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Ice nucleation

Nucleation modes of ice in the athmosphere:

Deposition:

Immersion freezing:

Condensation freezing:

Contact freezing:

HAIC — High Altitude Ice Crystals (314314)

Modes of ice formation in clouds

Homogeneous nucleation —p
(ZINC / PINC) i
Deposition nucleation & —_—p
(ZINC / PINC) LL

Immersion freezing

(IMCA) @ ling
=0—0—@

00\01““’“““
!
il

Condensation freezing *

(ZINC / PINC)
Contact freezing L’:"’"b e 0
(Collision) * &
W = heterogeneous ice nucleus (e.g. mineral dust)
Reference: ETH
Date 29/01/13 Page 3
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Concept of ice growth

Crystal growth in convective clouds dominated by 3 major growth mechanisms:

-Vapor diffusion (= ice supersaturation, temp (=max at -12°C)...): pristine ice

-Riming (= existing crystals, = important supercooled droplet concentration.,..): graupel, hail
-aggregation (= crystal concentration.,..): snow flakes

Vapor diffusion

#

CPI (Cloud Particle Imager):
data CNRS-LaMP
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Growth dominated by vapor diffusion:

C | ml ~>»  Colonne
N . . . . i -10°C<T<-6°C
=» Pristine ice: primary habits of ice 1 b !
)

Plate Column 5
(cla<1) (cla>1) T SR Pl

T Plaquette Hexagonale

az R B
az

2 Basal Face

Etoile 5
)Q-w C<T<13°C o

R: linear growth rate [um/s] e @ s ~

yo

\
adapted from Lamb and Verlinde (2011) Mg ~

« Initial » matrix: hexagonale

=>»primary habit: determined by c/a ratio
=>»growth of top/bottom faces: column
=>growth of 6 edges: plate

=>growth of 6 points: stellar

o

Prism Faces

P’

HAIC — High Altitude Ice Crystals (314314) Date 29/01/13 Page 6
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Growth dominated by vapor diffusion:

=> Pristine ice
Influence of supersaturation on crystal shape:
» Habit corners reach in areas of higher saturation than prism facets

» low ambient supersaturation: The sateration gradients in the farfield are decent
so that the growth rate along the prism facets is continous - plate shape

» high ambient supersaturation: Corners /discontinuities are surrounded by higher
supersaturated air than facets = corner growth is accalerated - secondary
plates, dendrites

Low
supersaturation

reference: Lamb and Verlinde (2011)
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Growth dominated by vapor diffusion:

=» Pristine ice: primary habits of ice

e 'Plates’;. Columns Platef : .. Columns and Plates Diagramme morpho|ogique;
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Growth dominated by vapor diffusion:

=» Pristine ice: primary habits of ice
Polycrystalline Regim

> Single Crystals
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-long bullets and colunins - ! . due to fall and ventilation
| moodie %I.' semblages
rosettes  pjlet rosettes s of large plates
L long solid bullets %,;'an ide planes - 4
long o,
"needles long columns crossed
" plates

e
0

e
'S

—

needle solid bullet rosettes crossed plates
| rosettes side planes

solid columns g earheads

L ohei twins
column/plate s scrolls

_ ::m:::* combinations assemblages  thin
o = of thin plates 3*‘;.’:“.';

0.1}
short solid columns 500t assemblages fihin piates

of plates, thick & thin plates thick plates

o
w
sector pll(.l.

dondiites, °

lce Supersaturation
o
N

soeto[pl-'lo.s

»
e
.% |
1
0.n !gompgct hc’ud golycr!stals,vthlck ?latosg occu§lonal rsllort f:olu mns Ind',:‘:l:::;
-70 -60 -50 -40 -30 -20 -10 0
Temperature (°C)

hollow columns




Growth dominated by vapor diffusion:

=» Pristine ice: primary habits of ice

-
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columnar
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Bailey and Hallett, 2004
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Growth and habits dominated by collision:

=>»Riming versus aggr

egation

Crystal growth by collision:

U

Riming

I

collision of

crystals and

supercooled
droplets

W

\

influence of
electrical forces

/ Aggregation
surface adhesion Xl
sintering interlocking




Growth and habits dominated by collision:

=>Riming = ice + liquid water

- Ice Growth by Collection - = Rimed capped columns 2D-S

*
+*
* L * 4
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Growth and habits dominated by collision:

= Riming =

ice + liquid water

t= 81718 s
=17 C

t= Q1712 =

Graupel type partlcles in convectlve ceIIs

§) mmI

» 5o
|

PIP: Particles 2 - 4 mm

..,;‘.
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81706 s
—-18 C

t= 81701 s
= =—18C

= B1698 s
= -—18C

t= 81692 s

«l = -1s¢cC

= B1687 s
= -=15C

t= 81681 s
T= =18 C

t= 81676 s
T= =18 C

t= 81670 s
= -—18C
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Growth and habits dominated by collision:

=>Aggregation = ice + ice

Surface adhesion:

OO =0

» Occurs at temperatures little below freezing point

> Best cohesion efficiency at 0°C > sticky surface Ice crystal aggregations:

Interlocking:

» May occur if crystals have multi-branched surfaces

reference: Wallace and Hobbs (2006)

—> function of temperature and supersaturation



Growth and habits dominated by collision: Quasi-random aggregation?

