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Focus on "Slush” and Ice clouds now

flouds _ 10 km (6 mi) * Ice (cold) clouds:
= Made of ice crystals at
T< 235 K.

Cirrocumulus

8 km (5 mi)
T o e — —

« Mixed Phase clouds:
Mixture of liquid
droplets and ice for T
between 235 and
273K

* Liquid (warm) clouds:
Made of liquid
droplets at T >273 K

Cumulus

Cloud particles are not created directly from the
vapor phase but from suspended aerosol particles

http://www.ucar.edu/news



Pictures of ice clouds

Cumulonimbus incus
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When do atmospheric clouds freeze?
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® At the nominal freezing point of water nearly all cloud
contain no ice

® Below -4 C or so, clouds start containing ice

® Below -20 C or so all clouds contain some ice

® Below -40 C or so all clouds are ice clouds

Surprise! It takes a lot of cooling to freeze



Understanding why it takes a lot of cooling to freeze
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Curvature effect: the basis of nucleation

Ice Germs: generated in supercooled droplets

If you are cool
enough - the ice germ

o

will be around long
enough to grow intfo a
stable crystal.

Germ Sat.Ratio

Diameter of ice germ



Curvature effect: the basis of nucleation

Ice Germs: generated in supercooled droplets

If you are cool
enough - the ice germ
will be around long
enough to grow intfo a
stable crystal.

rm Sat.Ratio

Diameter of ice germ

Ice Germs: generated on
insoluble particles inside of Insoluble particle
superscooled droplets or

ded in ai a/ :
suspended in air \ (why do insolubles help?)



The need to supercool and the role of
perturbations in ice formation
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https://www.youtube.com/watch?v=kEHdyiBMgAg
https://www.youtube.com/watch?v=kEHdyiBMgAg

So .. How does water freeze in the end?

® Equilibrium thermodynamics of hases of water
does not explain the initiation of the ice phase

® The formation of the ice phase from the liquid phase
does not begin in a continuous process

® |t takes place spontaneously as a result of temperature
and density fluctuations in the original phase when a
critical supersaturation of the original phase is reached

® This spontaneous process is called nucleation



Maximum supercooling of extrapure water
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Result: Pure water cloud droplets in the atmosphere effectively start
freezing at around -35°C

Problem: Why do ice cubes form in our freezer? Are the Olympian gods
“bending the rules” so we can enjoy o0Zo, dpanme or your favorite drink



Median freezing T of water samples

Median freezing temperature (°C)

Not really.... Heterogeneous Freezing Greatly
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How do (ice water) clouds form?

Ice crystals also form on preexisting particles.
Multiple mechanisms for ice formation exist. @

-~ =y @@ L O

1 Heterogeneous
Homogeneous Freezing
Freezing (Immersion,
Mainly depends deposition,
S0 pivdl T contact, ...)
x Also depends on
\ the material and
N N surface area
M |
o

Wet aerosol

. + Insoluble Material
particles

(“Ice Nuclei”)



Heterogeneous ice nuclei: freezing modes

Homogeneous nucleation T-b
Deposition nucleation @ —

Immersion freezing @
2 c°<>¢!m9

MV
Condensation freezing X -

Contact freezing % R = 0
& N

% = heterogeneous ice nucleus (e.g. mineral dust)



Heterogeneous ice nuclei: freezing modes

Multiple mechanisms for ice formation can be active.

