
in

s,
U

p
p
ala;

Q
J
R

M
S

2009.

15



F
igu

re
13:

F
igu

re
2;

F
u
eglistaler,

L
egras,

B
eljaars,

M
orcrette,

S
im

m
on

s,
T
om

p
-

k
in

s,
U

p
p
ala;

Q
J
R

M
S

2009.
T
op

:
C

lear
sk

y
rad

iation
;

m
id

d
le:

clou
d
s;

b
ottom

:
resid

u
al

(=
laten

t
+

m
o
d
el

p
aram

eterization
s,

e.g.
m

ix
in

g).

16



F
igu

re
14: 17



2
D

e
h
y
d
ra

tio
n

-
se

le
cte

d
a
sp

e
cts

L
e
ctu

re
o
v
e
rv

ie
w

In
th

is
lectu

re
w

e
d
iscu

ss
p
article

grow
th

an
d

sed
im

en
tation

,
th

e
q
u
in

tessen
tial

p
ro

cess
th

rou
gh

w
h
ich

th
e

atm
osp

h
ere

loses
m

oistu
re

(i.e.
th

e
sin

k
term

).
T

h
is

lectu
re

is
also

m
otivated

b
y

th
e

ob
ser-

vation
al

fact
th

at
th

e
am

ou
n
t

of
con

d
en

sate
in

th
e

atm
osp

h
ere

is
(su

rp
risin

gly
)

sm
all.

K
e
y

a
sp

e
cts

T
h
e

d
egree

to
w

h
ich

m
oistu

re
in

ex
cess

of
satu

ration
is

rem
oved

d
e-

p
en

d
s

on
th

e
fall

sp
eed

of
th

e
con

d
en

sate.
A

n
y

con
d
en

sate
lead

s
to

a
vertical

red
istrib

u
tion

of
m

oistu
re.

‘P
recip

itatin
g’

clou
d
s

are
sim

p
ly

clou
d
s

w
h
ere

p
articles

are
large

en
ou

gh
to

reach
th

e
grou

n
d
.

O
th

er
p
articles

m
ay

(re-)evap
orate

at
levels

b
elow

th
e

in
itial

clou
d

form
a-

tion
level.

In
th

e
T

T
L
,
in

-situ
form

ed
ice

cry
stals

are
sm

all
w

ith
low

sed
im

en
tation

sp
eed

s,
su

ch
th

at
re-evap

oration
d
om

in
ates

-
alb

eit
at

low
er

levels.

18



F
igu

re
15:

W
rig

h
t,

S
o
be

l
a
n
d

S
c
h
m

id
t

(2009);
F
igu

re
1.

D
iff

eren
ce

in
h
u
m

id
ity

(color
co

d
ed

:
ab

solu
te,

in
p
ercen

t)
an

d
relative

h
u
m

id
ity

(w
h
ite

d
ash

ed
lin

es)
b
etw

een
G

C
M

’n
orm

al
w

ater’
an

d
ad

d
ition

al
(d

y
n
am

ically
p
assive)

w
ater

fi
eld

w
h
ere

evap
oration

of
con

d
en

sate
is

elim
in

ated
.
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2
.1

N
u
cle

a
tio

n

A
few

th
in

gs
to

rem
em

b
er

-
d
etails

w
ill

b
e

covered
elsew

h
ere;

see
also

P
ru

ppacher
an

d
K

lett
[1997]

an
d

M
u
llin

[2001].

N
u
cleation

m
ay

b
e

classifi
ed

in
to

p
rim

ary
an

d
secon

d
ary

n
u
cleation

(in
d
u
ced

b
y

cry
stals).

P
rim

ary
n
u
cleation

(i.e.
n
u
cleation

in
a

p
ris-

tin
e

solu
tion

)
m

ay
b
e

fu
rth

er
d
iv

id
ed

in
to

h
om

ogen
eou

s
an

d
h
eteroge-

n
eou

s
n
u
cleation

.
H

om
ogen

eou
s

n
u
cleation

req
u
ires

th
e

n
u
cleation

p
ro

cess
to

o
ccu

r
sp

on
tan

eou
s,

w
h
ereas

h
eterogen

eou
s

n
u
cleation

d
e-

scrib
es

n
u
cleation

in
d
u
ced

b
y

foreign
p
articles.

