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Example aerosol and CCN data from forest site
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This diagram summarizes 
the possible pathways to 
the formation of 
precipitation. 

A microphysical model 
must take each of these 
pathways into account.

Each arrow belongs
to a process requiring
individual numerical 
treatment/subroutine for 
the model simulation

Figure courtesy of
S. BorrmannHail
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Modes of ice formation in clouds

(Mülmenstädt et al. 2015), which significantly in-
fluences the hydrological cycle and determines cloud
lifetime (Rogers and Yau 1989). In MPCs, forecasting
supercooled liquid is crucial because of its hazard in
aircraft icing (Cober et al. 2001; Cober and Isaac 2012;
Rasmussen et al. 2006; Siebesma et al. 2009).
To predict the impact of the above processes and

constrain estimates of the cloud radiation budget, it is
imperative to understand the initiation and evolution of
ice formation in the atmosphere. The goal of this chapter
is to mark the progress made over the last decade but
with a focus on the last five years, in understanding
which physical and chemical properties of tropospheric
aerosol contribute to their role as ice nucleating parti-
cles (INPs; sections 3–5). Focus is placed on ice forma-
tion on solid aerosol particles via heterogeneous ice
nucleation (IN) mechanisms (see section 2) rather than
homogeneous freezing of liquid aerosol particles, which
is discussed in Heymsfield et al. (2017, chapter 2). Fi-
nally we present the challenges that exist in un-
derstanding the role of primary IN to microphysics and
modeling of INPs in the troposphere (sections 6 and 7).

2. Heterogeneous ice nucleation: A general
description

Heterogeneous IN from the parent phase (liquid or
gas) occurs when conditions such as temperature, relative
humidity, and a surface for nucleation (like an INP)
provide energetically favorable conditions for this

activated process. Heterogeneous classical nucleation
theory (CNT) supposes that the energy of forming a
new daughter phase (ice) versus a critical embryo
(from a molecular cluster) remaining in equilibrium
with the parent phase may be scaled by a foreign sur-
face like that of an INP [see section 7a(2) for more
details]. Primary ice formation in the atmosphere at
temperature (T).2388C occurs only when aided by an
INP, which lowers the energy barrier that should be
overcome for the formation of the critical ice embryo.
Ice nucleating particles can also aid ice formation at
T ,2388C with a nucleation rate competitive enough
when relative humidity with respect to ice, RHi &
140%–150%. Above this RHi, the higher nucleation
rate of homogeneous freezing (see Fig. 1-1) of solute-
containing particles (see Heymsfield et al. 2017, chap-
ter 2) readily outcompetes heterogeneous freezing. At
lower temperatures (T ,2758C) the heterogeneous
freezing description based on activation energy only
(contact angle) can result in overlooking the impor-
tance of a kinetic parameter [see K in section 7a(2)],
which has been shown to play an important role in the
initial ice cluster formation (Laaksonen 2015). Hetero-
geneous IN is based on the single idea of an INP lowering
the energy barrier for IN by stabilizing a critical embryo
but is observed (in atmospheric and laboratory mea-
surements) via different pathways as discussed in section
2a below. In section 2b, the relevance of heteroge-
neous IN in the cirrus cloud regime is briefly discussed
and covered in more detail in Heymsfield et al. (2017,

FIG. 1-1. Schematic depicting known primary ice nucleation pathways possible in the
atmosphere.
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Kanji	et	al.	2017 Hoose and	Mohler 2012

• The	importance	of	ice	crystals	in	clouds	for	our	climate	is	manifold:	Their	
presence,	number	and	shape	influences	the	optical	properties	of	clouds,	the	
formation	of	precipitation	and	their	lifetime.	All	of	these	aspects	have	an	impact	
on	the	radiation	balance	and	therefore	on	climate.
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INP concentrations (Kanji et al. 2017)