Wet aerosol ey Homogeneous ‘ — @

particles HE 2t @
II:mme_rS|o? oud Deposition
reezing of clou (low RH, low T) y .
droplets (a,, = 1.0) '\ '
7, -
Soluble and I I
Insoluble Aerosol /‘ ce crys_ta
Ice Nuclei (IN) % Deliquesced - population
|\/|OSt|y dUS.t, soot, o — Heterogeneous
a”dt b'_o:og'ca' (mostly at Freezing (DHF)
materia : (a,, < 1.0; immersion in
high T) W :
solution, condesation)
273 K 250 K 235 K

Increasing RH;, decreasing T



Ice formation "modes” depends on
cloud conditions (T, RH) and IN

Homogeneous

: Deposition
Gravity N\,\N . Condensation

Immersion
Condensation

ntact
mmersion _ @&

Convective

updraft




IN vs CCN: implications for clouds

IN are far less abundant than CCN. (1 in a million!)
CCN: 100-1000 cm=vs IN: 0.001-0.01 cm3

Hence, in an ice cloud, cloud water is typically distributed on
orders of magnitude fewer cloud particles than in a liquid

cloud.

Consequently, the ice crystals

are much larger than cloud droplets
and therefore much more likely to
fall out as precipitation.

Most precipitation on the planet
IS initiated from the ice phase.



Heterogeneous ice nuclei: requirements

Insolubility: A rigid substrate is needed for the ice “germ” formation.
Size: Larger particles are better IN (more active sites for forming a germ).

Chemical bond/Chrystallography: A similar bond as the ice crystal lattice is
beneficial. Geometry of aerosol (surface steps/imperfections) is important.

Coatings: worsens the IN activity, because it depresses the water activity of the
aerosol, and may deactivate the ice-forming sites on the particle.



Heterogeneous ice nuclei: requirements

Insolubility: A rigid substrate is needed for the ice “germ” formation.
Size: Larger particles are better IN (more active sites for forming a germ).

Chemical bond/Chrystallography: A similar bond as the ice crystal lattice is
beneficial. Geometry of aerosol (surface steps/imperfections) is important.

Coatings: worsens the IN activity, because it depresses the water activity of the
aerosol, and may deactivate the ice-forming sites on the particle.

Table 2. Activation Temperatures T and Median Freezimg Temperatures 7, Determined From Labomtory Expermments®

Immersion Freezing Contact Freezing

Particle Type T, y T, y
Bacteria 4°CP a = 250 um 7°CP a = 250 um 3°Ch 4.5°C
Leaf litter 5°C.  a = 350 um 9°C g = 350 pm 5°(C° 10%C"
Pallen 9 Cd g = 250 um 14°C 3 a = 250 um o 10°c?
Montmoril lonite 12°C.° a = 350 um 19°C° @ = 350 um, and —24°C F 2 = 50 um 3T 8°C*
Kaolinite 14°C.° a = 350 ym 23°C.% a = 350 um, and —32.5°C a = 50 um 59" 12°C°
Soot 18°C.E 2 = 350 um 28°CE a= 350 um 185" (extrapolated)

“Immersion freezing temperatures are for defined drop radii a, and contact freezing temperatures are for arbitrary drop sizes.
PLevin and Yankofcky [1983).

“Dighl et al [2001b).

Diehl et al. [2002).

“Piter and Pruppacher [1973].

"Hoffer [1961).

EDiehl and Mirra [1998].

RGorbunov et al. [2001].



Measuring INP: Basic Principles

Operation: Expose particle sample o a known water
vapor supersaturation, and measure those that become
ice crystals. Depending on the freezing mechanism, also
may need "preactivation” into clout droplets.

Desired range: 1% - 50% supersaturation (S)

Main challenges:

Technique to invoke nucleation

Low counting statistics (important for warmer T).
Ice crystal detection

* Need to differentiate from particles that do not become
ice crystals.

» Generally more difficult when you have dust/large non-ice
particles (dust, ash).



