Pore condensation and freezing:
Close up on how porous particles
nucleate ice
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Ice saturation

Time in arbitrary units
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Fukuta, JAS, 1966: PCF used to explain pre-activation

Activation of Atmospheric Particles as Ice Nuclei in Cold and Dry Air
ABSTRACT

Ice nucleation and subsequent phase equilibrium in water held in the micro-capillaries of atmospheric
particles are examined. It is found that ice formed in the micro-capillaries of certain particles may exist in
equilibrium with a dry atmosphere, where particles preactivated by Fournier’s effect are expected to lose their
activity. A possible mechanism of activation of the particles as ice nuclei in a cold dry atmosphere is sug-
gested.

2. Condensation of water vapor in a micro-capillary

3. Nulceation of ice in capillary-held water

4. Freezing and melting of ice in capillary-held water

5. Sublimation and deposition of ice in a capillary system

6. Effect of a soluble impurity on the melting point of capillary ice
7. Experimental evidence of phase changes of capillary-held water
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Fukuta, JAS, 1966: PCF used to explain pre-activation

Activation of Atmospheric Particles as Ice Nuclei in Cold and Dry Air
ABSTRACT

Ice nucleation and subsequent phase equilibrium in water held in the micro-capillaries of atmospheric
particles are examined. It is found that ice formed in the micro-capillaries of certain particles may exist in
equilibrium with a dry atmosphere, where particles preactivated by Fournier’s effect are expected to lose their
activity. A possible mechanism of activation of the particles as ice nuclei in a cold dry atmosphere is sug-
gested.

2. Condensation of water vapor in a micro-capillary

3. Nulceation of ice in capillary-held water

4. Freezing and melting of ice in capillary-held water

5. Sublimation and deposition of ice in a capillary system

6. Effect of a soluble impurity on the melting point of capillary ice
7. Experimental evidence of phase changes of capillary-held water

«Thus, the results of various observations of phase change in capillary-held water and the
present theoretical study support the possibility of phase transition of sorbed water in the
capillaries of an atmospheric particle which will later be the center of ice crystal growth.»
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What evidence is required for PCF

Increase in activated fraction when temperature falls below the
homogeneous ice nucleation threshold

Presence of pores in ice-nucleating particles
Pore condensation occurring well below water saturation
Ability of ice to nucleate within very small water volumes

Ability of ice to grow out of the pores from the vapor phase
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What evidence is required for PCF

Increase in activated fraction when temperature falls below the
homogeneous ice nucleation threshold

Presence of pores in ice-nucleating particles
Pore condensation occurring well below water saturation
Ability of ice to nucleate within very small water volumes

Ability of ice to grow out of the pores from the vapor phase



Freezing onsets of kaolinite particles
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Kaolinite: From deposition nucleation to condensation freezing

Zurich Ice Nucleation Chamber ZINC
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Welti et al., 2014
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Activated fraction of kaolinite particles: contour diagrams
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Welti et al., 2014 10
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Modeling of experimental results using CNT and assuming a
deposition nucleation process

One constant contactangle Probability density function of contact angles

00 -
218 223 228 233 238
Temperature (K)

Temperature (K)

« Abstract: ...The observed increase in the activated fraction below water saturation
and temperatures below 235 K corroborate the assumption that an appreciable
amount of adsorbed or capillary condensed water is present on kaolinite particles,

which favors ice nucleation.»
Weltiet al., 2014 14



Kaolinite

Clay mineral (Al,[(OH)g]|Si,04,] Immersion freezing
Stacking of lamellae leads to platy particles with pores Differential scanning calorimetry
resulting from the interleaving of the plates.

Typical pore diameters: 20—50 nm KGa-1b
Kaolinite (Fluka) 25 Wik
SEM images
(Welti et al., 2009):
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Pinti et al., 2012 2
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Mesoporous silica materials
MCM-41 SBA-15 SBA-16
Cylindrical pores: Cylindrical pores: Cages:
2-5nm 4 —20nm 6 —11 nm

(a) external bulk-like water

(b) water in main pores

(c) boundary water

(d) water in the inter-connecting
cylindrical pores

(e) water in the micropores or coronas.