Second, warming and drying of particles is a requirement
for the operation of many INP sampling methods that can
additionally induce morphological changes (e.g., vitrifica-
tion) leading to variable IN abilities of ambient particles.
Warming particles can also reverse the preactivation (or
memory effects) if subzero temperatures are not main-
tained (Pruppacher and Klett 1997) making it challenging
to study preactivation effects on the ice nucleating ability
of ambient particles using current sampling methods.
Designing an experimental system that can sample parti-
cles and evaporate (sublimate) associated macroscopic
water (ice) without warming the particles to T . 08C
would be necessary to understand the effects of pre-
activation on ice nucleation. Such experiments are chal-
lenging to undertake in field campaigns or on airborne
platforms; nonetheless, validation that preactivation is
occurring in the atmosphere is necessary and could
represent a major advance in the field.

5. Atmospheric relevance of the different types of
INPs

To demonstrate that the different broadly defined
categories of INPs discussed in section 3 are also found

in the atmosphere, although likely as internally mixed
particles, we summarize field data of INP concentra-
tions as a function of T in Fig. 1-10 taken from the lit-
erature. Where possible we have stated the broader
compositional class, type of air masses being sampled,
or locations of the sampling site to help identify the
most likely particle population contributing to the ob-
served INP concentrations. A general observation that
is to be expected from CNT and has already been made
early on (aufm Kampe and Weickmann 1951) is
roughly an exponential increase in INP concentrations
with decreasing temperature. DeMott et al. (2016) re-
port an increase in INP concentration by a factor of 10
for a temperature decrease of 58C for sampling of
marine air, which is similar to observations by Petters
andWright (2015) for global precipitation samples (see
Fig. 1-10). However, at any one temperature, the
spread in observed INP concentrations is several orders
of magnitude irrespective of airmass or particle com-
positions being sampled and a parameterization based
on a simple exponential fit does not describe the ob-
servations. To overcome this, DeMott et al. (2010)
developed a parameterization from 14 years of INP and
aerosol particle field measurements conducted mostly

FIG. 1-10. Summaryof INP concentrations taken fromstudies of fieldmeasurements conducted globally. Symbol colors
correspond to the font color that give information on airmass type or sampling location. Dual-colored symbols indicate
INP concentrations were influenced by two classes of particles or air masses. Symbol sizes in this plot are only different to
avoid masking of data. Shaded areas are enclosures of data from the indicated studies and have been presented to avoid
masking of individual data points. For studies where INP concentrations were not reported at standard conditions
(1013mbar and 08C), we have derived them herein. TheConen et al. (2012) data have been pressure corrected for standard
conditions. Antarctic data from Ardon-Dryer et al. (2011) are unspecified for standard conditions. Hashed area and open
symbols are INP concentrations for RHw, 100%; all other symbols for RHw$ 100% or droplet freezing. See the legend
for data from Ardon-Dreyer and Levin (2014), Conen et al. (2016), Prenni et al. (2012), and Santachiara et al. (2010).
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Growth of IN by deposition
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dM = CGS
dt e

C = shape factor
G~Diffusion coefficient
S=e-es/es
e = permittivity of free 

space



Wegener – Bergeron – Findeisen process

9

The saturation vapor pressure for water, ew, is always greater than that for 
ice, ei. When the vapor pressure, e, in a cloud environment colder than 
freezing is ew > e > ei then water droplets will evaporate and ice crystals will 
grow.



Wegener – Bergeron – Findeisen process

10

ew > e > ei
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Growth of IN by aggregation, riming and multiplication

Riming
Aggregation

Depends	on	droplet	size,	
crystal	size	and	shape,	
temperature,	electric	
charge,	etc.

Depends	on,	crystal	size	
and	shape,	temperature,	
electric	charge,	etc.

Ice	crystal	multiplication

Very	little	known	about	this	mechanism	for	producing	
ice	crystals.	

