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Abstract

The prediction of how ice crystals form represents one of the great conundrums in the atmospheric sciences with important impli-

cations for the hydrological cycle and climate. Ice-nucleating particles (INPs), typically consisting of sub-and supermicrometer-

sized aerosol particles which can be inorganic, organic, biogenic, or biological, initiate heterogeneous ice nucleation processes

leading to ice crystal formation. Heterogeneous ice nucleation commences on the nanoscale at the substrate surface and depends

on ambient temperature and humidity. Microanalysis techniques are uniquely suited to examine the physicochemical features of

the INPs under relevant atmospheric conditions thereby advancing our understanding of the principal processes that promote

ice nucleation. In the atmosphere ice crystals experience growth and sublimation resulting in complex microscopic morphologies

which, in turn, impact the ice crystal’s properties. This chapter provides an overview of microanalysis techniques employed in

either a multimodal or in situ manner, which shed light on the atmospheric heterogeneous ice nucleation process and how these

techniques are applied to explore the complex morphologies of ice crystals. The first section introduces the various atmospheric

ice nucleation pathways, provides a brief outline of the underlying nucleation theory demonstrating that nucleation proceeds on

the nanoscale, and describes the different ice crystal habits of growth. Section two provides an overview of the microanalysis

techniques and experiments to study INPs or ice-nucleating substrates including multimodal instrument approaches followed by

in situ ice nucleation studies. Examples of techniques include Raman, atomic force, electron, and X-ray microscopy with discus-

sion of the techniques’ unique capabilities to examine the physical and chemical properties of the ice-nucleating substrate. The

third section presents electron microscopy studies of ice crystals during growth and sublimation displaying the morphological

complexities of ice crystals. Lastly, section four discusses typical experimental requirements including sample sizes, radiation

effects, and the role of standard INPs.
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Abstract 

The prediction of how ice crystals form represents one of the great conundrums in the 

atmospheric sciences with important implications for the hydrological cycle and climate. Ice-

nucleating particles (INPs), typically consisting of sub- and supermicrometer-sized aerosol 

particles which can be inorganic, organic, biogenic, or biological, initiate heterogeneous ice 

nucleation processes leading to ice crystal formation. Heterogeneous ice nucleation commences 

on the nanoscale at the substrate surface and depends on ambient temperature and humidity. 

Microanalysis techniques are uniquely suited to examine the physicochemical features of the 

INPs under relevant atmospheric conditions thereby advancing our understanding of the 

principal processes that promote ice nucleation. In the atmosphere ice crystals experience growth 

and sublimation resulting in complex microscopic morphologies which, in turn, impact the ice 

crystal’s properties. This chapter provides an overview of microanalysis techniques employed in 

either a multimodal or in situ manner, which shed light on the atmospheric heterogeneous ice 
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nucleation process and how these techniques are applied to explore the complex morphologies of 

ice crystals. The first section introduces the various atmospheric ice nucleation pathways, 

provides a brief outline of the underlying nucleation theory demonstrating that nucleation 

proceeds on the nanoscale, and describes the different ice crystal habits of growth. Section two 

provides an overview of the microanalysis techniques and experiments to study INPs or ice-

nucleating substrates including multimodal instrument approaches followed by in situ ice 

nucleation studies. Examples of techniques include Raman, atomic force, electron, and X-ray 

microscopy with discussion of the techniques’ unique capabilities to examine the physical and 

chemical properties of the ice-nucleating substrate. The third section presents electron 

microscopy studies of ice crystals during growth and sublimation displaying the morphological 

complexities of ice crystals. Lastly, section four discusses typical experimental requirements 

including sample sizes, radiation effects, and the role of standard INPs. 