A
key

q
u
an

tity
for

n
u
cleation

is
th

e
satu

ration
ratio

S
,
given

as

S
≡

p
H

2
O

e
≡

[H
2O

]

[H
2O

]sa
t

(1)

w
h
ere

e
is

th
e

w
ater

vap
ou

r
p
ressu

re
(fu

n
ction

of
tem

p
eratu

re;
‘C

lau
siu

s-C
lap

ey
ron

’
),

p
H

2
O

is
th

e
w

ater
p
artial

p
ressu

re,
an

d
[H

2O
]

is
th

e
w

ater
vap

ou
r

m
ix

in
g

ratio,
w

ith
th

e
su

b
scrip

t
’sat’

in
d
icatin

g
th

e
satu

ration
vap

ou
r

m
ix

in
g

ratio,
as

given
b
y

[H
2O

]sa
t
≡

ep
(2)

w
h
ere

p
is

p
ressu

re.
(N

ote
th

at
w

e
u
se

h
ere

‘volu
m

e
m

ix
in

g
ratios’;

th
e

con
version

to/from
m

ass
m

ix
in

g
ratios

is
a

triv
ial

m
u
ltip

lication
w

ith
th

e
ratio

of
th

e
m

olar
w

eigh
ts

of
w

ater
(0.018k

g/m
ole)

an
d

air
(ab

ou
t

0.029
k
g/m

ole).
If

p
articles

are
p
resen

t,
th

ey
w

ill
grow

w
h
en

S
>

1
an

d
sh

rin
k

w
h
en

S
<

1.

-
N

u
cleation

often
h
as

to
overcom

e
a

n
u
cleation

b
arrier/th

resh
old

.
F
or

h
om

ogen
eou

s
n
u
cleation

,
a

sen
sib

le
valu

e
to

rem
em

b
er

is
S
=

1.6;
see

K
oop

et
al.,

[2000].

-
V

ap
ou

r
p
ressu

re
(C

lau
siu

s
C

lap
ey

ron
)

is
a

fu
n
ction

of
tem

p
er-

atu
re

on
ly

:
e(T

);
th

e
b
asic

fu
n
ction

al
form

is
e(T

)
=

e(T
0 )

·

ex
p
−

1/T
.

-
W

ater
d
rop

lets
m

ay
b
e

su
b
stan

tially
su

p
erco

oled
(i.e.

th
ey

d
o

n
ot

freeze
d
esp

ite
th

e
ice

p
h
ase

b
ein

g
th

erm
o
d
y
n
am

ically
m

ore

favou
rab

le),
lead

in
g

to
am

b
igu

ity
w

ith
resp

ect
to

th
e

relevan
t

vap
ou

r
p
ressu

re
cu

rve.

2
.2

D
iff

u
siv

e
g
ro

w
th

o
f
sp

h
e
rica

l
p
a
rticle

s

P
articles

can
ch

an
ge

th
eir

m
ass

d
u
e

to
th

e
follow

in
g

p
ro

cesses.
(a)

C
oalescen

ce:
p
articles

collid
e

an
d

m
ay

form
larger

p
articles;

(b
)

B
reak

u
p
:

m
ech

an
ical

stress
m

ay
lead

to
b
reak

u
p

of
p
articles;

(c)
M

ass
fl
u
x

b
etw

een
th

e
p
article

an
d

th
e

su
rrou

n
d
in

g
gas/liq

u
id

p
h
ase

if
th

e
p
article

an
d

th
e

su
rrou

n
d
in

g
gas/liq

u
id

are
n
ot

in
th

erm
o
d
y
n
am

ic
eq

u
ilib

riu
m

.
(I.e.

S
6=

1.)

H
ere,

w
e

fo
cu

s
on

p
ro

cess
(c)

-
m

ass
ex

ch
an

ge
b
etw

een
th

e
p
article

an
d

su
rrou

n
d
in

g
gas

p
h
ase.

U
n
d
er

th
e

assu
m

p
tion

th
at

th
e

d
en

sity
of

sp
ecies

i
in

th
e

gas
p
h
ase

is
con

tin
u
ou

s
u
p

to
th

e
d
rop

su
rface,

th
e

d
if-

fu
sion

eq
u
ation

d
escrib

es
th

e
m

ass
ex

ch
an

ge
b
etw

een
p
article

an
d

gas
p
h
ase.