‘Hallett-Mossop’	and	droplet	splintering	are	the	only	
processes	that	have	been	replicated	in	the	laboratory



From	"A	review	of	natural	aerosol	interactions	in	the	Earth	system"	by	
Carslaw et	al.,	2011.

Impact	of	dust	aerosol	on	climate	through	
aerosol-cloud	interactions
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Cloud	microphysical	properties:	near	cloud	base
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Conventional	IN	measurements	using	substrates

• Using	ice	nucleation	microscope	apparatus,	we	can	observe	immersion,	contact,	
and	deposition	freezing	events	and	identify	the	freezing	temperatures	of	ice	
nuclei	as	a	function	of	nuclei	composition	and	freezing	mechanism.	

• Substrates	can	introduce	biases,	bulk	measurement	and	slow.

[16] The Linkam cold stage allows for the temperature
control of the surface on which samples sit to within 0.1!C.
Since ice nucleation is a stochastic process, a method that
provides the ability to obtain multiple data points on the
same IN is desirable. For a single droplet and IN, numerous
data points were collected in this study. The cold stage is
attached to an optical microscope (Model BX51M, Olym-
pus) equipped with a digital camera (Model Micropublisher
5.0 RTV, Q-Imaging) for visual monitoring of the freezing
temperatures of the droplets.
[17] The software was set to cool the stage from its

beginning temperature of 5.0!C down to !40!C at our
chosen cooling rate of 1.0!C per minute. Once !40!C was
reached, the software immediately begins warming the stage
back up to 5.0!C at the same rate. The software then
remained at a temperature of 5.0!C for one minute to ensure
complete melting of the droplet, and then the cycle was
repeated 25 times. Digital camera images were recorded
once every six seconds, equivalent to once per 0.1!C.
Frame-by-frame postexperimental analysis of the digital
images analysis is used to determine the freezing point of
our droplets as precisely as possible. For the purposes of
this experiment, we define the freezing point as the tem-
perature at which first visual evidence of a freezing event is
observed. The freezing event is characterized by a wave of
motion through the droplet, followed by obvious changes in
the reflectivity and opacity of the droplet with the eventual
appearance of ice.
[18] Based on these observations, it was possible to inde-

pendently measure the freezing temperature of a droplet-IN
system numerous times in a single experiment. For exam-
ple, the freezing temperatures observed during a droplet-
volcanic ash immersion experiment are shown in Figure 4.
Figure 4a shows the temperature of the stage as a function
of time, which is controlled by the Linksys software. In
Figure 4b, the individual freezing points identified during

postexperimental analysis of the images are shown. As can
be seen, the freezing temperature can be repeatedly and
independently determined resulting in many independent
measurements on the chosen droplet-IN systems. In total,
550 independent measurement of freezing on atmospheric
IN are presented below.

3. Results

[19] In this section, we report our results comparing ice
nucleation on volcanic ash via contact and immersion
mechanisms. Contact freezing measurements on soot and
peat aerosols are also reported. Since our freezing apparatus
was assembled and used here for the first time, we first
present a number of tests performed to characterize our
apparatus and method.

3.1. Characterization of Cooling Stage Temperatures

[20] If the cold stage were cooled too quickly, it is
conceivable that the temperature of a droplet on the stage
would lag behind the temperature of the stage itself, creating
an offset between the recorded temperature (of the stage)
and the actual temperature of the droplet of interest. To test
this possibility and avoid any offset in reported freezing
temperature, we conducted a series of volcanic ash experi-
ments in which freezing of a single droplet-IN system was
repeated multiple times at a range of freezing rates including
10, 5, 2, and 1!C min!1. Our results indicated no statisti-
cally significant difference in the average freezing temper-
atures between measurements collected at 1.0!C min!1 and
2.0!C min!1. However, at faster cooling rates, significant
differences were observed. In fact, droplets were observed
to freeze an average of "3.6 degrees colder when a rate of
10!C min!1 was employed, compared to 1!C min!1. Thus
for all measurements presented in this study, a cooling rate
of 1.0!C/min was used.