—>amorphous pore walls
—> Si-O-Si backbone

13

Kittaka et al., 2011



ZINC (Zurich Ice Nucleation Chamber) with mesoporous silica particles
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Activated Fraction
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Calcined particles
Pore diameter: 3.8 nm

PCF:

O Porous
@ Nonporous
1 1

Homogeneous ice nucleation within pores

oY)

70 75 80 85 90 95 100

Activated Fraction
=
[>]

105

Homogeneous condensation freezing

youn®
Wi Il‘\:n"

10+ . :
65 70 75 80 85 90 95 100 105

C 0

10 T T=35°¢C
S
o
&
T 107
g No ice nucleation above the
o
<

homogeneous ice nucleation threshold

75 80 85 90 95 100
Relative Humid;'ryw (%)

David et al., 2019

16



—
e

INSTITUTE FOR ATMOSPHERIC AND, CLIMATESC
. -t

What evidence is required for PCF

Increase in activated fraction when temperature falls below the
homogeneous ice nucleation threshold ~/

Presence of pores in ice-nucleating particles \/
Pore condensation occurring well below water saturation
Ability of ice to nucleate within very small water volumes

Ability of ice to grow out of the pores from the vapor phase

17



Pore condensation and freezing (PCF): capillary condensation
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Ice saturation

Time in arbitrary units
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Water condensation in pores

Kelvin equation

ﬁ — eox _4vavw
pw P\ DkT

p : water vapor pressure above concave surface
pw: Water vapor pressure over flat water surface
Yuw - Surface tension of water
1, - molecular volume of water
D, pore diameter
r, = __Dp k: Boltzmann constant

2 T: absolute temperature.

Radius of curvature

19
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Pore diameter

8.69 nm

4.19 nm

N
o0

3.60 nm
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3.11 nm

Adsorption/gg™

—
(5]

2.83 nm

2.38 nm

2.10 nm

. PP, . . .
Kittaka et al., 2006



Onset of capillary condensation from water sorption isotherms

P/po
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SBA-15, Kittaka 2011
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14

Data from:

* Kittaka et al., 2006 (measured
gravimetrically at 25°C)

* Jahnert et al., 2008 (DVS (dynamic
vapor sorption) at 20°C)

* Findenegg et al., 2008
(measurements at 20°C)

* Deschamps et al., 2010 (DVS

* Kittaka et al., 2011 (measured
gravimetrically)

* The black solid line indicates the
onset of capillary condensation
predicted by the Kelvin equation
(for T = 298 K).

Kelvin equation:
ﬂ — ex _4vavw
P\ D kT

Marcolli, 2014 21



Water condensation in pores

Radius of curvature:

_ —Dp

r T e——
¢ 2cosB,,

Kelvin equation

— = exp

(—4vavw cos 9W3>
Pw

D, kT

p : water vapor pressure above concave surface
pw: Water vapor pressure over flat water surface
Yuw: Surface tension of water

V- molecular volume of water

D,,: pore diameter

k: Boltzmann constant

T: absolute temperature

6,,s: contact angle between water and pore surface

22
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Dependence of freezing onsets on contact angle

170 | ¢ 2.8C2 Calcined
¢ 2.8H2 Hydroxyl, 41-45°
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David et al., 2020
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Radius of curvature:
2 cos(B,,s +96)

Te

Kelvin equation

—4Y,w Uy €0s(8,,c + &)
D, kT

— =exp
Pw

Radii of curvature:
_D1
1 =73 cos(6,,s + &)
Kelvin equation:

1 1
YowVw (7‘_ + 7‘_)
— = exp cl c2

Pw leT

Tepg = @

— =exp
Pw

—2Yyw VwC0S(By5 + 6)
D, kT

Marcolli, 2020 24



plp,,
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10
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Pore condensation and freezing (PCF): ice nucleation

YTy

Ice saturation

Time in arbitrary units
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Pore condensation and freezing (PCF): ice nucleation

YTy

Ice saturation

Time in arbitrary units

Number of | Porediameter | liquid layer Porelength Volume Nucleation
pores thickness rate required

3 nm 0.38 nm 3 nm 16 nm3 6-101%cm3s?
1 3 nm 0.38 nm 500 nm 2696 nm?3 4-10Y cm3s1
100 3 nm 0.38nm 500 nm 269564 nm?3 4-1015cm3s1

27



Freezing of micrometer-sized droplets
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Freezing of nanodroplets from supersonic nozzle experiments

Bartell & Chusak, 1994

nanodroplets: 10%4 — ‘

3.4 nm radius %
Bhabhe et aI., 2013%

nanodroplets:

3 — 9 nm radius, 30-50 MPa / "

Amaya and Wyslouzil, 2018
nanodroplets:

6.6 — 10 nm radius), ~17 MPa 108
Laksmono et aI., 2015/
Ultrafast cooling: 10 A\

103 - 10* K/s 180 200 220 240
Temperature /K
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Classical Nucleation Theory (CNT)

AG = 4myy,, (T)r? —

47r3

3v;

kTIn (

Pw
pi

)

Surface Free Energy

Free energy (AG)

Volume Free Energy \
AG,

Viw(T): interfacial tension ice/water

P .
p—w: supersaturation
[

30
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Critical nucleus shape in an MD simulation

Cubic ice cluster (~4000 molecules) inserted in supercooled water (TIP4P/Ice) .
The inserted cluster exposes the (100), (010), and (001) planes to the fluid.

