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Abstract 
The role of phoretic forces in the identification of particles acting as ice nuclei 
in mixed phase cloud is discussed. A method used to identify the effective ice 
nucleating particles is to sample ice crystals, which are afterwards sublimated, 
and to examine the particles remaining after evaporation. The procedure takes 
into account only crystal with a maximum diameter of 20 µm, by assuming 
that small crystals do not scavenge aerosol during growth, and therefore that 
crystals contain only the effective nucleating particles. This assumption is 
questionable, however, as experiments have shown that even small ice crystals 
can scavenge aerosol. Another approach has been to compare the number 
and elemental composition of residual particles in small ice crystals and of 
aerosol near the cloud. By considering as example soot and black carbon 
aerosol, contradictory conclusions on their importance in the processes of ice 
nucleation have been reported in the literature. We suggest that, in addition 
to physico-chemical properties of soot/carbon aerosol particles, even the mi-
crophysical and environmental parameters involved in the transition of aerosol 
from gas phase to ice crystals in cloud should be considered. The contribution 
of phoretic forces should also be considered. After initial growth ice crystals 
can continue to grow by water vapour diffusion. Laboratory experiments con-
firm the contribution of diffusiophoresis with Stefan flow in the scavenging 
by snow crystals up to 3 mm in diameter. The particle scavenging efficiency 
of snow crystals is related to crystalline shape and depends on air relative 
humidity and temperature. 
 

Keywords 
Ice Crystals, Snow Crystals, Ice Nucleating Particles, Aerosol Scavenging, 

How to cite this paper: Santachiara, G., 
Prodi, F., Belosi, F. and Nicosia, A. (2023) A 
Review of Thermo- and Diffusio-Phoresis in 
the Atmospheric Aerosol Scavenging Process. 
Part 2: Ice Crystal and Snow Scavenging. 
Atmospheric and Climate Sciences, 13, 
466-477. 
https://doi.org/10.4236/acs.2023.134026 
 
Received: June 16, 2023 
Accepted: October 5, 2023 
Published: October 8, 2023 
 
Copyright © 2023 by author(s) and  
Scientific Research Publishing Inc. 
This work is licensed under the Creative 
Commons Attribution International  
License (CC BY 4.0). 
http://creativecommons.org/licenses/by/4.0/   

  
Open Access

https://www.scirp.org/journal/acs
https://doi.org/10.4236/acs.2023.134026
https://www.scirp.org/
https://doi.org/10.4236/acs.2023.134026
http://creativecommons.org/licenses/by/4.0/


G. Santachiara et al. 
 

 

DOI: 10.4236/acs.2023.134026 467 Atmospheric and Climate Sciences 
 

Phoretic Forces 

 

1. Introduction 

Atmospheric clouds and precipitations (rain, snow, hail or fog) play a funda-
mental role in the removal of atmospheric aerosol particles. Wet removal of 
aerosol particles from the atmosphere includes in-cloud scavenging (wash-out) 
and below-cloud scavenging (rain-out). Clouds can be classified as liquid, mixed 
(when ice particles coexist with supercooled water droplets) or iced, if the ice 
phase (as in cirrus clouds) is prevalent. 

The formation of liquid clouds requires the presence of aerosol particles called 
cloud condensation nuclei (CCN), while the formation of ice clouds can happen 
homogeneously or heterogeneously, when aerosol particles, called ice nucleating 
particles (INPs), promote the ice phase. INPs may represent about 1 in 105 of all 
aerosol particles in the free troposphere. 

In-cloud aerosol scavenging is due to nucleation and impaction, which in-
clude Brownian motion, interception, inertial impaction, thermophoresis, diffu-
siophoresis, electrostatic attraction and air flow turbulence. Brownian diffusion 
dominates scavenging of particles with radius of less than 0.01 µm and inertial 
impaction of particles with radius over 1 µm. Phoretic forces are effective in the 
size range 0.01 ÷ 1 µm [1].  

In a previous paper, Santachiara et al. [2] examined in-cloud and below-cloud 
atmospheric scavenging due to falling drops. Several experimental studies ob-
served in droplet growing an increase of aerosol scavenging, due to diffusio-phoresis 
with Stefan flow [3] [4]. These results were later confirmed by Feng et al. [5]. 
Prodi et al. [6] also confirmed these results during an experimental campaign 
performed at the Drop Tower Facility (Bremen) in microgravity conditions, 
when they observed that an evaporating droplet pushes the particles away. In 
contrast, during droplet growth due to condensing water vapour, aerosol was 
pushed towards the droplet surface.  

As to ice formation in clouds, homogeneous nucleation requires temperature 
lower than −38˚C. In the presence of INPs, primary ice formation initiates at a 
higher temperature than homogeneous nucleation and in four freezing modes: 
deposition nucleation (water vapour is transformed into ice on an INP surface), 
condensation freezing (ice formation during liquid condensation), immersion 
freezing (freezing by a particle immersed in a liquid drop), and contact freezing 
(freezing when an aerosol particle collides with a liquid droplet). 

More recently it has also been shown that in porous particles, water condensa-
tion in subsaturated conditions followed by ice nucleation could be an alterna-
tive to deposition nucleation [7].  