In
cases

w
h
ere

th
is

assu
m

p
tion

b
reak

s,
e.g.

w
h
en

th
e

p
article

size
is

com
p
arab

le
to

th
e

m
ean

free
p
ath

of
th

e
air

m
olecu

les,
th

e
d
if-

fu
sion

eq
u
ation

m
u
st

b
e

corrected
[P

ru
ppacher

an
d

K
lett

1997].
T

h
is

correction
is

of
p
ractical

im
p
ortan

ce
m

ain
ly

for
aerosol

an
d

clou
d
s

in
th

e
stratosp

h
ere

(b
ecau

se
of

sm
all

p
articles,

an
d

low
p
ressu

re
in

th
e

stratosp
h
ere),

an
d

m
ay

b
e

n
eglected

in
m

an
y

cases
in

th
e

con
tex

t
of

trop
osp

h
eric

clou
d
s.

In
p
ractise,

an
aly

tical
solu

tion
s

are
availab

le
on

ly
for

sim
p
le

p
article

geom
etries.

In
th

e
case

of
a

sp
h
erical

p
article/d

rop
,

d
ad
t

=
D

v
a
p
·

M
w

R
·T

·
ρ

w

·(p
p
a
rt
−

p
v
a
p)

·
1a

(3)

d
escrib

es
th

e
ch

an
ge

in
rad

iu
s

d
u
e

to
d
iff

u
sion

;
w

h
ere:

a
:

R
ad

iu
s

of
th

e
p
article.

D
v
a
p :

D
iff

u
siv

ity
(of

w
ater

vap
ou

r
in

th
is

case).

M
w
:

M
olar

m
ass

of
w

ater

R
:

Id
eal

gas
con

stan
t.
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T
:

T
em

p
eratu

re.

ρ
:

D
en

sity
of

con
d
en

sate.

p
p
a
rt,p

v
a
p:

P
artial

an
d

vap
ou

r
p
ressu

re.

E
ven

for
th

is
sim

p
lest

case
w

e
n
ote

tw
o

correction
s

(for
d
etails

p
lease

see
P

ru
p
p
ach

er
an

d
K

lett):

V
e
n
tila

tio
n
:

A
fallin

g
p
article

ex
p
erien

ces
’ven

tilation
’;

th
is

is
acco-

m
o
d
ated

for
w

ith
a

’ven
tilation

co
effi

cien
t’

(b
ein

g
th

e
ratio

b
etw

een
m

ass
grow

th
at

fi
n
ite

velo
city

an
d

th
at

at
rest),

w
h
ich

in
tu

rn
d
ep

en
d
s

on
th

e
“S

ch
m

id
t

n
u
m

b
er”

an
d

th
e

“R
ey

n
old

s
n
u
m

b
er”.

K
e
lv

in
e
ff
e
ct:

C
orrection

of
th

e
vap

ou
r

p
ressu

re
for

a
cu

rved
su

r-
face.

(A
fu

n
ction

of
th

e
su

rface
ten

sion
.)

A
con

ven
ien

t
form

to
w

rite
th

e
eq

u
ation

s
of

d
iff

u
sive

grow
th

is

d
md
t

=
G
·4π

ρ
w
·∆

p
·a

(4)

d
ad
t

=
G
·∆

p
·a

−
1

(5)

w
h
ere

G
=

D
(T

)
·

M
w

R
T

ρ
w

(6)

∆
p

=
p

p
a
rt
−

p
v
a
p

(7)

H
en

ce,
th

e
grow

th
of

aerosol
p
articles

is
p
rop

ortion
al

to
a

‘grow
th

term
’
G

an
d

th
e

d
iff

eren
ce

of
vap

or
p
ressu

re
an

d
p
artial

p
ressu

re.

F
or

asp
h
erical

p
articles

th
e

grow
th

term
m

ay
b
e

ad
ap

ted
to:

G
∗

=
G

sp
h
e
re
·

Ca
e
s

(8)

w
h
ere

C
is

th
e

cap
acity

of
th

e
sh

ap
e

(see
tab

le
?
?
)

an
d

a
e
s

is
th

e
rad

iu
s

of
th

e
m

ass-eq
u
ivalen

t
sp

h
ere.

T
h
e

ven
tilation

of
sp

h
erical

p
articles

can
b
e

taken
in

to
accou

n
t

w
ith

a
ven

tilation
co

effi
cien

t,
su

ch
th

at
th

e
grow

th
term

can
b
e

w
ritten

as:

G
′sp

h
e
re

=
G

sp
h
e
re
· f̄

.
(9)
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2
.3

S
e
d
im

e
n
ta

tio
n

o
f
sm

a
ll

ice
cry

sta
ls

T
h
e

m
otion

of
aerosol

in
th

e
atm

osp
h
ere

is
con

trolled
b
y

grav
ity

an
d

d
rag

of
th

e
su

rrou
n
d
in

g
gas

p
h
ase.