Equilibration of the interface
for 0.2 ns at 200 K

Let cluster evolve at 255 K
(temperature at which a
cluster of this size should be
critical)

—> cluster turns spherical to
minimize interfacial free
energy.

1.2+0.2 ns
T=255K

MD trajectory

Zaragoza et al., 2015 1
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Classical Nucleation Theory (CNT)

_ . 2 4mr3 Pw
AG = 4my;,, (T)r Sor kTIn (m)

Determine AG,;, i.e. maximum of AG:

AG Amrr? w
— =8V (T)r — nir kTIn (%) =0
2Viw (T)V;
—> Critical radius 7.t = ylW(p) :
kTin—*
l
. 3,2
- Energy barrier AG 167y (T) Vi

crit —

2
3K 2T2 (ln (p—W)>
Pi

Free energy (AG)

Surface Free Energy

v

Volume Free Energy \
AG,

Viw(T): interfacial tension ice/water

P .
p—w: supersaturation
[

32



INSTITUTE FOR ATMOSPHERIC AND,CLIMATE'St
" JETA

—
e

Classical Nucleation Theory (CNT)

amr3 Pw
AG = 4my;, (T)r? — o kTIn (p_L)

Determine AG

it 1-€. maximum of AG:

AG 47r? Pw
—= 8w (T)r — ; kTIn (p_l> =0
2Viw (T)V;
—> Critical radius  7.-j = Vi p)wl
kTIn—
i
: 161y, (T)3v7
- Energy barrier AG,ris = i _
3k2T2 (ln (p—W)>
Di
Homogeneous _ k_T AFqirs
ice nucleation rate: Jnom = n P\ kT

Surface Free Energy

v

Free energy (AG)

Volume Free Energy

AG,

Viw(T): interfacial tension ice/water

2;—W: saturation ratio
i

AF 44 diffusional energy barrier

o (-2

AGhom
kT

33



Interfacial tension (mJ m-2)
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Interfacial tension ice/water

60
—Ickes et al., 2015
55 | ——Murray et al., 2010, n=0.3
Murray et al., 2010, n=0.97
50 | ——Koop and Murray, 2016
—7Zobrist et al., 2007
45 ® Kubelka and Prokscha
® Skapski et al., 1957 I
40 ® Fernandez and Barduhn, 1967
® Coriell etal., 1971
35 ® Ketcham and Hobbs, 1969
@ Jones and Chadwick, 1970
30 ® Jones, 1974
® Hardy, 1977
25 | © Hillig, 1998
20 ——
——
15
10
5
0
200 220 240 260

Temperature (K)

Zobrist et al., 2007: hexagonalice, fit toice
nucleation rates

Ickes et al., 2015: hexagonalice, linear
extrapolation

Koop and Murray, 2016:

Stacking disordered ice; temperature
dependence of interfacial tension is scaled
to the temperature dependence of the
enthalpy of melting, based on Turnbull
correlation:

%w(Thom) X AHm (Tm)

Murray et al., 2010:

Stacking disordered ice

\"
YViw (T) = Viw (TO) <T_O>

T, : homogeneous ice nucleation temperature

34
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Parameterizations of ice nucleation rates

Zobrist et al., 2007 1010
Murray et al., 2010, n = 0.3 o
Ickes et al., 2015 10
Koop and Murray, 2016
108
0 47
c 10
O
5
< 10°
10°
104
233 235 237 239

Temperature /K
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Parameterizations of ice nucleation rates

Zobrist et al., 2007

Murray et al., 2010, n=0.3
Ickes et al., 2015
Koop and Murray, 2016

180 200 220 240
Temperature /K



Parameterizations of ice nucleation rates

Zobrist et al., 2007
Murray et al., 2010, n =0.3

Ickes et al., 2015
Koop and Murray, 2016

Critical nucleus size

2.0
—Zobrist 2007
1.6 ==Murray 2010, n=0.3
Murray 2010, n = 0.97 /
‘é‘ 1.2 =—|ckes 2015
= —Koop 2016
£08
0.4

o
o

180 200 220
Temperature (K)