=>» Aggregation = ice + ice 2D-S U X . W

Sintering: _43 4,"31—'1 g;

mim

» Loose bonded surface molecules diffuse to a place of high curvature and

strenghten the connection between two collided crystals ,
Dlelectrlc driven aggregation?

- Occurs at temperatures arround 0° C

Electrical field: <
ectrical fie Q& L\*

> Electrical forces keep collided crystals stick together for "h@-u.. W

a longer period of time M”:—:—‘ Ny,

—> Sinter process is forwarded/ connection can be built at lower temperatures

//




t= 79515 s
= =-30C

Sl ali W) 4

Growth and habits dominated by collision: ‘,\H&_

=>Aggregation = ice + ice

4 TOEAE o

Anvil — stratiform aged ice — away from convective cell
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A lot of ice crystals are just irregular !
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Concept of ice growth

Conlusion: Growth is endlessly complex.....

Vapor diffusion

#®

CPI (Cloud Particle Imager):
data CNRS-LaMP
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Particle Imagers: Optical Array Probes
OAP, CCD camera , R | |\

Particule Size Distribution (from 2D images) '—:—,—. F—\——\-————‘

Imagers : 2D-S and PIP (+CPl) .

30-2300 um (resolution

50-1280 pm 500-6400 pm
(resolution 10 um) (resolution 100 um)

2.3 iml
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Particle spectrometers, bulk condensed

water content devices

Particule Size Distribution (PSD, no images) :

Water Content :

an
PO22NNOW S
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T T

TAT &SAT (C)

20

CDP or CPSPD (polarisation)
TWC - IKP, Robust probe

LWC - 0.5 mm or 2 mm
\_.~
IWC - ICD 4 .

(if no CP_I)

Robust
— 2N LWC
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Diameter (1-50 ym)

PE8BEBEE S
LTS

(8
|
i | | \H I ‘

1T

| |
| ‘\ | I|[

|




TE
\SE,
Ll
mserver & comprendre

Instruments for optical particle properties

Polar Nephelometer

Photodiodes

Principle

Symmetry
Cloud 4 A8
particles - Y
e %/k o
- :
Sampling / 000 d
Volume y Laser “oopeet”
te - Beam
Paraboloidal
miror

Scattering phase function (extinction, asymetry) :

Phase Function P(0)

10 4

N
1

0.1

—eo—\Water Droplets (drizzle)
— e — Pristine hexagonal columns |
— e — Mixed phase cloud (droplets + rough columns)3

Measurémén't 4|o ' 6|0 ' 80 ' 160 ' 150 ' 1z'10 l 1(;0

Scattering Angle 0, (Degrees)
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In situ measurement challenges linked to the ice phase
1. Size/Aspect characterisation

Dmax ?

Deq ? (diameter of a sphere of the same area)

Roughness ? Sphericity ?

2. Particle size spectra

Needed to calculate reflectivities, in satellite inversion methods....

3. Ice density - Relationship between mass and size (and number!) m = ng

Ice density is a key parameter to link size and mass and also for modelling purposes
(ice density is needed to calculate ice crystal growth velocity).
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1. Size/Aspect characterisation

Processing of 2D images :
- Extraction of parameters that describe the geometry of all individual hydrometeors:
Maximum length (or D,,,,), Width, Surface, Perimeter, Aspect ratio ...

Length or D, .,
Width

Area and D,
Perimeter
Sphericity
Surface roughness (surface perimeter)
Aspect ratio: 4spect,,,

Center of
Gravity

coooooo

max

LaMP vector analysis for CPI, 2D-S, and PIP data




UNVERS\ ﬁsc AL

@sewer & comprendre

INSU

2. Particle size spectra

Particles Size Distributions (PSD) : Concentration of Hydrometeors as a Function of D,

0

- 2D-S Probe : M

Size range of hydrometeors from 50 to 1280 pm 10
resolution of 10 ym

D

N(D A
max
[#/L/sm]
-
[—)
IS

- Precipitation imaging probe (PIP):
size range from 500 to 6400um,

resolution = 100um 10

-8

10

10

= Composition of the two PSDs to built a « composite » PSD:

Resolution : 10um & Size Range: 50-6400 um
Time resolution 10 seconds (for statistical reasons).