 

1 Introduction 

Understanding the formation of ice crystals from atmospheric aerosol particles is one of the      

grand challenges in the atmospheric sciences. How and which aerosol particles serve as ice-

nucleating particles (INPs) is relevant for our understanding of the microphysical cloud structure 

that in turn impacts the hydrological cycle and climate [Boucher et al., 2013]. In the atmosphere 

two cloud regimes exist that contain ice particles which include cirrus clouds that consist of only 

ice crystals, typically present at heights above 6 km and temperatures below the homogeneous 

freezing limit of water at ~235 K, and, at higher temperatures, mixed-phase clouds in which 

supercooled water droplets and ice crystals coexist [Koop et al., 2000; Murray et al., 2012; 

Storelvmo, 2017]. Most precipitation is initiated by the formation of ice crystals [Lau and Wu, 
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2003; Lohmann and Feichter, 2005; Mülmenstädt et al., 2015]. Furthermore, the presence of the 

ice phase can modulate the water vapor budget, of importance since it is the strongest greenhouse 

gas [Held and Soden, 2000; Lohmann et al., 1995]. Cloud ice impacts cloud lifetime and albedo, 

thereby modulating the cloud’s interaction with incoming shortwave and outgoing longwave 

radiation, in so doing affecting the radiative balance and thus, climate [Baker and Peter, 2008; 

Baker, 1997; Boucher et al., 2013; Lohmann and Feichter, 2005; Rosenfeld et al., 2014; 

Storelvmo, 2017; Storelvmo et al., 2011]. 

The reasons that make prediction of atmospheric ice crystal formation difficult are manifold. 

Several different ice formation paths exist, and each shows different dependencies on 

temperature (T), relative humidity (RH), and particle morphology [Hoose and Möhler, 2012; 

Kanji et al., 2017; Knopf et al., 2018; Marcolli, 2014; Pruppacher and Klett, 1997; Vali et al., 

2015]. Ice nucleation is considered a rare event where only a small fraction of the ambient 

aerosol particles, sometimes only one in 100000, act as an INP [DeMott et al., 2010; Kanji et al., 

2017]. Lastly, the INPs can be multiphase and multicomponent in nature, thus, 

physicochemically complex, and include inorganic, organic, biogenic, and biological matter 

[Cziczo et al., 2017; Kanji et al., 2017; Knopf et al., 2018; Murray et al., 2012]. 

Homogeneous ice nucleation proceeds from water and aqueous solution droplets and is 

mostly of importance for cirrus cloud formation. In this chapter, the focus is on heterogeneous 

ice nucleation that is facilitated by a substrate, in this case the INP, and, thus, is a surface-

specific process proceeding on the nanoscale. Any substrate that does not dissolve, due to water 

uptake, over time scales necessary to induce ice nucleation can serve as an INP. Under typical 

atmospheric thermodynamic conditions, i.e., T and supersaturation with respect to the ice phase 

(𝑆𝑖𝑐𝑒), as will be made clear below, the critical ice nucleus that initiates ice formation is typically 
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the size of a few nanometers. As such, the study of heterogeneous ice nucleation from substrates 

is a truly formidable and challenging topic for the application of various microanalysis 

techniques.  

1.1 Ice nucleation pathways 

In the atmosphere different ice formation pathways exist. This chapter focuses on primary ice 

formation where ice nucleation is initiated by INPs. Secondary ice processes (SIPs) are 

recognized to contribute to, and in instances possibly dominate, the ambient ice crystal number 

concentrations [Field et al., 2017; Korolev and Leisner, 2020; Zipori et al., 2018]. However, SIPs 

typically do not involve a substrate which facilitates the nucleation process but include, e.g., shattering 

during droplet freezing, rime splintering, and fragmentation upon collision [Field et al., 2017; Korolev 

and Leisner, 2020]. 

Ice formation in the atmosphere proceeds by either homogeneous ice nucleation or 

heterogeneous ice nucleation. Figure 1 provides a schematic overview of the prevailing primary 

ice nucleation mechanisms [Knopf et al., 2018]. Homogeneous ice nucleation involves liquid 

droplets composed of either pure water or aqueous solutions in absence of a substrate facilitating 

the nucleation process (Fig. 1A). Hence, homogeneous ice nucleation requires lower 

temperatures and higher 𝑆𝑖𝑐𝑒 compared to heterogeneous ice nucleation. Micrometer-sized pure 

water droplets freeze homogeneously at about 235 K that corresponds to 𝑆𝑖𝑐𝑒 ≈ 1.5. Aqueous 

solution droplets will experience a freezing point depression and thus will freeze homogeneously 

at lower T and higher 𝑆𝑖𝑐𝑒 [Koop et al., 2000]. Only the presence of INPs results in ice 

nucleation between the homogeneous freezing limit and the melting point of ice (273.15 K). 