Ice nucleation processes have been widely researched both in the laboratory 
and the field. An overview on INP particles was presented by Kanji et al. [8]. 
Experimental measurements have evidenced the most relevant natural sources of 
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INPs (i.e. deserts, volcanic eruptions) and important anthropogenic sources (i.e. 
agricultural activity, deforestation, biomass burning). Recent studies also show 
that sea spray aerosols may be an important source of INPs in remote marine 
regions [9].  

However, equating the results of laboratory measurement performed under 
controlled conditions and using specific aerosol particles with the atmosphere is 
problematic. For instance, while ice active surface site density (ns) is measured in 
the laboratory for a single type of aerosol, in air masses ns is calculated by as-
suming that all particles are INPs even if the majority of the particles will not ac-
tivated. Therefore, the ns of the aerosol population will be lower than the value 
obtained in a laboratory test [10] [11].  

The present paper looks at issues regarding the identification of INPs in the 
ice crystals and the possible role of phoretic forces in the ice crystal scavenging. 
A brief overview of the complete growth cycle of the ice phase and related sca-
venging modality are also presented. 

2. Identification of Ice Nucleating Particles in the  
Atmosphere 

The identification and detailed characterization of particles that act as IN in 
mixed phase clouds is important for a better understanding of the ice-forming 
processes. Information on the composition of ice nuclei in the real atmosphere 
can be obtained by sampling cloud ice crystals and examining the particles they 
contain. 

In the past, ground-based examinations directly identified particles present in 
ice crystals off-line with electron microscope techniques [12]. Kumai and Fran-
cis [13] studied sampled snow crystals for nuclei identification at an altitude of 
2000 m, about 320 km east of Thule on the Greenland Ice Cap, and observed 
“innumerable minute particles” in the remainder of the crystals (prevalently 
hexagonal plate and dendritic crystals). This showed that growing crystals sca-
venge aerosol particles. As a result, the authors suggested that a vapour pressure 
gradient between the surface of snow crystals and their environment during 
growth, i.e. diffusiophoresis, caused atmospheric particles to be drawn into the 
snow crystals.  

A subsequent approach was to activate aerosol directly in the atmosphere (e.g. 
with a continuous flow ice-thermal diffusion chamber), sampling ice crystals via 
impaction onto substrates for off-line microscopy analysis [14]. In the early 
1990s efforts were made to understand the nature of INPs using a counter-flow 
virtual impactor (CVI) to separate ice crystals from other solid/liquid compo-
nents (interstitial particles, supercooled droplets, etc.) in mixed-phase clouds 
[15]. The ice crystals were afterwards sublimated and the residual particles, i.e. 
particles remaining after evaporation of ice, collected for off-line analysis.  

More recently real time aerosol mass spectrometry techniques, including sin-
gle particle analysis by laser mass spectrometry (PALMS) and aerosol mass spec-
trometry (AMS) have been used for aircraft-based measurements [16] [17] [18]. 
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However, despite the complex procedures adopted, whether INPs, were unam-
biguously identified remains a contentious issue. During crystal growth, for ex-
ample, additional particles could be transferred to ice crystals. As a result, par-
ticles left after ice evaporation of crystals may not be identical to INPs.  

Another method used to identify ice nuclei was to compare the number or 
mass and chemical compositions of ice crystal residuals and the background aero-
sol [19] [20]. High enrichment (i.e., the ratio between the percentage in number or 
mass of the particle type or group of particles found in ice crystal residuals 
compared with background aerosol) was considered a valid criterion to identify 
the ice nuclei particles. We will address to these modalities separately.  

3. Particle Scavenging by Small Ice Crystals 

One approach employed to identify the effective ice nucleating particles is to 
sample only crystals with a maximum diameter of 20 µm, on the questionable 
assumption that ice crystals up to this size do not present scavenging. An ice 
crystal should grow by water vapour diffusion to 20 µm in a water saturated en-
vironment in about 20 s [21]. The transition from diffusional growth to riming is 
predicted to take place for ice crystals larger than 50 μm [22].  

During an experimental campaign carried out at Dome C (Antarctica) in the 
period 21 February-6 August 2012, falling ice crystals were sampled during 
clear-sky and cloud precipitation events [23]. Replicated crystals (hexagonal 
plates, pyramids, solid and hollow columns, needles) were examined at Scan-
ning Electron Mycroscopy (Figure 1). Riming was not observed, i.e. the only 
process of crystal growth was water vapour diffusion. As scavenged aerosol was 
observed even in small crystals—a finding that could not be explained by Brow-
nian motion, inertial impaction and interception—it was concluded that diffu-
siophoretic forces may play a role in the collection of aerosol. During diffusive 
crystal growth, a flow, known as Stefan’s flow, is present near the surface of the 
growing crystal, and the motion of the particulate is the same as that of water 
vapour flux [24]. 

Santachiara et al. [25] have showed even in laboratory experiments that ice 
crystals with diameters of 10 - 30 μm scavenged insoluble aerosol in the early 
stage of growth (Figure 2), and moreover, that scavenging due to Brownian dif-
fusion, impaction, and interception could not account for the scavenged aerosol 
observed. The Authors suggested that the presence of aerosol in the small crys-
tals could be explained by diffusiophoretic force due to water vapour gradient 
between droplets and ice crystals. However, the key finding in both the con-
ducted experiments was that even crystal of about 20 µm scavenged aerosol par-
ticles during growth. 