W
h
ile

th
e

force
th

at
grav

ity
ex

-
certs

on
th

e
p
article

is
sim

p
ly

p
rop

ortion
al

to
th

e
m

ass
of

th
e

p
article,

th
e

d
rag

can
b
e

calcu
lated

an
aly

tically
on

ly
for

a
few

h
igh

ly
id

ealized
p
article

sh
ap

es
su

ch
as

sp
h
eres.

In
ad

d
ition

,
classical

calcu
lation

of
th

e
d
rag

force
assu

m
e

th
e

gas
p
h
ase

to
b
e

a
con

tin
u
u
m

.
T

h
is

assu
m

p
-

tion
is

for
su

b
-m

icron
p
articles

n
ot

valid
an

d
a

correction
h
as

to
b
e

ap
p
lied

(th
e

so
called

‘slip
-fl

ow
correction

’).

T
h
e

d
rag

is
also

d
ep

en
d
en

t
on

th
e

sp
eed

of
a

p
article.

F
or

su
ffi

cien
tly

slow
sp

eed
,
th

e
fl
ow

of
th

e
air

arou
n
d

th
e

p
article

is
lam

in
ar.

In
creas-

in
g

th
e

p
article’s

sp
eed

w
ill

in
ev

itab
ly

lead
to

tu
rb

u
len

ce
at

som
e

p
oin

t,
w

h
ich

in
creases

th
e

p
article’s

d
rag.

F
or

sm
all

R
ey

n
old

s
n
u
m

b
ers

(relative
im

p
ortan

ce
of

th
e

ad
vection

term
~u
·
∇

~u
to

th
e

lin
ear

v
iscou

s
acceleration

term
ν
·
∇

2~u
in

th
e

N
avier-S

tokes
eq

u
ation

),
on

e
can

d
erive

an
an

aly
tical

solu
tion

for
th

e
fall

velo
city

of
sp

h
eres.

2
.3

.1
T
e
r
m

in
a
l

fa
ll

v
e
lo

c
ity

o
f

s
p
h
e
r
e
s

in
th

e
S
to

k
e
s
-C

u
n
n
in

g
h
a
m

r
e
g
im

e

T
h
e

d
rag

on
a

sp
h
ere

in
a

S
tokes

fl
ow

is:

D
S

=
6π

a
η
U
∞

(10)

an
d

w
e

ob
tain

for
stead

y
-state

con
d
ition

s
(d

rag
b
alan

ces
grav

itation
al

acceleration
):

6π
a
η
U
∞

=
43
π
a

3
·g

(ρ
d
ro

p
−

ρ
a
ir )

(11)

w
h
ere

ρ
d
ro

p
is

th
e

d
en

sity
of

th
e

d
rop

an
d

ρ
a
ir

is
th

e
d
en

sity
of

air
(or

an
y

oth
er

gas/liq
u
id

).
It

follow
s

for
th

e
term

in
al

fall
velo

city
for

a
sp

h
ere

in
th

e
S
tokes-C

u
n
n
in

gh
am

regim
e:

u
S

to
k
e
s
=

2
·
g
·(ρ

a
ir
−

ρ
a
e
ro

so
l )

9
·η

·a
2

for
:

n
egligib

le
R

ey
n
old

s
n
u
m

b
ers

(12)

w
h
ere

g
is

th
e

grav
itation

al
acceleration

,
ρ

a
ir

is
th

e
d
en

sity
of

air,
ρ

a
e
ro

so
l
is

th
e

d
en

sity
of

th
e

aerosol
p
article,

η
is

th
e

v
iscosity

of
air

an
d

a
is

th
e

p
article

rad
iu

s.

A
con

ven
ien

t
form

to
w

rite
eq

u
ation

12
is:

d
zd
t

=
S
·a

2
(13)

w
h
ere

a
is

th
e

p
article

rad
iu

s
an

d
S

is
th

e
‘sed

im
en

tation
term

’,
d
e-

fi
n
ed

as:

S
≡

2g
△

ρ

9η
[m

−
1s

−
1]

(14)

an
d

g
is

th
e

grav
itation

al
acceleration

,
△

ρ
is

th
e

d
en

sity
d
iff

eren
ce

of
p
article

an
d

su
rrou

n
d
in

g
m

ed
iu

m
an

d
η

is
th

e
v
iscosity.