180 200 220 240
Temperature /K
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(P —Py)v(T,Py) + len(Pi(T»Po)) = (P —Fy)

Temperature (K)

340

320

300

280

260

240

220

200

Homogeneous ice nucle

Melting curve

ation as a functi

‘Lll(T,P) = ‘LlW(T,P)

on of pressure

v, (T,P) +v,,(T, Py)

+ kTIn(p,, (T, Py))

2
AA
freezing curve
o
o
-200 -100 0 100 200 300 400 500

Pressure (MPa)

Marcolli, 2017, 2020
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Homogeneous ice nucleation as a function of pressure

(P —Py)v(T,Py) + len(Pi(T»Po)) = (P —Fy)

Temperature (K)

340

320

300

280

260

240

220

200

Melting curve  w;(T,P) = u,, (T, P)

v, (T,P) +v,,(T, Py)

+ kTIn(p,, (T, Py))

2
O
oﬁ bubble nucleation
O
AA
freezing curve
o
o
-200 -100 0 100 200 300 400 500

Pressure (MPa)

Marcolli, 2017, 2020



Homogeneous bubble nucleation described by CNT

The evolution of the free energy during bubble
formation is given by

4mry

AGpyy= 4T Y pw — (u; — pp).

3Vl

the difference in chemical potential can be
expressed as the ratio of vapor pressures and
making use of the Laplace-Kelvin equation:

4
t— Up = lenp—;= Vi(Pr — Pex)
Yielding the critical radius and the energy barrier:

2wa 1 67TVI§W

T = AG =
ber (pl - Pex) bw.cr 3(pl - pex)2

and the rate per volume and time:

1/2
R £ N
Jbw,hom v\ 7mB p T

Symbols:
r,: radius of the evolving bubble
Y- Surface tension of water

U, chemical potential of water
molecules in the bubble

y;: chemical potential of the
molecules in liquid water at
normal pressure

v;: molecular volume of liquid
water

p,,: vapor pressures of liquid
water

p,: vapor pressure in the bubble

P...: pressure applied to the liquid
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(P —Py)v(T,Py) + len(Pi(T»Po)) = (P —Fy)

Bubble nucleation

ice nucleation
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Temperature (K)

Homogeneous ice nucle
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Melting curve
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‘Lll(T,P) = ‘LlW(T,P)

on of pressure

v, (T,P) +v,,(T, Py)

2

+ kTIn(p,, (T, Py))

bubble nucleation
freezing curve
o
o
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Marcolli, 2017, 2020
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Parameterization of pressure dependent ice nucleation rates
290
Ickes et al., 2015
280

Murray et al., 2010,n=0.3

270

260

250

<

240

230

Temperature (K)

220

210

16my;, (T, P)3v;(T, P2 2%
AG.(T,P) = i (T, P)"vi(T, Po) -200 -100 0 100 200 300 400 500

—1.)2
3w — 1y) Pressure (MPa)

167T]/iW(T, P)3vi (Tr PO)Z

w(T, Po) w(T. P) + v, (T, P)\*
3 (len (ﬁ) _ (P = Py)v;(T, Py) + (P — Py) Y t (TP, )

AG,(T,P) =

AG, (T,P)> exp (AFdiﬁ (T,P)>

Jhom = Cprefacexp( kT kT

Marcolli, 2020
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Parameterizations of ice nucleation rates

Young-Laplace equation

2Ypw(T)
rC

1024

AP=P—P, =

30 - 50 MPa é

~17 MPa — 1ot
an
Murray et al., 2010, n = 0.97 =
Z 1012
Murray et al., 2010, n =0.3 9
Ickes et al., 2015 h
108
—.—. -50 MPa
—— 0.1 MPa 4
10
——— 50 MPa

180

200 220
Temperature /K
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Melting points Freezing points
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——Sphere

——Cylinder with r = 1.095 nm
——Cylinder withr=1.1 nm
——Cylinder withr=1.2 nm
- --Cylinder
2 4 6 8 10

a +r = long axis of ice embryo (nm)

Critical radius from classical
nucleation theory:

o = Zin(T)Ui
crit — lenp—W
l
For r.;+ =1.095 nm, pore ice
remains critical.

Forr=1.1 nm, ice becomes stable
at a pore length of 300 nm.

For r=1.2 nm, ice becomes stable
at a pore length of 8 nm.