1

10
D ., [nm]

10
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2. Particle size spectra

100
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1004 1003 10%-2

105
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10M

Time
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3. Ice density - Relationship between mass and size

Forme Exemples

@o%00900
Gouttes

Crystal shape classification

: . oo =
according to geometric parameters o o
extracted from single crystal analysis Dendrites
At LaMP: 10 typical shapes defined Colomnes

Rosettes

Bullet

Plaques

P:u.'u'cyles

Aiguilles

Complexes a
faces planes

Iréguliers * :‘. ‘ ‘ =

Source : Thesis G. Mioche, 2010




' TE v
\ERSE Sg e
ALAISE PR

%\_eﬂ“""ﬂ .

‘ .
INSU
Observer & comprendre

3. Ice density - Relationship between mass and size

CPI imager: Shape classification

Classification Classification
automatique manuelle

Circle-2

o 2% —

1% 2% 4%
Goutte

Irrégulier
Cirrus Rosette
SidePlane
Dendrite
Plaque

ASTAR

Colonne

St-Cu
Arctique

Aiguille

Graupel

Bullet




x100 (%)

Temperature (°C)
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3. Ice density - Relationship between mass and size

Megha-Trophique: Indian Ocean

Série temporelle vol 46, D>=100 microns, 15h25-18h11'40"

|-Dr0plets I ccoies I Columns O Plates Bullets Stellars Graupels WM Rosettes -Sideplanes -Irregularsl

6.1
secondes aprés minuit x 10



Masse de glace (mg)
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3. Ice density - Relationship between mass and size

¥ 10

\TE
UNPEPpASCA-

CLERMC

Composition de lois masse-diamétre vol 45, zoom

Gouttes
Needles
Colonnes
Plagues
Bullets
Stellars
Graupels
a Rosettes
Sideplanes
Irréguliers
B © Moyenne

Diamétre {um)
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3. Ice density - Relationship between mass and size

Scheme : Time dependent retrieval of m(D) from hydrometeor imagery and cloud radar reflectivities on
F20 trajectory.

T,
a}@\x\a\f\t;y‘-‘»\\\\\r\ Two unknowns : aand 8
:“‘, ?‘““\‘*«&‘“ from in-situ microphysics:
: hology, size, and
ﬂmﬁ‘;\iﬁi\‘: P concentration of hydrometeors
-~ » (within 94 GHz sensitivity)
i *\'\*\*“f "
e P A BB o T | e G
PSD [#/L/um] <
. /I olate spneroid m-(D):aim
35 Measured reflectivity // !
g= at 94GHz (RASTA)
[mm76/mmA3] ‘
From remote sensing cloud
» radar RASTA (94GHz) CWC
B.€ (10 3] ']Closure RIS | (Condensed Water Content)

First runs: variable [3 is injected in closure hypothesis

a0 o 3
T

Height (km)

while Olis constrained from the Tmatrix simulations
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3. Ice density - Relationship between mass and size

First step : all solutions are explored for a B exponent (lower chart) varying between
1 to 3. a corresponding to B is color coded (legend)

Flight 17 of HyMeX
N@, )aD, 6400
[#/L/pm]
L 1600
— 900 5
m
2 3,
-10
Q" 200
0.0001 |
1e-006 i I Nh I o
13:00 13:15 13:30 13:45 14:00 14:15 14:30 14:45 15:00 15:15
T I T T ! I I T T !
09} -
. 08F
“ 0ak
o6l
05 | | | | |
13:00 13:15 13:30 13:45 14:00 14:15 14:30 14:45 15:00 15:15

1
13:00 13:15 13:30 13:45 14:00 14:15 14:30 14:45 15:00 15:15
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3. Ice density - Relationship between mass and size

Second step : all solutions of 8 and corresponding a (constrained by T-Matrix simulations of

RASTA reflectivities) are used to calculate CWC (light blue color below).
Differences relatively “small”’. Question: what is the most realistic solution?

Flight 17 of HyMeX

N, yap, . 6400
[#/Lipm]
1600
900 —
N
= ui]
£ 3,
=
3
0.0001 F 220

\
|
|
| |
+ - ~
14:00 14:15 14:30 14:45 15:00 15:15

s 13:00 13:15 13:30 13:45
1
&
£
B g
g ,,,,,,,,,,,,,,,
5 o1
0.01 | i i i i | i i i |
13:00 13:15 13:30 13:45 14:00 14:15 14:30 14:45 15:00 15:15
time

Standard deviation ~ 20%
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3. Ice density - Relationship between mass and size

Mass-Diameter law from in-situ observations:
1. Surface of hydrometeors as a function of Dmax :

Needed to calculate the terminal velocity of hydrometeors
(Rain rate).