2
.3

.2
O

th
e
r

r
e
g
im

e
s

T
h
e

calcu
lation

of
th

e
fall

sp
eed

of
a

p
article

w
ith

a
m

ore
realistic

sh
ap

e
an

d
/or

in
a

regim
e

of
larger

R
ey

n
old

s
n
u
m

er
gets

q
u
ick

ly
very

com
p
licated

,
an

d
can

,
in

gen
eral,

b
e

solved
on

ly
n
u
m

erically.

T
h
e

m
ain

p
oin

t
to

rem
em

b
er

h
ere

is
th

at
p
article

grow
th

an
d

fall
sp

eed
are

related
to

p
article

size,
an

d
con

seq
u
en

tly
th

e
ex

act
calcu

-
lation

of
th

e
grav

itation
ally

settlin
g

m
ass

fl
u
x

is
m

ost
ch

allen
gin

g.
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2
.4

C
o
n
ce

p
tu

a
l
a
n
d

sim
p
lifi

e
d

m
o
d
e
ls

T
h
e

calcu
lation

of
th

e
sed

im
en

tin
g

’w
ater’

fl
u
x

is
very

ch
allen

gin
g.

A
s

w
e

h
ave

seen
,
th

e
fall

velo
city

d
ep

en
d
s
critically

on
th

e
size

an
d

sh
ap

e
of

th
e

p
articles.

B
earin

g
in

m
in

d
th

at
in

reality
th

e
p
articles

sh
ow

a
sp

ectru
m

of
sizes

(an
d

sh
ap

es),
it

is
easily

seen
th

at
an

accu
rate

calcu
lation

w
ou

ld
b
e

n
u
m

erically
very

ch
allen

gin
g

(In
fact,

th
e

on
ly

w
ay

for
an

accu
rate

calcu
lation

is
to

track
th

e
size

an
d

p
osition

of
in

d
iv

id
u
al

p
articles;

as
d
on

e
for

a
stu

d
y

of
sed

im
en

tin
g

p
articles

in
th

e
stratosp

h
ere

[F
u
eglistaler

et
al.,

2002]).
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F
igu

re
16:

A
case

w
h
ere

d
etailed

calcu
lation

s
of

p
article

grow
th

an
d

sed
im

en
tation

m
atters:

d
en

itrifi
cation

of
th

e
p
olar

vortices.
N

ote
th

e
in

terestin
g

b
eh

av
iou

r
of

p
article

n
u
m

b
er

d
en

sity
in

th
e

clou
d
.
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In
p
ractise,

p
aram

eterisation
s

often
tie

(ice)
p
article

size
to

tem
p
er-

atu
res

an
d
/or

total
con

d
en

sed
m

ass.
A

d
van

ced
sch

em
es

m
ay

em
p
loy

h
igh

er
ord

er
m

om
en

ts,
w

ith
’fall’

th
rou

gh
th

e
m

o
d
el’s

vertical
levels

rem
ain

in
g

a
ch

allen
ge.

In
ord

er
to

’u
n
d
erstan

d
’

th
e

p
ro

cess
in

th
e

atm
osp

h
ere,

on
e

h
as

to
red

u
ce

th
e

com
p
lex

ity
of

th
e

p
rob

lem
.

H
ere,

w
e

sh
ow

on
e

w
ay

(m
an

y
oth

er
p
ossib

ilities
ex

ist).

2
.4

.1
C

o
n
c
e
p
tu

a
l
m

o
d
e
ls

T
h
e

tw
o

m
em

b
ers

sp
an

n
in

g
th

e
ran

ge
of

p
ossib

le
solu

tion
s

for
th

e
sed

im
en

tation
p
rob

lem
are:

-
n
o

fall
ou

t:
th

e
sed

im
en

tation
velo

city
is

n
egligib

le;

-
com

p
lete

fall
ou

t:
th

e
sed

im
en

tation
velo

city
is

in
fi
n
ite.

D
ep

en
d
in

g
on

th
e

p
articu

lar
p
rob

lem
u
n
d
er

con
sid

eration
,
on

e
or

th
e

oth
er

ex
trem

e
solu

tion
m

ay
b
e

a
su

itab
le

ap
p
rox

im
ation

.
H

ow
ever,

for
m

ost
real

w
orld

ap
p
lication

s,
th

e
’tru

th
’
lies

som
ew

h
ere

in
b
etw

een
.