CFDC (CONTINUOUS FLOW DIFFUSION
CHAMBER)

 Developed by

DaVid C. Rogers ¥ Impactor Removes

Particles > 2um

Airflow ¥ _ aeréosol
e The chamber consist _ ? Riesian sheah  sneai
of two ice- coated Soraion § () '
: : ~-~Optical
concentric cylinders

Detail View

T
at different impactor Coects 4
on TEM grnd
temperatures

non-IN aerosol

e Inthe last third of the chamber the outer cylinder
are not ice-coated

e Analyze deposition and immersion modes



ZINC (ZURICH ICE NUCLEATION CHAMBER)

cover plate for cooling
liquid channels
chamber interior (aluminum, electron beam
(300 x 10 mm cross section) welded to main wall)

side wall backing .
with KF DN10 ports sidewallswith ~ main walls

(Stainless steel) holes for ports (aluminum)
(neoprene)

A N —
W EE2222222 A S s,

CFDC type of chamber, which use a flat parallel plate design
instead of a concentric cylinder geometry

Can reach 236 K with ice supersaturations of up to 50%
Analyze condensation and deposition mode

Portable version (PINC) also available commercially.



COLD PLATE TECHNIQUE
(IMEERSION FREEZING)

e Consist of a metallic
surface coated with a thin
layer of hydrophobic
material

e Two different ways to
perform a contact freezing

experiment:
v’ Static cold plate
v" Dynamic cold plate

e LAPI’s INP mode of measurements



PORTABLE ICE NUCLEATION CHAMBER
(IMMERSION/DEPOSITION FREEZING)

e An expansion chamber inside
generates supersaturation

e We can create a water
droplet first around particles
(immersion mode freezing)
or directly deposite water
vapor (deposition mode).

e Operates from -10 to -60C

e LAPI’s INP mode of measurements



Mixed phase clouds: "final frontier”

10 km (6 mi) * Ice (cold) clouds:
Ice crystals, T<235 K.
Warm climate

Clouds

8 km (S mi)

: Altostratus * Mixed Phase clouds
Ko s 6 km (4 mi) Liquid droplets & ice,
235K <T < 273K
&t el Cumulus Warm /cool climate

Wk (2.5 mi) |

* Liquid (warm) clouds:
Liquid droplets
T>273 K

Cool climate

2km (1.2 my

Cloud particles are not created directly from the
vapor phase but from suspended aerosol particles

http://www.ucar.edu/news



cPrL

Mixed-Phase clouds control precipitation
on a regional and global scale

Precipitation at
mid- and high-
latitudes mostly
- _10°C generated from
the mixed- and
ice- cloud phase

Mulmenstadt et al .
2015

Precipitation extremes have
huge impacts on economy
and society at large.




Liquid+ice ("mixed-phase™) clouds
Are very important for climate

. if\\\\\“‘t 30-50% of precipitation

occurs from the ice
phase

‘ e leve‘

\ \ v
\ \

Field and Heymsfield, 2015 - b
Miilmenstadt et al. 2015

“...much of what is rain, when it
arrives at the surface of the Earth,
might have been snow, when it
began its descent . ..”



=PrL

Challenges of representing MPCs within
modeling frameworks

v' Important to predict the amount and distribution of ice and
liquid (liquid-ice phase partitioning) in MPCs

v' Models tend to convert water to the ice phase too aggressively

Pure liquid ‘11‘\: (a) GCM Fl'artmonlng Behavior Gomlpared To Oblservatlons
cloud V=’ n m Korolev [2003]
J09r ® (2) Cober[2001] 7
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McCoy et al. 2016

A
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mixed-phase

temperature range
“One cannot model what p g

one does not understand”




Ice production/growth interplay in clouds
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Cold Cloud Processes

Processes

Homogeneous
Freezing Nucleation

\apor Deposition

/

Bergeron .
Process . *

Heterogeneous ¢

Cold-

Secondary
lce

Ice Nucleation 0‘
<
B U A U (e VTSR
Collision- © © 4
coalescence '.\ A-—
2 ' w éCOIIection
Condensation 1 e
' Warme-rain
[Z‘ ~
CCN Activation
IUpdraft ~ Evaporation
wow | Ve
: CCN
Paresyy Rainfall