Heterogeneous ice nucleation can also proceed below ~235 K, typically at 𝑆𝑖𝑐𝑒 values that are 

below the required 𝑆𝑖𝑐𝑒 for homogeneous ice nucleation of about 1.5 to 1.7 [Koop et al., 2000].     
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Ice nucleation pathway (B) displays immersion freezing where the INP is immersed in 

supercooled water or aqueous solution droplets. Immersion freezing is recognized as the 

dominant primary ice formation pathway in mixed-phase cloud regimes [Ansmann et al., 2009; 

de Boer et al., 2011; Westbrook and Illingworth, 2013] where supercooled droplets and ice 

crystals can coexist. Pathway (C) represents water uptake and potential deliquescence of 

hygroscopic matter associated with the INP prior to immersion freezing. This can include 

amorphous organic compounds that continuously deliquesce upon increasing RH [Berkemeier et 

al., 2014; Knopf et al., 2018; Koop et al., 2011; Wang et al., 2012a] instead of showing a sharp 

solid-to-liquid transition as it is typical for salts [Martin, 2000]. If the condensation of liquid 

coincides with freezing within the supercooled temperature regime, the process is also termed 

Figure 1. Representation of the various possible atmospheric ice nucleation pathways given for a range of 

temperature, relative humidity with respect to ice (RHice), and supersaturation with respect to ice (𝑆𝑖𝑐𝑒). 

Large circles and hexagons display liquid water and ice, respectively. Small dark circles represent the ice-

nucleating particle (INP). In (C) INP is coated by an inorganic or organic coating and its aqueous solution. 

Ice formation pathways A to F represent homogeneous ice nucleation (A), immersion freezing (B), 

deliquescence and water uptake followed by immersion freezing (C), deposition ice nucleation (D), contact 

ice nucleation (E), and inside-out freezing (F). From Knopf et al. [2018]. 
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condensation freezing. Though on a microscopic level, it likely proceeds as immersion freezing 

[Coluzza et al., 2017; Wex et al., 2014]. Deposition ice nucleation is present in pathway (D), 

where ice forms on the INP from the supersaturated gas phase. Recently this concept has been 

questioned, with the suggestion that in the presence of nanopores, ice formation is initiated by 

pore condensation freezing [David et al., 2019; Marcolli, 2014; 2020]. The underlying idea is 

based on water in nanopores having a large negative meniscus, thereby greatly reducing the 

water saturation pressure. This in turn, yields sufficiently high 𝑆𝑖𝑐𝑒 that allow for homogeneous 

ice nucleation to proceed in those pores. Deposition ice nucleation can contribute to ice crystal 

formation at lower temperatures and water subsaturated conditions representing cirrus cloud 

regimes, typical of the upper troposphere [Cziczo et al., 2013; DeMott, 2002; Heymsfield et al., 

2017]. Pathway (E) displays contact ice nucleation where an INP collides with a supercooled 

droplet, thereby initiating freezing of the droplet [Ladino Moreno et al., 2013]. Lastly, pathway 

(F) represents inside-out freezing where the INP in the supercooled temperature regime is in 

contact with the gas phase and aqueous phase as the droplet is evaporating [Durant and Shaw, 

2005; Shaw et al., 2005]. 

1.2 Ice nucleation kinetics 

For a substrate to promote ice nucleation heterogeneously, classically the following requirements 

are assumed [Hegg and Baker, 2009; Knopf et al., 2018; Pruppacher and Klett, 1997; Vali et al., 

2015]: (i) the substrate must be insoluble, (ii) it must be larger than the critical ice nucleus, (iii) 

its surface must have chemical bonds that can interact with and arrange water molecules, (iv) it 

must have a crystallographic match representing geometrical arrangement of bonds, or (v) there 

must be active sites of varying quality representing localized phenomena on the substrate 

surface. Following classical nucleation theory (CNT), for the formation of ice from supercooled 
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water a Gibbs free energy barrier has to be overcome to allow for the growth of a critical ice 

nucleus beyond the critical radius, 𝑟𝑐𝑟𝑖𝑡. 𝑟𝑐𝑟𝑖𝑡 and the Gibbs free energy change, ∆𝐺, can be 

derived as [Alpert et al., 2011; Pruppacher and Klett, 1997; Zobrist et al., 2007]: 