Other papers in the literature reporting on experimental campaigns also dis-
cuss possible particle scavenging in crystals with diameter of about 20 µm. So-
luble compounds, usually regarded as inefficient INP, were measured in ice par-
ticle residuals in cold and/or mixed clouds at Jungfraujoch station [18] [20] [26]  
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(a)                                  (b) 

Figure 1. Replicas of ice crystals sampled on 21 June 2012: (a) Hexagonal plate; (b) So-
dium chloride aerosol on the edge of an ice crystal. 
 

 

Figure 2. Ice crystal replicas showing scavenged aerosol particles. 
 
Even if sampled ice crystal diameter was lower than 20 µm, these authors recog-
nized the possibility of salt/soluble compounds scavenging process.  

When sampling small ice crystals in a joint field campaign (January-February 
2013, Jungfraujoch), Worringen et al. [27] observed considerable amounts of 
inexplicable soluble material (i.e. sea-salt, sulphates), which they suggested 
might be instrumental contamination artifacts. In our view, however, any “arti-
fact” should be produced by all the three different techniques used to separate 
INPs as well as ice particle residuals from interstitial aerosol, a possibility that 
appear unlikely. More probably, there was an aerosol removal process after nuc-
leation, even if the crystals were smaller than 20 µm. 

4. Particle Residual in the Ice Crystals Compared with  
Background Aerosol 

A further mean of identifying ice nucleating particles in ice crystals is to com-
pare the chemical composition of the residual particles in small ice crystals with 
those near the cloud. The transfer of aerosol in mixed clouds from air to ice 
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phase involves several steps, which depend on the mode of ice nucleation. The 
complexity of the process to effectively identify INPs is best illustrated by a brief 
review of the results published on the ice nucleation efficiency of soot and black 
carbon (BC) particles. Major anthropogenic pollutants, soot and BC particles are 
mainly composed of highly agglomerated carbon spherules generated in the in-
complete combustion of fossil fuels and biomass [28].  

Of note is the fact that laboratory and field measurements show contradictory 
results on the effectiveness of soot and BC particles to promote the formation of 
the ice phase in the atmosphere. Laboratory experiments conducted by Verga-
ra-Temprado et al. [28], Friedman et al. [29], Schill et al. [30], Mahrt et al. [31] 
and Kanji et al. [32], in water-saturated conditions, imitating mixed-phase 
clouds dominated by condensation and immersion freezing modes, detected low 
BC efficiency at T > 240 K and with a variety of soot types. The Authors con-
cluded that if the carbonaceous particles in the atmosphere behave like those 
used in the aforementioned laboratory studies, BC is unlikely to play a substan-
tial atmospheric role as an INP via the immersion mode in mixed-phase clouds.  

Field research comparing residual aerosol in ice crystals and bulk aerosol per-
formed by Kamphus et al. [26], Pratt et al. [33], Kupiszewski et al. [34], Hammer 
et al. [35] and Schill et al. [36] showed low ice nucleation efficiency of BC par-
ticles. However, other field studies have shown soot to have higher levels of ice 
nucleation activity [19] [37] [38] [39]. Phillips et al. [40] suggested that black 
carbon is a major INP in clouds influenced by biomass-burning-derived par-
ticles. 

Nor do the conclusion of field measurements performed during the same 
campaign agree. For example, a strong correlation between number concentra-
tions of soot and biomass-burning-derived aerosols and ice concentrations was 
observed in a mixed-phase orographic wave cloud at high altitude over Wyom-
ing during the Cloud experiment-Layer Clouds (ICE-L), suggesting that BC 
might nucleate ice [41]. However, in the same campaign Pratt et al. [33] found 
that the percentage of BC in the ice crystal residuals was low. Despite conflicting 
results, current global models often identify BC as the second-most abundant 
INP type after mineral dust. 

The contradictory conclusions as to the importance of soot and BC in the ice 
nucleation atmospheric process can depend on the great variability of the phy-
sico-chemical properties of soot/carbon aerosol particles, the variety of sources 
and aging processes. Freshly emitted soot particles, for example, are mostly hy-
drophobic, i.e. they barely act as CCNs. Atmospheric aging particles often results 
in BC becoming coated with secondary aerosol material (such as inorganic ions). 
This aged BC exhibits greater hygroscopicity, with the result that the transfer of 
BC into cloud droplets via nucleation scavenging is enhanced [42]. 

5. Discussion 

As well as the chemico-physical properties of the aerosol, it is also important to 
consider the microphysical processes involved in the transfer of interstitial 
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aerosol to ice phase. Immersion freezing nucleation in mixed clouds follows 
several steps: activation of aerosol as droplet, droplet freezing, followed by the 
growth of ice crystals. These steps include water vapour diffusion and aerosol 
scavenging processes.  

The residual of ice crystals in immersion freezing mode therefore consists of 
particles that activate droplets and ice (CCN, INPs) and any scavenged particles. 
A subset of CCN may also be effective INPs. In both condensation and deposi-
tion freezing, the residual consists of particles on which the water vapour con-
dense and/or freeze and of aerosol scavenged during crystal growth.  