T
h
e

follow
in

g
con

cep
tu

al
con

sid
eration

s
ap

p
ly

to
cases

w
h
ere,

w
ith

in
reason

ab
le

accu
racy,

th
e

con
cep

t
of

an
’air

p
arcel’

can
b
e

ap
p
lied

;
i.e.

stron
g

m
ix

in
g

com
p
licates

th
e

p
ictu

re
(b

u
t

d
o
es

n
ot

in
valid

ate
it);

an
d

so
d
o
es

th
e

ex
isten

ce
of

a
n
u
cleation

th
resh

old
(d

iscu
ssed

b
elow

).
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T
h
e

L
a
g
ra

n
g
ia

n
co

ld
p
o
in

t
(L

C
P

)

T
h
e

L
C

P
refers

to
th

e
cold

est
(or

d
riest)

p
oin

t
an

air
m

ass
h
as

ex
-

p
erien

ced
p
rior

to
ob

servation
.

(T
o

b
e

p
recise,

it
sh

ou
ld

b
e

th
e

’L
a-

gran
gian

p
oin

t
of

m
in

im
u
m

satu
ration

m
ix

in
g

ratio’,
b
u
t

in
p
ractise

th
e

variation
s

in
satu

ration
m

ix
in

g
ratio

are
d
om

in
ated

b
y

tem
p
era-

tu
re

(rath
er

th
an

p
ressu

re)
variation

s.)
T

h
e

m
ix

in
g

ratio
of

th
e

L
C

P
p
rov

id
es

an
estim

ate
for

th
e

ob
served

w
ater

vap
ou

r
con

cen
tration

u
n
-

d
er

th
e

assu
m

p
tion

of
com

p
lete

fall
ou

t.

N
o
te

:
T

h
e

L
C

P
is

a
lw

a
y
s

th
e

d
riest

p
ossib

le
solu

tion
,
an

d
is

alw
ay

s
d
ry

b
iased

relative
to

ob
servation

s
if

th
e

tem
p
eratu

re
h
istory

is
k
n
ow

n
w

ith
su

ffi
cien

t
accu

racy.
(N

ote:
T

h
e

fact
th

at
L
C

P
-estim

ates
are

som
etim

es
m

oist
b
iased

sh
ou

ld
b
e

reason
for

con
cern

.)

T
h
e

P
o
in

t
o
f
L
a
st

S
a
tu

ra
tio

n
(P

L
S
)

T
h
e

p
oin

t
of

last
satu

ration
takes

in
to

accou
n
t

th
e

fi
n
ite

sed
im

en
ta-

tion
velo

city
;
th

at
is,

at
th

e
p
osition

w
h
ere

th
e

air
p
arcel

ex
p
erien

ces
its

L
C

P
,
con

d
en

sate
is

still
p
resen

t
an

d
w

ill
(re-)evap

orate
u
p
on

su
b
-

seq
u
en

t
w

arm
in

g.
T

h
e

P
L
S

is
alw

ay
s

m
oister

th
an

th
e

L
C

P
.

T
h
e

P
o
in

t
o
f
L
a
st

C
o
n
ta

ct
w

ith
C

o
n
d
e
n
sa

te
(P

L
C

C
)

It
is

p
ossib

le
th

at
p
articles

evap
orate

in
su

b
-satu

rated
air;

th
is

o
ccu

rs
for

ex
am

p
le

w
h
en

ice
cry

stals
fall

in
to

(in
itially

clear
air)

su
b
satu

rated
layers.

T
h
e

P
L
C

C
is

alw
ay

s
m

oister
th

an
th

e
P

L
S
.

F
igu

re
17:

S
ch

em
atics

of
th

e
L
agran

gian
cold

p
oin

t
(L

C
P

),
P
oin

t
of

L
ast

S
at-

u
ration

(P
L
S
)

an
d

P
oin

t
of

L
ast

C
on

tact
w

ith
C

on
d
en

sate
(P

L
C

C
).

T
h
e

fi
gu

re
sh

ow
s

th
e

evolu
tion

of
tem

p
eratu

re
an

d
frost

p
oin

t
tem

p
eratu

res
(vap

ou
r,

an
d

total
w

ater)
for

an
ex

em
p
lary

tem
p
eratu

re
h
istory

of
an

air
p
arcel.
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T
h
e

im
p
o
rta

n
ce

o
f
a

n
u
cle

a
tio

n
th

re
sh

o
ld

T
h
e

p
resen

ce
of

a
n
u
cleation

th
resh

old
*alw

ay
s*

h
as

a
m

oisten
in

g
eff

ect
relative

to
th

e
L
C

P
.