𝑟𝑐𝑟𝑖𝑡 =
2𝜎𝑠𝑙(𝑇)∙𝑣𝑠(𝑇)

𝑘𝑇 ln 𝑆(𝑇)
  and ∆𝐺(𝑇) =

16𝜋𝜎𝑠𝑙
3 (𝑇)∙𝑣𝑠

2(𝑇)

3(𝑘𝑇 ln 𝑆𝑖𝑐𝑒(𝑇))2 ,     (1) 

where 𝜎𝑠𝑙 is the interfacial tension between ice (solid) and water (liquid), 𝑣𝑠 is the volume of a 

water molecule in ice (solid), and 𝑘 is the Boltzmann constant. 

Figure 2 outlines the behavior of the Gibbs free energy change with radius as a function of 

𝑆𝑖𝑐𝑒. For ice, subsaturated conditions (or above the ice melting temperature of 273.15 K) the 

activation barrier ∆𝐺 becomes infinite. As 𝑆𝑖𝑐𝑒 increases, ∆𝐺 and 𝑟𝑐𝑟𝑖𝑡 decrease as indicated by 

Figure 2. The change in Gibbs free energy necessary for the formation of a critical ice nucleus as a function 

of ice nucleus radius and supersaturation with respect to ice, 𝑆𝑖𝑐𝑒. Solid black arrows indicate the decreasing 

Gibbs free energy barrier and decreasing radius with increasing 𝑆𝑖𝑐𝑒. Dashed vertical arrows display how 

the critical radius decreases as 𝑆𝑖𝑐𝑒 increases.   
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the arrows in Fig. 2. Clearly, changes in 𝑆𝑖𝑐𝑒 determine the likelihood of establishing and 

maintaining the critical ice nucleus, so that nucleation and freezing commences. 

Figure 3 displays the change of 𝑟𝑐𝑟𝑖𝑡 as a function of temperature for pure water in relation to 

typical particle surface areas. For typical conditions of atmospheric heterogeneous ice 

nucleation, the critical ice nucleus size has a radius of about 1 nm (Fig. 3a). This implies that 

surface features that enable ice nucleation are in the order of 1 to 20 nm2 (Fig. 3b). A spherical 

particle of 1 µm in size has a surface area of about 3⨯106 nm2, allowing for the presence of a 

large number of surface features that could initiate ice nucleation (Fig. 3c). Considering these 

large numbers of sites, it can be assumed that it is very likely that sufficient surface features 

representing the ice-nucleating surface material should always be present. Looking at these 

features on microscopic scales, application of microanalysis techniques are uniquely suited to 

advance our understanding of the ice nucleation process.  

The heterogeneous ice nucleation rate coefficient, 𝐽ℎ𝑒𝑡, for immersion freezing is defined as 

the number of nucleation events per surface area and time, given in units cm-2 s-1. It can be 

derived using ∆𝐺(𝑇) and a diffusion activation energy for a water molecule to cross the water – 

Figure 3. Estimates of (a) the critical ice nucleus radius (𝑟𝑐𝑟𝑖𝑡) and (b) its surface area (𝐴𝑐𝑟𝑖𝑡) as a function 

of temperature using Eq. (1). For comparison the surface area of spherical particles (𝐴𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒) is given in 

(c). Shading in (a) and (b) indicates typical atmospheric conditions for heterogeneous ice nucleation. 