Air temperature and relative humidity influence the scavenging of aerosol 
particles as affect the rate of crystal growth. In mixed-clouds, ice crystals grow 
when the vapour pressure in air (eair) is lower than vapour pressure of water (ew) 
and higher than the ice water vapour ei (Wegener-Bergeron-Findeisen process). 
Any variation of growth rate implies a variation of both water vapour flux and 
the aerosol particles carried by the vapour. The WBF process has a dual role in 
clouds, i.e., on the one hand, it favors aerosol scavenging by the crystal, and on 
the other, it contributes to the release of the previously activated particles back 
into the interstitial phase [43]. 

It follows that atmospheric thermodynamic conditions (i.e. air temperature, 
pressure and relative humidity), which influence the nucleation processes, par-
ticle concentration scavenged by ice crystals, and therefore, evaluation of the 
nucleation efficiency of aerosol particles, should be considered in field campaign 
intercomparison. Failure to consider these parameters could contribute to ex-
plain the contradictory results obtained in the above-mentioned studies. Sca-
venging processes also depend on liquid water content (LWC) and ice water 
content (IWC) in clouds [44] [45].  

To evidence that ice crystal ≤ 20 µm can scavenge aerosol particles, we will 
consider Jungfraujoch site, where mixed phase clouds dominate the cloud mi-
crophysics and WBF is active [46] [47]. Assuming a total number aerosol con-
centration of about 1000 cm−3 [46] the theoretically collection efficiency of small 
ice crystal due to Brownian diffusion, interception and inertial impaction, based 
the Fuchs formula [48] and Park et al. [49] was seen to be negligible for crystals 
≤ 20 µm. 

Collection efficiency might be increased as a result of diffusiophoresis, due to 
eair higher than ei and lower than ew. In fact, assuming a number concentration of 
droplets and ice crystals of about 400 cm−3 and 1 cm−3, respectively [47], the re-
sulting high ratio between droplet/crystal number causes high vapour flux to-
ward individual crystals and consequently of interstitial aerosol particles [24]. 

After initial growth, ice crystal can continue to grow by water vapour diffu-
sion. Laboratory experiments were performed by Vittori and Prodi [50] consi-
dering ice crystals growing surrounded by supercooled droplets in the presence 
of fluorescent ZnS particles, which were captured on crystal branch tips. A dust 
free space was observed near evaporating droplets. Further experiments con-
firmed these results with sodium chloride and carnauba wax [51]. 
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Oraltay and Hallett [52] investigated the scavenging efficiency of particles by 
ice crystals growing in supercooled clouds. When growing crystal reached about 
3 mm, polydispersed soot was injected and aerosol was collected efficiently due 
to diffusiophoresis. 

In field processes further ice growth modes are present. Ice crystals can ag-
gregate to form snowflakes or grow by inertial scavenging of cloud droplets, 
which subsequently freeze (riming).  

The scavenging of aerosol by ice crystal and snow is important in remote po-
lar regions where wet deposition due to ice phase is prevalent. In Antarctica 
pristine crystals (plates, pyramids, columns, bullets) are prevalent in the ice 
phase [53] and as crystal growth in such remote area is mainly due to water va-
pour diffusion, phoretic forces could be crucial in aerosol removal. The particle 
scavenging efficiency of snow crystals is relayed to crystalline shape with needles 
and columns less effective than stellar plates, dendrites and snowflakes. The col-
lection efficiency depends on air relative humidity and temperature, indicating a 
contribution of phoretic forces [54]. 

6. Conclusions 

Identifying and characterizing particles that act as ice nuclei in mixed-phase 
clouds is important for an understanding of the ice-forming processes. In order 
to identify effective INPs during field campaigns, one approach is to sample only 
crystals with a maximum diameter of 20 µm, in order to exclude riming, which 
is predicted to take place in crystals larger than 50 μm ice [22]. However, the 
no-scavenging assumption of crystals up to 20 µm is contestable since laboratory 
experiments and ice crystal sampled at Dome C have shown that even small ice 
crystals can scavenge aerosol even in the early stage of growth.  

Another method adopted to identify the INPs in mixed clouds consists of 
comparing the chemical composition of the residual particles in small ice crys-
tals with aerosol near the cloud. However, comparison of the aerosol particles in 
small ice crystals and in background aerosol conducted at the Jungfraujoch sta-
tion gave contradictory results when evaluating the ice nucleation efficiency of 
soot/carbon aerosol particles in immersion freezing mode. As immersion freez-
ing nucleation in mixed clouds follows several steps, including water vapour 
diffusion and scavenging processes, we suggest that environmental parameters 
influencing the nucleation processes should also be considered.  

In conclusion, identifying effective INPs is problematic since even small crys-
tal can contain not only the effective nucleating particles, but also scavenged 
particles. 

After initial growth ice crystals can continue to grow by water vapour diffu-
sion. Laboratory experiments confirm the contribution of diffusiophoresis with 
Stefan flow in the scavenging by snow crystals up to 3 mm in diameter. Once ice 
crystals exceed a certain size they grow by collision with supercooled drops that 
freeze (riming) or aggregate with other ice crystals to form snowflakes [1]. Rimed 
snow contains higher concentrations of aerosol than unrimed snow formed by 
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diffusional growth [55]. 