F
or

th
e

real
atm

osp
h
ere,

th
e

n
et

eff
ect

is
m

ore
ch

allen
gin

g
to

q
u
an

-
tify

:
b
ecau

se
of

th
e

b
u
ild

-u
p

of
su

p
ersatu

ration
,

th
e

grow
th

of
th

e
ice

cry
stals

m
ay

take
a

d
iff

eren
t

evolu
tion

.
(F

or
ex

am
p
le,

b
ecau

se
of

h
igh

er/low
er

p
article

n
u
m

b
er

d
en

sities
lead

in
g

to
sm

aller/larger
p
articles;

w
h
ich

in
tu

rn
aff

ect
th

e
P

L
S

an
d

P
L
C

C
estim

ates.)

T
h
e

im
p
o
rta

n
ce

o
f
m

ix
in

g

M
ix

in
g

com
p
licates

th
e

situ
ation

con
sid

erab
ly

-
w

h
y
?

(‘H
om

ew
ork

’)

Is
m

ix
in

g
im

p
ortan

t?
A

rgu
m

en
ts

...
(‘H

om
ew

ork
’)
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2
.4

.2
A

s
im

p
le

m
o
d
e
l
to

e
s
tim

a
te

th
e

d
e
h
y
d
r
a
tio

n
e
ffi

c
ie

n
c
y

(R
esu

lts
from

n
u
m

erical
calcu

lation
s

from
F
u
eglistaler

an
d

B
aker,

2006.)

Q
u
e
stio

n
:

H
ow

m
u
ch

w
ater

is
rem

oved
from

an
air

m
ass

u
p
on

for-
m

ation
of

con
d
en

sate?

A
p
p
ro

a
ch

:
F
orm

u
late

a
sim

p
le

m
o
d
el

assu
m

in
g

th
ere

ex
ists

a
’tem

-
p
eratu

re
h
istory

’
(as

e.g.
given

from
a

’tra
jectory

calcu
lation

’)
of

a
’layer’

w
ith

h
om

ogen
eou

s
con

d
ition

s
over

a
certain

d
ep

th
’h

’.
T

h
e

m
o
d
el

th
en

calcu
lates

grow
th

an
d

sed
im

en
tation

ou
t

of
th

e
low

er
b
ou

n
d
ary

of
th

e
’layer’

alon
g

th
e

tem
p
eratu

re
h
istory.

A
sp

ects
cov

-
ered

:

-
W

ith
d
ecreasin

g
tem

p
eratu

re,
m

ore
w

ater
b
ecom

es
availab

le,
p
ar-

ticles
grow

an
d

fall
faster.

-
A

sim
p
le

p
aram

eterization
of

p
article

n
u
m

b
er

d
en

sity
(follow

in
g

K
aerch

er
an

d
L
oh

m
an

n
,
2002)

giv
in

g
h
igh

er
p
article

n
u
m

b
er

d
en

-
sities

at
faster

co
olin

g.

C
a
v
e
a
t:

O
n
e

m
u
st

assu
m

e
a

’layer’
w

ith
h
om

ogen
eou

s
con

d
ition

s
an

d
p
rescrib

ed
vertical

d
ep

th
;
th

e
p
rob

lem
b
ecom

es
q
u
ite

acu
te

after
som

e
tim

e
in

to
sed

im
en

tation
:

th
e

u
p
p
er

p
art

of
th

e
layer

m
ay

th
en

b
e

in
reality

free
of

p
articles

an
d

su
p
ersatu

ration
m

ay
h
ave

to
b
u
ild

u
p

p
rior

to
form

ation
of

n
ew

p
articles.

A
lso,

th
ese

p
articles

w
ou

ld
h
ave

a
very

d
iff

eren
t

size!

A
d
v
a
n
ta

g
e
:

C
on

cep
tu

ally
sim

p
le.

M
o
d
e
l
d
e
scrip

tio
n
s:

τ
T
:

T
h
e

tim
escale

of
th

e
tem

p
eratu

re
p
ertu

rb
ation

-
th

e
in

d
ep

en
-

d
en

t/free
p
aram

eter.

τ
fa

ll :
T

h
e

tim
escale

of
fall-ou

t;
d
ep

en
d
s

on
p
article

n
u
m

b
er

d
en

sity
an

d
availab

le
w

ater
(i.e.

also
on

ab
solu

te
tem

p
eratu

re).

P
:

T
h
e

scalin
g

p
aram

eter
P

≡
τ
T

2
π
τ
f
a
ll .