Surface-Diameter relationship can be fitted by a
power law.

2. Relating the Mass-Diameter law by Surface-Law :

- Numerical Simulations of 3D hydrometeors (42000)

- Each hydrometeor is projected on a plane to simulate the
projection of 3D hydrometeors on 2D surface (2D-S, PIP
images)

=> linear relationship between o and 3

ok
<

- W
T T

Surface [um
=

10

2.5+-

1.5~

o
<
‘ L

10’
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3. Ice density - Relationship between mass and size

Special solution for B (derived from o of area-diameter relation) and corresponding a
(constrained by T-Matrix simulations of RASTA reflectivities) as a time series.

Flight 17 of HyMeX

N, )/aD,
o 6400
1 1600
001 & 200 ' N
I "™ B g
g 'l : 10
0.0001 A 200 . |
WA ' | 20
1e-006 L g il -.Mn _ 0
10" 13:00 13:15 13:30 13:45 14:00 14:15 14:30 14:45 15:00 15:15
E | | | | I | I | | |
_ M .'M' ,
S ! ROEA &
3 1
107 nhLd !
10°L | | | l | l | | l |
13:00 13:15 13:30 13:45 14:00 14:15 14:30 14:45 15:00 15:15
3
| | | | I ' | [ N I
25 ww ! \ T ' ‘ —
., .lﬂ"' ’ [
a 2F : .
|A.- i
15| .
1 | | | | 1 | L | |
13:00 13:15 13:30 13:45 14:00 14:15 14:30 14:45 15:00 15:15

Time
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3. Ice density - Relationship between mass and size

Calculation of the IWC (CWC) and comparison of IWC retrievals

a) Our method: Matching measured with simulated reflectivities via T-matrix

b) Baker & Lawson (2006) method deriving unique geometric parameter X, then

calculating IWC from X (crystal area A, width W, length L, perimeter P,
sampling volume V)

0.793
0.135- ) X.
2-A-W(L+W) E :

c) Constant m-D relation for with a = 0.010 and g = 2.1

X =
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3. Ice density - Relationship between mass and size

Special solution of 3 and corresponding a used to calculate CWC (red colored curve, below).
In addition: CWC for solutions of 8 and corresponding a. in light blue below.

Flight 17 of HyMeX

ND,_ya_ 6400

[#/L/pm]
1 1600
900 5
001 ¢ ¥ 4 ]
: £ ( ' 1 k’i 3,
=, | 10
S 200 .
0.0001 ~F ‘
o ‘ ; —-20
|- bl ”ld‘ | | Ml‘ || | 30
13:00 13 15 13:30 13:45 14:00 14 15 14:30 14:45 15:00 15:15

i
13:45 14:00 14:15 14:30
time

0.01

13:15 13:30 14:45 15:00 15:15
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3. Ice density - Relationship between mass and size

As before.
Black curve: Added CWC calculated from Baker and Lawson (2006) CWC parametrisation.

Flight 17 of HyMeX

ND,_ya,_ 6400

[#/Lipm]

900 —
D
E " 0
= yih =
" h | -10
£ 200 : \ |
o WAl ‘ ; —-20
M E— “h‘ ul‘ |i | 30
5 13:00 13:_15 13:30 13: 45 14:00 14: 15 14: 30 14: 45 15:00 15:15
1
o
£
=
£ 01
0.01 i
13:00 13:15 13:30 13:45 14:00 14:15 14:30 14:45 15:00 15:15

time
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3. Ice density - Relationship between mass and size

Statistics of pre-factor o and exponent § from m(D) relations calculated for Megha-
Tropiques MT2010 (African continent) and MT2011 (Indian Ocean) as a function of

T

240

245

250

255

TIK]

260

265

270

275
1

—+— MT2010
—o— MT2011
———B=f(*) MT2010

~B=f(®) MT2011

1.5

TIK]

Statistical trends of mass-law coefficients
in function of the Temperature T

240 -

—+—MT2010

—o— MT2011

a=f(B) MT2010

245-  a=f(B) MT2011
250 -
255,
260 -
265
270 -
275 e e o orcecf e e c e or ek - e r ororccef

10 10° 10° 10
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3. Ice density - Relationship between mass and size

on and CWC: here for MT1

10

10

10

Impact of temperature on m(D) relati

a vs B vs Temperature

°C

10"

S)
&

CWC vs RASTA vs Temperature

5@
al

lalial

0

10
DBz

20

30

°C
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Sans conclusions