Conflicts of Interest 

The authors declare no conflicts of interest regarding the publication of this pa-
per. 

References 
[1] Pruppacher, H.R. and Klett, J.D. (1997) Microphysics of Clouds and Precipitation. 

2nd Edition, Kluwer Academic, Dordrecht, 954. 

[2] Santachiara, G., Prodi, F. and Belosi, F. (2012) A Review of Termo- and Diffu-
sio-Phoresis in the Atmospheric Aerosol Scavenging Process: Part 1: Drop Sca-
venging. Atmospheric and Climate Sciences, 2, 148-158.  
https://doi.org/10.4236/acs.2012.22016 

[3] Rosinski, J. (1967) A Possible Role of Ice-Forming Nuclei in Rain Formation. Jour-
nal of Applied Meteorology and Climatology, 6, 1062-1065.  
https://doi.org/10.1175/1520-0450(1967)006<1062:APROIF>2.0.CO;2 

[4] Calvert, S. and Jhaveri, N.C. (1974) Flux Force/Condensation Scrubbing. Journal of 
the Air Pollution Control Association, 24, 946-951.  
https://doi.org/10.1080/00022470.1974.10469994 

[5] Feng Y., Li, Y., Cui, L., Yan, L., Zhao, C. and Dong, Y. (2019) Cold Condensing 
Scrubbing Method for Fine Particle Reduction from Saturated Flue Gas. Energy, 
171, 1193-1205. https://doi.org/10.1016/j.energy.2019.01.065 

[6] Prodi, F., Santachiara, G., Belosi, F., Vedernikov, A. and Balapanov, D. (2014) Pho-
retic Forces on Aerosol Particles Surrounding an Evaporating Droplet in Micro-
gravity Conditions. Atmospheric Research, 142, 40-44.  
https://doi.org/10.1016/j.atmosres.2013.09.001 

[7] Marcolli, C. (2014) Deposition Nucleation Viewed as Homogeneous or Immersion 
Freezing in Pores and Cavities. Atmospheric Chemistry and Physics, 14, 2071-2104.  
https://doi.org/10.5194/acp-14-2071-2014 

[8] Kanji, Z.A., Ladino, L.A., Heike, W, Boose, Y., Burkert-Kohn, M., Cziczo, D.J. and 
Krämer, M. (2017) Overview of Ice Nucleating Particles. Meteorological Mono-
graphs, 58, 1.1-1.33. https://doi.org/10.1175/AMSMONOGRAPHS-D-16-0006.1 

[9] Wilson, T.W., et al. (2015) A Marine Biogenic Source of Atmospheric Ice-Nucleating 
Particles. Nature, 525, 234-238. https://doi.org/10.1038/nature14986 

[10] Gong X., et al. (2020) Characterization of Aerosol Particles at Cabo Verde Close to 
Sea Level and at the Cloud Level—Part 2: Ice-Nucleating Particles in Air, Cloud and 
Seawater. Atmospheric Chemistry and Physics, 20, 1451-1468.  
https://doi.org/10.5194/acp-20-1451-2020 

[11] Si, M., et al. (2018) Ice-Nucleating Ability of Aerosol Particles and Possible Sources 
at Three Coastal Marine Sites. Atmospheric Chemistry and Physics, 18, 15669-15685.  
https://doi.org/10.5194/acp-18-15669-2018 

[12] Kumai, M. (1976) Identification of Nuclei and Concentrations of Chemical Species 
in Snow Crystals Sampled at the South Pole. Journal of the Atmospheric Sciences, 
33, 833-841. https://doi.org/10.1175/1520-0469(1976)033<0833:IONACO>2.0.CO;2 

[13] Kumai, M. and Francis, K.E. (1962) Nuclei in Snow and Ice Crystals on the Green-
land Ice Cap under Natural and Artificially Stimulated Conditions. Journal of the 
Atmospheric Sciences, 19, 474-481.  
https://doi.org/10.1175/1520-0469(1962)019<0474:NISAIC>2.0.CO;2 

https://doi.org/10.4236/acs.2023.134026
https://doi.org/10.4236/acs.2012.22016
https://doi.org/10.1175/1520-0450(1967)006%3C1062:APROIF%3E2.0.CO;2
https://doi.org/10.1080/00022470.1974.10469994
https://doi.org/10.1016/j.energy.2019.01.065
https://doi.org/10.1016/j.atmosres.2013.09.001
https://doi.org/10.5194/acp-14-2071-2014
https://doi.org/10.1175/AMSMONOGRAPHS-D-16-0006.1
https://doi.org/10.1038/nature14986
https://doi.org/10.5194/acp-20-1451-2020
https://doi.org/10.5194/acp-18-15669-2018
https://doi.org/10.1175/1520-0469(1976)033%3C0833:IONACO%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(1962)019%3C0474:NISAIC%3E2.0.CO;2


G. Santachiara et al. 
 

 

DOI: 10.4236/acs.2023.134026 475 Atmospheric and Climate Sciences 
 

[14] Kreidenweiss, S.M., Chen, Y., Rogers, D.C. and DeMott, P.J. (1998) Isolating and 
Identifying Atmospheric Ice-Nucleating Aerosols: A New Technique. Atmospheric 
Research, 46, 263-278. https://doi.org/10.1016/S0169-8095(97)00068-9 