Cold Cloud ==—>

€— \Warm Cloud

SO S50 S G G B A A BT O oW O OB (O A Y 20 O G L (O G R A S L Y



The ice grows at the expense of drops

Warm Cloud

Cold Cloud Processes

Processes
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Primary ice production mechanisms
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% = heterogeneous ice nucleus (e.g. mineral dust)
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The ice grows at the expense of drops
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Bergeron-Findesien process

Critical for the microphysical evolution of mixed-phase clouds

Droplets on a plate
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Bergeron-Findesien process

Critical for the microphysical evolution of mixed-phase clouds
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Bergeron-Findesien process

Critical for the microphysical evolution of mixed-phase clouds

Vapor pressure over liquid water is HIGHER than over ice, so
mass transfers between them.

Droplets on a plate

Crystal grows



Bergeron-Findesien process

Critical for the microphysical evolution of mixed-phase clouds

Vapor pressure over liquid water is HIGHER than over ice, so
mass transfers between them.

| Ice crystals near droplets cause:

(2N A 1. Liquid drops to evaporate

g P <: 2. Vapor deposits onice

248 B 3. Process continues until liquid

| water completely gone.

4. General particle size increases
considerably from BF process
because IN << CCN

_— A =t
5'.;_—‘ R A g 4

- - .b“ -y
“’ ‘ - w

-:

S

Latent heat release important for dynamical evolution of clouds.
Shifts in particle size affects radiation and precipitation of cloud.



Where secondary ice production “lies”
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=PrL

Measured Ice Crystal Number is much
higher than pre-cloud INPs!

v Ice Nucleating Particles (INPs) are few in
remote polar regions - compared to the ice

crystal (ICNCs)

behavior.

must be

Alpine (orographic) clouds have the same

Secondary Ice Production (SIP) processes
ivoked to explain the large

difference between INPs and ICNCs
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Wex et al. 2019
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=PrL Measured Ice Crystal Number is much =@&|C STACC
higher than pre-cloud INPs!

The cause of this cloud-ice paradox — Secondary Ice Production (SIP)*

* SIP = multiplication of primary ice crystals through “other processes” not involving INPs

I. Rime Splintering or the Hallett-Mossop process (HM)

II. Ice-ice collisional break-up (BR)
> Numerous ice
@ o © @ © o & =Y @ @ fragments
o @ 0 o (S] Korolev et al.,
Q@ @] 174 *
) o o ® 2020 &
o © @ Active temperature range _ 8
Q@ @ between -8 ‘C and -3°C a8
@, ° ° ) @ 2o
o 0 ’0 0@ [=) @
° o o / @ > @ =]
L Y}
Supercooled liquid ¥
droplets > 25 microns ) ) ) .
Large ice particle > * Max ice splinter production rate at -~ -15 °C
0.5mm
IV. Sublimational break-up (SUBBR) 1.

Droplet Shattering during freezing (DS)

e, 0° _ /7
* SIP particles separate from parent &
o= .. o -« iFe particle wf?en ice t?r::dge ’ Ice splinters created upon
® sublimates (Relative humidity w.r.t < internal pressure build-up

ice < 100%)
Activation of INPs in transient supersaturation

Frozen hydrometeor
alling within the cloud
a Fragmentation caused due falling —_— ) ) )
to latent heat release from =) Regions of high transient
7 the freezing droplet ° supersaturation

Courtesy: P.Georgakaki

Dendritic snow (-10<T<-20 °C) or rimed particles Large supercooled liquid

droplet > 50 microns

V. Ice fragmentation during thermal shock VL




"Pristine” ice crystals - before riming
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"Pristine” ice crystals - after riming




Pioneering work of Hallett & Mossop

T

0 (a]

500

400t

3001

200+

No. of secondary ice particles per mg rime

]

UO -2 -4 6 3 ~10 - 12 -4

Cloud temperature (°C)

g

No. of ice particles per mg rime

Fia. 2 Production of secondary ice particles by riming as
a function of temperature at a target velocity of 27 m s=1.
Different symbols indicate different days. The curve was
drawn by averaging the points over narrow temperature

intervals,

Hallett and Mossop 1974

600+

400}

200 F

Target velocity (m s ')

Fia. 3 Production of secondary ice particles by riming as

a function of target velocity at a temperature of about

—5° C. @, November 5, 1973; —4.5° C. %, November 9,

1973; —55° C. O, December 3, 1973; —5.7° C. 4, Decem-
ber 5, 1973; —5.2° C.