Figure 3. The experimental setup is shown.
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Freezing	temperatures	of	Jan	30	samples



Example	IN	sampling	time	resolution



IN	analysis	summary



Collection	of	“representative”	dust	samples



Freezing	temperatures	of	dust	samples



• Under	dusty	conditions,	the	coarse	fraction	consisted	of	unreacted	mineral	grains.	A	
significant	mineral	component	also	occurred	in	the	submicron	fraction.	Dust	
contributes	to	the	concetration	of	the	accumulation	mode,	cloud	condensation	nuclei	
and	giant	cloud	condensation	nuclei.

• When	local	pollution	sources	affected	the	air	mass,	the	dominant	particle	type	was	
ammonium	sulfate,	and	roughly	half	the	mineral	particles	were	internally	mixed with	
ammonium	sulfate	and	soot.	These	also	contribute	to	the	cloud	condensation	nuclei	
but	their	effect	on	drop	size	distribution	depends	on	particle	size	and	cloud	
supersaturation.

• A	relationship	is	apparent	between	the	physical	and	chemical	properties	of	the	
aerosol	particles	and	cloud-droplet	properties.	Under	regional	background	conditions,	
the	droplets	had	a	narrower	size	distribution	and	were	smaller	near	the	base	of	the	
cloud	than	under	dusty	conditions.	Less	numerous	and	larger	droplets	in	the	cloud	
formed	above	the	dusty	boundary	layer	and	favor	the	formation	of	warm	rain.	
Supermicron	dust	particles	enhance	drop	diameters	while	suppressing	the	
concentration	of	cloud	drops.

Conclusions	for	Central	Region
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Aerosol	properties	at	surface	site	top	of	Asir escarpment
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Inland samples Coastal samples

11	August	2009	

11	August	2009	

11	August	2009	– RF8	

Soot  RF14Coastal	particles	contain	sulfur-bearing	
material	that	was	not	collected	on	inland	
samples.	Coastal	samples	contain	more	
soot	and	sulfate.

On	some	days	(RF13,	RF14	and	RF34),	the	
coastal	samples	contain	high	%	of	fine	
carbonaceous (combustion)	particles.

Aerosol	physical	and	chemical	properties	(from	aircraft)
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Cloud	measurements	on	11	August	2009	(RF9)



Drop nc= 470 cm-3

LWC= 0.9 gm-3

Temp= -6 °C

C1P1, 6.5km
t0

Lifecycle study C1P1



Drop nc=520 cm-3

LWC= 1.0 gm-3

Temp= -6 °C

C1P2, 6.5km
t0 + 2.0 min

Lifecycle study C1P2



Drop nc=530 cm-3

LWC= 1.0 gm-3

Temp= -6 °C

C1P3, 6.5km
t0 + 5.0 min

Lifecycle study C1P3



Drop nc=700 cm-3

LWC= 2.5 gm-3

Temp= -6 °C

C1P4, 6.5km
t0 + 8.2 min

Lifecycle study C1P4



Drop nc=500 cm-3

LWC= 0.8 gm-3

Temp= -8 °C

C1P5, 6.8km
t0 + 13.2 min

Lifecycle study C1P5





• The	region	is	characterized	by	a	highly	stratified	and	deep	aerosol	boundary	layer	
dominated	by	dust	.	In	the	southwest	region,	10%	of	fine	dust	particles	are	coated	
while	large	dust	particles	are	not.

• The	inland ASD is	characterized	by	a	broad	accumulation	mode	and	high	coarse	
mode.	The	size	distribution	appears	to	be	aged	and	individual	modes	cannot	be	
identified	suggesting	intermodal	coagulation.