[15] Cziczo, D.J., et al. (2017) Measurements of Ice Nucleating Particles and Ice Resi-
duals. Meteorological Monographs, 58, 8.1-8.13.  
https://doi.org/10.1175/AMSMONOGRAPHS-D-16-0008.1 

[16] Bahreini, R., et al. (2003) Aircraft-Based Aerosol Size and Composition Measure-
ments during ACE-Asia Using an Aerodyne Aerosol Mass Spectrometer. Journal of 
Geophysical Research, 108, Article No. 8645. https://doi.org/10.1029/2002JD003226 

[17] Cziczo, D.J., Murphy, D.M., Hudson, P.K. and Thomson, D.S. (2004) Single Particle 
Measurements of the Chemical Composition of Cirrus Ice Residue during 
CRYSTAL-FACE. Journal of Geophysical Research, 109, Article No. D04201.  
https://doi.org/10.1029/2003JD004032 

[18] Schmidt, S., et al. (2017) Online Single Particle Analysis of Ice Particle Residuals 
from Mountain-Top Mixed-Phase Clouds Using Laboratory Derived Particle Type 
Assignment. Atmospheric Chemistry and Physics, 17, 575-594.  
https://doi.org/10.5194/acp-17-575-2017 

[19] Cozic, J., et al. 2008) Black Carbon Enrichment in Atmospheric Ice Particle Resi-
duals Observed in Lower Tropospheric Mixed Phase Clouds. Journal of Geophysical 
Research, 113, Article No. D15209. https://doi.org/10.1029/2007JD009266 

[20] Ebert, M., Worringen, A., Benker, N., Mertes, S., Weingartner, E. and Weinbruch, 
S. (2011) Chemical Composition and Mixing-State of Ice Residuals Sampled within 
Mixed Phase Clouds. Atmospheric Chemistry and Physics, 11, 2805-2816.  
https://doi.org/10.5194/acp-11-2805-2011 

[21] Fukuta, N. and Takahashi, T. (1999) The Growth of Atmospheric Ice Crystals: A 
Summary of Findings in Vertical Supercooled Cloud Tunnel Studies. Journal of the 
Atmospheric Sciences, 56, 1963-1979.  
https://doi.org/10.1175/1520-0469(1999)056<1963:TGOAIC>2.0.CO;2 

[22] Mertes, S., et al. (2007) Counterflow Virtual Impactor Based Collection of Small Ice 
Particles in Mixed-Phase Clouds for the Physico-Chemical Characterization of 
Tropospheric Ice Nuclei: Sampler Description and First Case Study. Aerosol Science 
and Technology, 41, 848-864. https://doi.org/10.1080/02786820701501881 

[23] Santachiara, G., Belosi, F. and Prodi F. (2016) Ice Crystal Precipitation at Dome C 
Site (East Antarctica). Atmospheric Research, 167, 108-117.  
https://doi.org/10.1016/j.atmosres.2015.08.006 

[24] Waldmann, L. and Schmitt, K.H. (1966) Thermophoresis and Diffusiophoresis of 
Aerosol. Aerosol Science Academic Press, London, 163-194. 

[25] Santachiara, G., Piazza, M. and Belosi, F. (2018) Aerosol Scavenging during the 
Early Growth Stage of Ice Crystal Formation. Atmospheric and Climate Sciences, 8, 
395-409. https://doi.org/10.4236/acs.2018.84026 

[26] Kamphus, M., et al. (2010) Chemical Composition of Ambient Aerosol, Ice Resi-
dues and Cloud Droplet Residues in Mixed-Phase Clouds: Single Particle Analysis 
during the Cloud and Aerosol Characterization Experiment (CLACE 6). Atmos-
pheric Chemistry and Physics, 10, 8077-8095.  
https://doi.org/10.5194/acp-10-8077-2010 

[27] Worringen, A., et al. (2015) Single-Particle Characterization of Ice-Nucleating Par-
ticles and Ice Particle Residuals Sampled by Three Different Techniques. Atmos-
pheric Chemistry and Physics, 15, 4161-4178.  
https://doi.org/10.5194/acp-15-4161-2015 

https://doi.org/10.4236/acs.2023.134026
https://doi.org/10.1016/S0169-8095(97)00068-9
https://doi.org/10.1175/AMSMONOGRAPHS-D-16-0008.1
https://doi.org/10.1029/2002JD003226
https://doi.org/10.1029/2003JD004032
https://doi.org/10.5194/acp-17-575-2017
https://doi.org/10.1029/2007JD009266
https://doi.org/10.5194/acp-11-2805-2011
https://doi.org/10.1175/1520-0469(1999)056%3C1963:TGOAIC%3E2.0.CO;2
https://doi.org/10.1080/02786820701501881
https://doi.org/10.1016/j.atmosres.2015.08.006
https://doi.org/10.4236/acs.2018.84026
https://doi.org/10.5194/acp-10-8077-2010
https://doi.org/10.5194/acp-15-4161-2015


G. Santachiara et al. 
 

 