Mossop and Hallett (1974): production of splinters requires presence of

droplets >25 um diameter.

One ice crystal can generate up to 300 times its concentration in
secondary ice crystals (explosive growth of ice) — rapid glaciation.



Other mechanisms - Droplet Explosions

-.12 ms 1.4 ms 10.7 ms

699.8 ms 867.07 ms 867.10 ms 867.14 ms

© O O Ot

867.23 ms 867.41 ms

0Ov¢v O

»

From Leisner et al.




Including secondary ice production in models

Collisional break-up (philips et al, Droplet shattering (philips et dl,

201 7) 2018,
‘ ‘ => W g Numberof fragments —_— “.‘: Complex parameterizations
per collision Both tiny and big Models need to consider

splinters generated multiple liquid/ice species and

AN

asperity— fr_aglll_Lcozﬁuen_t C_O”'Sﬂ“lﬁﬁi _________ Zn_ == 1 interactions among them
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probability ~ probability

2-year (2016-2017) regional climate simulations over
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WRF with detailed microphysics
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Secondary ice production mechanisms: our
research points its always important!

NW winds SE winds
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Pristine

Aerosol-Precipitation Feedbacks

J Graupel or small hail
o Raindrop

@ Larger cloud droplet
* Small cloud droplet

Smaller cloud droplet
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Growing

Aerosols reduce
drizzle.

More water
reaches the
freezing level.

More latent
heat is released
during freezing.

Convective
invigoration.

Dynamical feedbacks from aerosol effects can change cloud
structure/precipitation patterns (cloud feedback?).




Convective invigoration is everywhere

Korenet.al, Nature Geosgi. (2012).
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“Invigoration of clouds and the intensification of rain rates is a
preferred response to an increase in aerosol concentration.”



Aerosol-Precipitation interactions

Korenet.al, Nature Geosgi. (2012).
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“Invigoration of clouds and the intensification of rain rates is a
preferred response to an increase in aerosol concentration.”



Ongoing research: CleanCloud a
Mediterranean (CHOPIN) campaign

bl
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CHOPIN Results: (INP diurnal cycle, FT/PBL)
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(Gao et al., npj Climate and Atmospheric Sciences, 2025)



CHOPIN Results (bioaerosol-driven INP cycle)
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CHOPIN Results (model improved) ud

WRF/EPFL with enhanced cloud mixed-phase microphysics (SIP)

Cleancloud Helmos
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CHOPIN media @ CleanCloud Channel @@
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The CleanCloud PIANO teams
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PIANO Videos and outreach
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https://mediaspace.epfl.ch/media/CleanCloud%20Villum%20Spring%20Campaign/0_63gtmyl6

Some take-home messages

Aerosols provide the nuclei for all cloud hydrometer
formation, and modulations thereof have significant impacts
on radiation and the hydrological cycle.

The theory for droplet formation is well established and can
be well parameterized for models; instruments and methods
constrain the aerosol-drop link very well.

Ice formation is much less understood - but progress is rapid
on IN parameterization development and ice production
relationships that consider both homogeneous and
heterogeneous freezing concurrently.

Vertical velocity is far less constrained or tested (compared
to aerosols) in global models. There is a strong need for that
quantity.

Description of mixed-phase clouds in large-scale models is
still at its infancy - but crucial for precipitation/climate.
Next few years promises a lot of progress.