D
ep

en
d
in

g
on

th
e

valu
e

of
P

,
th

e
sed

im
en

tation
is

fast/slow
;

i.e.
for

P
<

0.1
th

e
sed

im
en

tation
tim

escale
is

lon
g

com
p
ared

to
th

e
tem

p
eratu

re
p
ertu

rb
ation

;
an

d
for

P
>

>
0.1

...

F
+

B
2005

n
ote

th
at

in
th

e
u
p
p
er

trop
osp

h
ere

P
can

easily
vary

from
ord

er
0.01

to
10;

i.e.
b
oth

regim
es

m
ay

b
e

en
cou

n
tered

.
F
u
rth

er,
th

e
cou

p
lin

g
of

p
article

n
u
m

b
er

d
en

sity
to

co
olin

g
rate

h
as

a
n
on

-
n
egligib

le
im

p
act

on
P

.

T
h
e

d
e
h
y
d
ra

tio
n

e
ffi

cie
n
cy

E
ffi

cien
cy

:
Is

a
m

easu
re

h
ow

m
u
ch

w
ater

is
rem

oved
from

th
e

layer
relative

to
th

e
estim

ate
given

b
y

th
e

L
C

P
.
U

sin
g

th
e

p
rev

iou
s
n
otation

(L
C

P
,
P

L
S
):

ǫ
≡

Q
P

L
S
−

Q
0

Q
L
C

P
−

Q
0

(15)

w
h
ere

Q
is

th
e

total
w

ater
m

ix
in

g
ratio

(in
d
ex

es
refer

to
in

itial,
en

d
,

an
d

L
C

P
con

d
ition

s).
T

h
at

is,
ǫ

=
0

im
p
lies

n
o

fall-ou
t,

an
d

ǫ
=

1
im

p
lies

com
p
lete

fall
ou

t.

In
th

e
p
resen

ce
of

a
n
u
cleation

th
resh

old
,
th

e
’sp

eed
’
d
o
es

n
ot

d
irectly

con
trol

th
e

effi
cien

cy
-

w
ith

ou
t

n
u
cleation

th
resh

old
,

th
e

faster
th

e
d
eh

y
d
ration

,
th

e
m

ore
effi

cien
t

it
is.

W
ith

a
n
u
cleation

th
resh

old
,
to

o
fast

sed
im

en
tation

allow
s

ad
d
ition

al
m

oistu
re

(in
th

e
vap

ou
r

p
h
ase)

to
escap

e
rem

oval;
th

is
is

at
m

ost
ex

actly
th

e
n
u
cleation

satu
ration

ratio
(m

in
u
s

1).
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F
igu

re
18:

F
igu

re
1

of
F
u
eglistaler

an
d

B
aker

(2006).
T

h
e

n
on

-d
im

en
sion

al
p
a-

ram
eter

P
(P

≡
τ
T

2
π

τ
f
a
l
l )

as
fu

n
ction

of
T

r
e
f
an

d
τ
T

at
∆

T
=

2
K

.
H

igh
er

P
valu

es
corresp

on
d

to
ligh

ter
gray

valu
es.

T
h
e

green
d
ash

ed
cu

rve
is

P
=

0
.16

an
d

th
e

green
solid

cu
rve

is
P

=
1.

C
olored

d
ots

are
th

e
T

r
e
f
,τ

T
valu

es
for

cases
d
iscu

ssed
in

S
ection

?
?
.

T
h
e

P
valu

es
asso

ciated
w

ith
th

ese
d
ots

are
as

fol-
low

s:
startin

g
from

th
e

sm
all

red
d
ot

on
th

e
u
p
p
er

left
an

d
m

ov
in

g
cou

n
terclo

ck
-

w
ise;

P
=

.05
,.035

,.015
,0

.1
,0

.2
,0

.3
,0

.64
,1

.0
,2

.5
,3

.8.
S
m

all
d
ots

corresp
on

d
to

P
≤

0
.16

(slo
w

regim
e)

an
d

large
d
ots

to
larger

P
valu

es
(fa

st
regim

e).

F
igu

re
19:

F
igu

re
4

of
F
u
eglistaler

an
d

B
aker

(2006).
E

volu
tion

of
n
on

d
im

en
-

sion
alized

tem
p
eratu

re
δ
T̂

(t̂)
(b

old
b
lack

)
an

d
of

n
on

d
im

en
sion

alized
satu

ration
p
oin

t
tem

p
eratu

re
δ
T̂

∗(t̂)
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