DOI: 10.4236/acs.2023.134026 476 Atmospheric and Climate Sciences 
 

[28] Vergara-Temprado, J., et al. (2018) Is Black Carbon an Unimportant Ice-Nucleating 
Particle in Mixed-Phase Clouds? Journal of Geophysical Research: Atmospheres, 
123, 4273-4283. https://doi.org/10.1002/2017JD027831 

[29] Friedman, B., Kulkarni, G., Beránek, J., Zelenyuk, A., Thornton, J.A. and Cziczo, 
D.J. (2011) Ice Nucleation and Droplet Formation by Bare and Coated Soot Par-
ticles. Journal of Geophysical Research, 116, Article No. D17203.  
https://doi.org/10.1029/2011JD015999 

[30] Schill, G.P., et al. (2016) Ice-Nucleating Particle Emissions from Photochemically 
Aged Diesel and Biodiesel Exhaust. Geophysical Research Letters, 43, 5524-5531.  
https://doi.org/10.1002/2016GL069529 

[31] Marth, F. Marcolli, C., David, R.O., Grönquist P., Meier, E.J.B., Lohman, U. and 
Kanji, K.A. (2018) Ice Nucleation Abilities of Soot Particles Determined with the 
Horizontal Ice Nucleation Chamber. Atmospheric Chemistry and Physics, 18, 
13363-13392. https://doi.org/10.5194/acp-18-13363-2018 

[32] Kanji, Z.A., Welti, A., Corbin, J.C. and Mensah, A. (2020) Black Carbon Particles 
Do Not Matter for Immersion Mode Ice Nucleation. Geophysical Research Letters, 
46, e2019GL086764. https://doi.org/10.1029/2019GL086764 

[33] Pratt, K.A., et al. (2009) In Situ Detection of Biological Particles in Cloud Ice-Crystals. 
Nature Geoscience, 2, 398-401. https://doi.org/10.1038/ngeo521 

[34] Kupiszewski, P., et al. (2016) Ice Residual Properties in Mixed-Phase Clouds at the 
High-Alpine Jungfraujoch Site. Journal of Geophysical Research: Atmosphere, 121, 
12343-12362. https://doi.org/10.1002/2016JD024894 

[35] Hammer, S.E., Mertes, S., Schneider, J., Ebert, M., Kandler,K. and Weinbruch, S. 
(2018) Composition of Ice Particle Residuals in Mixed-Phase Clouds at Jungfrau-
joch (Switzerland): Enrichment and Depletion of Particle Groups Relative to Total 
Aerosol. Atmospheric Chemistry and Physics, 18, 13987-14003.  
https://doi.org/10.5194/acp-18-13987-2018 

[36] Schill, G.P., et al. (2020) The Contribution of Black Carbon to Global Ice Nucleating 
Particle Concentrations Relevant to Mixed-Phase Clouds. Proceedings of the Na-
tional Academy of Sciences of the United States of America, 117, 22705-22711.  
https://doi.org/10.1073/pnas.2001674117 

[37] Petzold, A., Ström, J., Ohlson, S. and Schröder, F.P. (1998) Elemental Composition 
and Morphology of Ice-Crystal Residual Particles in Cirrus Clouds and Contrails. 
Atmospheric Research, 49, 21-34. https://doi.org/10.1016/S0169-8095(97)00083-5 

[38] Baumgardner, D., Subramanian, R., Twohy, C., Stith, J. and Kok, G. (2008) Sca-
venging of Black Carbon by Ice Crystals over the Northern Pacific. Geophysical Re-
search Letters, 35, Article No. L22815. https://doi.org/10.1029/2008GL035764 

[39] McCluskey, C.S., et al. (2014) Characteristics of Atmospheric Ice Nucleating Par-
ticles Associated with Biomass Burning in the US: Prescribed Burns and Wildfires. 
Journal of Geophysical Research: Atmospheres, 119, 10458-10470.  

[40] Phillips, V.T.J., DeMott, P.J., Andronache, C., Pratt, K.A., Prather, K.A., Subrama-
nian, R. and Twohy, C. (2013) Improvements to an Empirical Parameterization of 
Heterogeneous Ice Nucleation and Its Comparison with Observations. Journal of 
the Atmospheric Sciences, 70, 378-409. https://doi.org/10.1175/JAS-D-12-080.1 

[41] Twohy, C.H., et al. (2010) Relationships of Biomass-Burning Aerosols to Ice in 
Orographic Wave Clouds. Journal of the Sciences, 70, 2437-2450.  
https://doi.org/10.1175/2010JAS3310.1 

[42] Cozic, J., et al. (2007) Scavenging of Black Carbon in Mixed Phase Clouds at the 
High Alpine Site Jungfraujoch. Atmospheric Chemistry and Physics, 7, 1797-1807.  

https://doi.org/10.4236/acs.2023.134026
https://doi.org/10.1002/2017JD027831
https://doi.org/10.1029/2011JD015999
https://doi.org/10.1002/2016GL069529
https://doi.org/10.5194/acp-18-13363-2018
https://doi.org/10.1029/2019GL086764
https://doi.org/10.1038/ngeo521
https://doi.org/10.1002/2016JD024894
https://doi.org/10.5194/acp-18-13987-2018
https://doi.org/10.1073/pnas.2001674117
https://doi.org/10.1016/S0169-8095(97)00083-5
https://doi.org/10.1029/2008GL035764
https://doi.org/10.1175/JAS-D-12-080.1
https://doi.org/10.1175/2010JAS3310.1