• Surface	measurements	indicate	that	coastal	aerosol	pushes	inland	during	moist	air	
intrusions	increasing	the	aerosol	numb	conc.	The	coastal	aerosol	is	more	polluted,	
aged	and	contains		more	S-bearing	material	and	soot.	The	increased	accumulation	
mode	aerosol	increase	CCN	concentration	over	the	Red	Sea	coast	plains.	Aerosol	
hygroscopicity remains	unchanged.

• Calculations	of	CCN	concentration	can	be	related	to	particle	chemistry	speciation.		
Cloud	droplet	closure	is	not	achieved	due	to	lack	of	cloud	base	measurements	close	
to	complex	terrain.	

• Aircraft	measurements	of	‘smaller’ convective	clouds	are	possible	and	give	us	the	
opportunity	to	study	the	lifecycle	of	convective	bubbles	pushing	through	the	dry	air	
inversion.	These	clouds	form	graupel quickly and	the	mechanism	by	which	this	
graupel forms	is	still	uncertain.

Conclusions	for	Southwest	Region
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Modes of ice formation in clouds

(Mülmenstädt et al. 2015), which significantly in-
fluences the hydrological cycle and determines cloud
lifetime (Rogers and Yau 1989). In MPCs, forecasting
supercooled liquid is crucial because of its hazard in
aircraft icing (Cober et al. 2001; Cober and Isaac 2012;
Rasmussen et al. 2006; Siebesma et al. 2009).
To predict the impact of the above processes and

constrain estimates of the cloud radiation budget, it is
imperative to understand the initiation and evolution of
ice formation in the atmosphere. The goal of this chapter
is to mark the progress made over the last decade but
with a focus on the last five years, in understanding
which physical and chemical properties of tropospheric
aerosol contribute to their role as ice nucleating parti-
cles (INPs; sections 3–5). Focus is placed on ice forma-
tion on solid aerosol particles via heterogeneous ice
nucleation (IN) mechanisms (see section 2) rather than
homogeneous freezing of liquid aerosol particles, which
is discussed in Heymsfield et al. (2017, chapter 2). Fi-
nally we present the challenges that exist in un-
derstanding the role of primary IN to microphysics and
modeling of INPs in the troposphere (sections 6 and 7).

2. Heterogeneous ice nucleation: A general
description

Heterogeneous IN from the parent phase (liquid or
gas) occurs when conditions such as temperature, relative
humidity, and a surface for nucleation (like an INP)
provide energetically favorable conditions for this

activated process. Heterogeneous classical nucleation
theory (CNT) supposes that the energy of forming a
new daughter phase (ice) versus a critical embryo
(from a molecular cluster) remaining in equilibrium
with the parent phase may be scaled by a foreign sur-
face like that of an INP [see section 7a(2) for more
details]. Primary ice formation in the atmosphere at
temperature (T).2388C occurs only when aided by an
INP, which lowers the energy barrier that should be
overcome for the formation of the critical ice embryo.
Ice nucleating particles can also aid ice formation at
T ,2388C with a nucleation rate competitive enough
when relative humidity with respect to ice, RHi &
140%–150%. Above this RHi, the higher nucleation
rate of homogeneous freezing (see Fig. 1-1) of solute-
containing particles (see Heymsfield et al. 2017, chap-
ter 2) readily outcompetes heterogeneous freezing. At
lower temperatures (T ,2758C) the heterogeneous
freezing description based on activation energy only
(contact angle) can result in overlooking the impor-
tance of a kinetic parameter [see K in section 7a(2)],
which has been shown to play an important role in the
initial ice cluster formation (Laaksonen 2015). Hetero-
geneous IN is based on the single idea of an INP lowering
the energy barrier for IN by stabilizing a critical embryo
but is observed (in atmospheric and laboratory mea-
surements) via different pathways as discussed in section
2a below. In section 2b, the relevance of heteroge-
neous IN in the cirrus cloud regime is briefly discussed
and covered in more detail in Heymsfield et al. (2017,

FIG. 1-1. Schematic depicting known primary ice nucleation pathways possible in the
atmosphere.
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