47
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Ice-liquid oscillations in nanoconfined water

mW water confined between two nanoscopic disks: coexistence in time because of non-
negligible cost of the water-ice interface

>
g - Oscillations between liquid water
Sl and ice: free energy profile has
8 two minima, one for all liquid and
oLl
L one for all ice.
LIQUID ICE
1000
Number of confined water

0 “ molecules in the ice phase as a

z W function of time at 278.75 K

0 200 400 600 800
t (ns)

Kastelowitz and Molinero, 2018 48
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Influence of tension (negative pressure) within the pore

The tension exerted on pore water depends on the radius of AP=pP—_p. = 2Ypw(T)
curvature as given by the Young-Laplace equation 0 T,
. . . _ ZVUW(T)UW
The radius of curvature depends on the water saturation ratio as T, = D
given by Kelvin equation len_W
Radius of critical embryo depends . = 2Ywi(D)vi(T, Po) 5 5
v, (T, v, (T,
on pressure lenI;—"f’ — (P —Py)v; + (P — Py) w(T, P) ‘; w(T, Py)
l
1.3 0
12 20
€ ©
= 11 -40 %
. v
=2 1.0 -0 32
E
T 09 : -80 c;
2 : E
© 08 ! Murray et al., n=0.3 -100 _§
0.7 ! Murray et al., n=0.97 | 49 ©
i Ickes et al.
0.6 1 -140
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

water saturation ratio S,
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Nucleation rates as a function of pressure and temperature
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Pore condensation and freezing (PCF): ice

growth

| RH

Ice saturation

Time in arbitrary units
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Pore diameter required for growth of ice out of pores

h19,-

Dp/Dl

1. Growth of ice in height h as spherical
cap up to a contact angle 6,

2. Growth of the cap base (increase in x)

Assumption: water wets particle surface
Os = G = 55°

Diameter (nm)

Yow (T) = Yiw (T, Py)

cosB;,,(T) = )

Ice saturation ratio

4y.,iV;SInB;,,
Conical pore D, =
P P kTinE
Pin
Zyvivisiné?iw
Wedge-shaped pore D; =
Y okt
Pin
100
— Conical pore
80 ——Wedge-shaped pore
60
40
20
0
1 1.1 1.2 1.3 1.4 1.5 1.6
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L
MD simulations of ice growth out of pores

Molecular dynamics simulations with the mW model:

— Dimensions of the periodic simulation cells are 8 nm x 8 nm x 10 nm

— The pore and outer surface represent silica properties (grey).

— 3 nmdiameter pores are filled with hexagonalice exposing the primary prismatic face to vapor.
— Liquid water (red) and ice (blue) are identified using the CHILL+ algorithm.

— The vapor uptake is performed at -81°C with RH, = 250 %.

David etal., 2019  ~°
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B : # 7 e

MD simulations of ice growth out of pores

Molecular dynamics simulations with the mW model:

— Dimensions of the periodic simulation cells are 8 nm x 8 nm x 10 nm

— The pore and outer surface represent silica properties (grey).

— 3 nmdiameter pores are filled with hexagonalice exposing the primary prismatic face to vapor.
— Liquid water (red) and ice (blue) are identified using the CHILL+ algorithm.

— The vapor uptake is performed at =81 °C with RHi = 250%.

108 ns

Pore ice bridging allows growth of ice out of
pores:
Water condenses between emerging pore ice

and freezes leading to an ice surface for further
growth.

David etal., 2019  °°



Pore diameter required for growth of ice out of pores

h19,-

Dp/Dl

1. Growth of ice in height h as spherical
cap up to a contact angle 6,

2. Growth of the cap base (increase in x)

Assumption: water wets particle surface
Os = G = 55°

Diameter (nm)

Yow (T) = Yiw (T, Py)

cosB;,,(T) = )

Ice saturation ratio

4y.,iV;SInB;,,
Conical pore D, =
P P kTinE
Pin
Zyvivisiné?iw
Wedge-shaped pore D; =
Y okt
Pin
100
— Conical pore
80 ——Wedge-shaped pore
60
40
20
0
1 1.1 1.2 1.3 1.4 1.5 1.6