G. Santachiara et al. 
 

 

DOI: 10.4236/acs.2023.134026 477 Atmospheric and Climate Sciences 
 

https://www.atmos-chem-phys.net/7/1797  
https://doi.org/10.5194/acp-7-1797-2007 

[43] Qi, L., Li, Q., He, C., Wang, X. and Huang, J. (2017) Effects of the Wegen-
er-Bergeron-Findeisen Process on Global Black Carbon Distribution. Atmospheric 
Chemistry and Physics, 17, 7459-7479. https://doi.org/10.5194/acp-17-7459-2017 

[44] Verheggen, B., et al. (2007) Aerosol Partitioning between the Interstitial and the 
Condensed Phase in Mixed-Phase Clouds. Journal of Geophysical Research, 112, 
Article No. D23202. https://doi.org/10.1029/2007JD008714 

[45] Kasper-Giebl, A., Koch, A., Hitzenberger, R. and Puxbaum, H. (2000) Scavenging 
Efficiency of ‘Aerosol Carbon’ and Sulfate in Supercooled Clouds at Mt. Sonnblick 
(3106m a.s.l., Austria). Journal of Atmospheric Chemistry, 35, 33-46.  
https://doi.org/10.1023/A:1006250508562 

[46] Bukowiecki, N., et al. (2016) A Review of More than 20 Years of Aerosol Observa-
tion at the High Altitude Research Station Jungfraujoch, Switzerland (3580 m asl). 
Aerosol and Air Quality Research, 16, 764-788.  
https://doi.org/10.4209/aaqr.2015.05.0305 

[47] Lloyd, G., et al. (2015) The Origins of Ice Crystals Measured in Mixed-Phase Clouds 
at the High-Alpine Site Jungfraujoch. Atmospheric Chemistry and Physics, 15, 
12953-12969. https://doi.org/10.5194/acp-15-12953-2015 

[48] Fuchs, N.A. (1964) The Mechanics of Aerosol. Pergamon Press, Oxford, 202. 

[49] Park, S.H., Jung, C.H., Jung, K.R., Lee, B.K and Lee. K.W. (2005) Wet Scrubbing of 
Polydisperse Aerosols by Freely Falling Droplets. Journal of Aerosol Science, 36, 
1444-1458. https://doi.org/10.1016/j.jaerosci.2005.03.012 

[50] Vittori, O. and Prodi, V. (1967) Scavenging of Atmospheric Particles by Ice Crys-
tals. Journal of Atmospheric Sciences, 24, 533-588.  
https://doi.org/10.1175/1520-0469(1967)024<0533:SOAPBI>2.0.CO;2 

[51] Prodi, F. (1976) Scavenging of Aerosol Particles by Growing Ice Crystals. Interna-
tional Conference on Cloud Physics, Boulder, 26-30 July 1976, 70-75. 

[52] Oraltay, R.G. and Hallett, J. (1990) Scavenging of Soot Particles by Ice Crystals. 
Journal of Aero sol Science, 21, S263-S266.  
https://doi.org/10.1016/0021-8502(90)90234-O 

[53] Walden, V.P., Warren, S.G. and Tuttle, E. (2003) Atmospheric Ice Crystals over the 
Antarctic Plateau in Winter. Journal of Applied Meteorology, 42, 1391-1405. 

[54] Douglas, T.A., et al. (2008) Influence of Snow and Ice Crystal Formation and Ac-
cumulation on Mercury Deposition to the Arctic. Environmental Science and Tech-
nology, 42, 1542-1551. https://doi.org/10.1021/es070502d 

[55] Franz, T.P. and Eisenreich, S.J. (1998) Snow Scavenging of Polychlorinated Biphen-
yls and Polycyclic Aromatic Hydrocarbons in Minnesota. Environmental Science 
and Technology, 32, 1771-1778. https://doi.org/10.1021/es970601z  

 

https://doi.org/10.4236/acs.2023.134026
https://www.atmos-chem-phys.net/7/1797
https://doi.org/10.5194/acp-7-1797-2007
https://doi.org/10.5194/acp-17-7459-2017
https://doi.org/10.1029/2007JD008714
https://doi.org/10.1023/A:1006250508562
https://doi.org/10.4209/aaqr.2015.05.0305
https://doi.org/10.5194/acp-15-12953-2015
https://doi.org/10.1016/j.jaerosci.2005.03.012
https://doi.org/10.1175/1520-0469(1967)024%3C0533:SOAPBI%3E2.0.CO;2
https://doi.org/10.1016/0021-8502(90)90234-O
https://doi.org/10.1021/es070502d
https://doi.org/10.1021/es970601z

	A Review of Thermo- and Diffusio-Phoresis in the Atmospheric Aerosol Scavenging Process. Part 2: Ice Crystal and Snow Scavenging
	Abstract
	Keywords
	1. Introduction
	2. Identification of Ice Nucleating Particles in the Atmosphere
	3. Particle Scavenging by Small Ice Crystals
	4. Particle Residual in the Ice Crystals Compared with Background Aerosol
	5. Discussion
	6. Conclusions
	Conflicts of Interest
	References