Shading in (c) indicates typical ice-nucleating particle sizes and surface areas. 
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ice nucleus interface, ∆𝐹𝑑𝑖𝑓𝑓(𝑇) [Alpert et al., 2011; Pruppacher and Klett, 1997; Turnbull and 

Fisher, 1949; Zobrist et al., 2007]:  

𝐽ℎ𝑒𝑡(𝑇) =
𝑘𝑇

ℎ
𝑒

[−
∆𝐹𝑑𝑖𝑓𝑓(𝑇)

𝑘𝑇
]
𝑛𝑒[−

∆𝐺(𝑇)𝑓ℎ𝑒𝑡(𝑚,)

𝑘𝑇
]
 .       (2) 

The pre-factor serves as an impinging frequency given by 
𝑘𝑇

ℎ
, where ℎ is Planck’s constant. 𝑛 

represents the number of water molecules at the INP-water interface and can be assumed to be 

around 1015 cm-2.  ∆𝐹𝑑𝑖𝑓𝑓(𝑇) depends on the diffusivity of water that can be expressed by the 

Vogel-Fulcher-Tammann equation [Smith and Kay, 1999]. 𝑓ℎ𝑒𝑡 (𝑚, 𝑥) is the so-called geometric 

factor, where 𝑚 is the compatibility factor and 𝑥 represents the ratio of the radius of the substrate 

to the radius of spherical critical ice nucleus [Knopf et al., 2022]. 𝑥 can be neglected when 

particles are larger than 0.1 μm. This holds for most INPs and thus, we can write 

lim
𝑥→∞

𝑓ℎ𝑒𝑡(𝑚, 𝑥) =
𝑚3−3𝑚+2

4
. Instead of reporting 𝑚, typically the contact angle, 𝜃, is given. 𝜃 is 

derived from cos 𝜃 = 𝑚 [Fletcher, 1958]. A smaller 𝜃 value indicates a more efficient INP. The 

extreme case of an inefficient INP is represented by 𝜃 = 180 ° which indicates the case of 

homogeneous ice nucleation. In other words, for 𝑓ℎ𝑒𝑡 (𝑚, 𝑥) = 1, Eq. (2) represents the case of 

homogeneous ice nucleation from a supercooled liquid droplet. 

For the derivation of the deposition ice nucleation rate coefficients [Alpert et al., 2011; 

Pruppacher and Klett, 1997; Wang and Knopf, 2011], the diffusion activation energy is omitted, 

and 𝑛 represents the number of water adsorption sites on the INP surface and can be assumed to 

be around 1015 cm-2. 𝜎𝑠𝑙 is exchanged for the interfacial tension between ice (solid) and 

supersaturated gas phase (vapor), 𝜎𝑠𝑣.  

The above descriptive approaches for capturing the immersion freezing and deposition ice 

nucleation kinetics follow CNT [Pruppacher and Klett, 1997]. As such, the nucleation process is 
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considered to be stochastic and, thus, is implicitly time dependent, resulting in 𝐽ℎ𝑒𝑡(𝑇) [Knopf et 

al., 2020]. This in turn leads to the question of how many ice nucleation events have to be 

observed to obtain statistical significance. Based on a binomial distribution for freezing 

probabilities, upper and lower fiducial limits for observed nucleation events at a given 

confidence level can be derived [Koop et al., 1997]. For example, observation of a single ice 

nucleation event, leads to a maximum of 9.233 and minimum of 0.001 nucleation events at a 

confidence level of 0.999. Alpert and Knopf [2016] suggest observing at least 100-200 ice 

nucleation events to keep corresponding uncertainties in freezing kinetics within ±1 order of 

magnitude. The issue of statistical uncertainty can directly affect how to best observe particle or 

substrate samples using microanalysis techniques. The minimum required number of observed 

ice nucleation events can define the chosen sample size and field of view. If the focus is on the 

investigation of physicochemical surface properties that induce ice nucleation instead of 

nucleation kinetics, the total number of observed ice nucleation events may not be as important, 

though one should examine several independent samples to ensure reproducibility.  

A common approach for characterizing and comparing ice nucleation efficacies of INPs is 

the ice nucleation active site (INAS) description [Connolly et al., 2009; Vali, 1971]. This 

approach is based on the deterministic or singular hypothesis method. It ignores the stochastic 

nature of nucleation and, thus, is time independent. In this case, nucleation efficacies are 

expressed as INAS densities, ns(T), in units cm-2, providing the number of ice nucleation events 

per surface area at a given temperature. This description implies that each ice nucleation event is 

associated with a characteristic INAS. 