INSTITUTE FOR ATMOSPHERIC AND CLIMATE
= 5

g

Ice nucleation data for soot

(a) soot (b) soot - negative results
1-8 IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII|IIIIIIIII 1‘8 IIIIIIIIIIIIIIIIIIIIIIII|||||||||||||||||||||||||||||||||||
- + Mahler et & (20054) . - -
* DaMnd:tEtaI:{wsB] ¢ Dymarska et al (2006) |
¢ Dymarska ot 8l (2006) %  HKanji & Abbatt (2008)
A Dienl & Mitra (1998) *  HKoenhler et al (2008) .
O Forea et al (2008) A Friedman et al (3011)
1.6 ¥ Koehler et al (2009) u 1.6 m
O Kanji el al (2011 i
A Grawlord el &l (2011)
O DeMott {1990)
C  Gorbunov et al (2001)
+  Kireeva el al (2008)
s 1.4 " O Popovichevaelal (2008) | . 1.4
e—” * O 1
- e
4
1.2+ 1.2
: %
F o+
10"~~~ """ s s s s s e e 1i0———"""——--
v e v by v v e by by v v b e v v b v by v v v b by v v e b e
-60 -50 40 -30 20 10 0 -60 50 -40 30 -20 -10 0
Tin"C Tin°C

Characteristics for PCF:
— Noice nucleation below water saturation above the homogeneous ice nucleation temperature

— lIce nucleation below water saturation below the homogneous ice nucleation temperature

What is the pore geometry?

Hoose and Mdhler, 2012 53
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Morphology of atmospheric soot particles

A AR c) 100 -
' midle Jet-A1
— 80 A . . 80 -
3 "  idle HEFA blend 2
> 60 4 1 Il
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Pores within soot aggregates

Three-membered ring pore

26.0% free space

Tetrahedral packing

Cubic packing
47.6 % free space

C D

Four-membered ring pore

Spherical primary particles with typical diameters D,,, =10-30 nm

Dyp—Dij
Overlap C,, = % = 0.01-0.2
pp

Concave octahedron

Concave cube
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Ring pore sizes for primary particle diameters from 10 to 30 nm

radius (nm)

Three-membered ring pore
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Soot-PCF: primary particle diameter: 20 nm, C,, = 0.05

2
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growth angle £(°)
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growth angle ¢(°)
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Soot-PCF: primary particle diameter: 20 nm, C,,= 0.1
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Soot-PCF: primary particle diameter: 20 nm, C,,= 0.1
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Parameterization of activated fraction (AF) realized by ring pores

AF =1 — (1 - Py (RH))<(Np_nm)Df>

Pn(RH): probability of a primary particle to be part of a ring pore activating at RH.
Depends on primary particle size, overlap, and contact angle

Ny accounts of minimum number of primary particles required for a ring pore
Ds: fractal dimension accounting for the number of neighbours of a primary
particle.
2R\ Pf
Ny: number of primary particles in an aggregate: N, = k (D—g)
pp
ko: scaling pre-factor (kg = 1.3 £ 0.2)
D

R,: radius of gyration (2R, = —

g ius of gyration (2Rg = =
Dy : mobility diameter

p: in the single particle limit: § = 1.29
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Instrumental setup 1% cloud cycle| qan oo
Processing Ice nucleation
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Activated fraction of processed miniCAST black (HINC2)

400 nm diameter

10° T ——
233 K : - HINC1 CATZ HINC2
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w l
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107
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Activated fraction of processed miniCAST black

400 nm diameter Size dependence
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AF parameterization of miniCAST black

100 ; 1.86
< N _2
F AF=1_(1_PN(RH))(( p—2) )
101
1
Ww 1072 Py(RH,,) = 10 (0.3374—0.006091RHW)
1o 400 nm 94
300 nm 55
200 nm 26
100 nm 7
80 nm 5

60 nm 3
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What evidence is required for PCF

Increase in activated fraction when temperature falls below the
homogeneous ice nucleation threshold ~/

Presence of pores in ice-nucleating particles \/
Pore condensation occurring well below water saturation \/
Ability of ice to nucleate within very small water volumes \/

Ability of ice to grow out of the pores from the vapor phase \/

71
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What evidence is required for PCF

— Increase in activated fraction when temperature falls below the
homogeneous ice nucleation threshold ~/

— Presence of pores in ice-nucleating particles \/
— Pore condensation occurring well below water saturation \/
— Ability of ice to nucleate within very small water volumes \/

— Ability of ice to grow out of the pores from the vapor phase \/

What evidence is required for deposition nucleation

— Continuous development of activated fraction with temperature 7
— Absence of pores in ice-nucleating particles 7
— Active sites that can template ice from the vapor phase ?

— Active sites that are large enough for ice to grow from the vapor -
phase on top of them '
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Thank you for your attention!

Questions?
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