The concept of what establishes an INAS is a current matter of research. Characterization of 

an INAS requires greater resolution than is required to determine the size of the critical ice 



Confidential manuscript submitted to replace this text with name of AGU journal 

11 

 

nucleus (Fig. 3) and has yet not been achieved in situ. This is the case if the arrangement of a 

critical ice nucleus proceeds only at one site. However, one can envision that several ice-like 

clusters emerge across the given surface area that could subsequently combine to form a larger 

critical ice nucleus, thus, surpassing 𝑟𝑐𝑟𝑖𝑡. Clearly, the minute scale of an active site poses a 

challenge even for the most advanced microanalysis techniques. Application of alternative 

computational approaches, like molecular dynamics simulations, to model ice nucleation on 

substrate surfaces have yet not yielded a defined set of requirements that make up an INAS 

[Knopf et al., 2018; Knopf et al., 2020]. As outlined below, however, application of 

microanalysis techniques has made progress in identifying the physicochemical surface features 

that are involved in initiating ice nucleation on substrate surfaces. 

1.3 Ice crystal habits, morphology, growth, and sublimation 

Subsequent to ice nucleation on the nanoscale, ice crystals grow in the humidified environment 

to larger sizes reaching up to snowflake dimensions that are observable with a typical optical 

microscope (OM) [Bentley and Humphreys, 1931; Libbrecht, 2005; Nakaya, 1954]. However, 

before ice crystals sediment via precipitation, the formation of micrometer-sized ice crystals and 

their altering morphologies under super- and subsaturated conditions impact cloud albedo and 

thus the climatic effect of clouds. It is well known that the shape of cirrus ice particles can have a 

profound impact on Earth’s radiation budget [Hartmann, 2016; Jensen et al., 2009; Lawson et 

al., 2019; McFarquhar et al., 2002; Mishchenko et al., 1996]. For example, the differences in ice 

crystal shapes can lead to differences in the up- and downwelling infrared irradiance of cirrus 

clouds by tens of Watts per m2 [Wendisch et al., 2007].  
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Ice crystal shapes depend on the environmental conditions T and RH [Bacon and Swanson, 

2000; Bailey and Hallett, 2002; 2004; Bailey and Hallett, 2009; Pruppacher and Klett, 1997]. 

Figure 4 displays the various ice crystal habits obtained from laboratory studies and field 

campaigns that develop for changing conditions in parameters T and 𝑆𝑖𝑐𝑒 [Bailey and Hallett, 

2009]. As evident in Fig. 4, as temperature decreases the regime of single crystals moves into the 

polycrystalline habits where at greater temperatures plate-like and at lower temperatures 

Figure 4. Ice crystal habit diagram derived from laboratory and field campaign observations as a function 

of temperature and ice supersaturation. From Bailey and Hallett [2009]. 
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columnar ice crystals dominate. Increases in 𝑆𝑖𝑐𝑒 can change crystal habits ranging from 

compact, thick, and thin plates to bullet rosettes and hollow ended bullets. Figure 4 exemplifies 

the complexity of ice crystal growth and its ramifications for cloud and climate modeling. 

Ice crystal and snowflake morphologies have been traditionally studied by OM, but in recent 

years environmental scanning electron microscopy (ESEM) has been applied to growing and 

sublimating ice crystals demonstrating, by use of greater resolution, a complex picture of linear 

striations, ridges, islands, steps, peaks, pits, and crevasses on the facets of the ice [Magee et al., 

2014]. Magee et al. [2021] also examined cirrus ice particles using ESEM corroborating 

previous ice habit studies, though the higher resolution examination of ice crystals points to an 

even greater particle complexity as shown in Fig. 4.  

Microscopic understanding of ice surfaces, including premelted layers of ice, affects many 

environmental processes including growth rates and shapes of snowflakes, the sintering of 

snowfields, transport of impurities along grain boundaries, and thunderstorm lightning [Dash et 

al., 2006]. Grain boundaries represent the interface between individual ice crystals. These grain 

boundaries change when ice crystals grow, melt, or sublimate [Cascajo-Castresana et al., 2021; 

Pedersen et al., 2011; Pfalzgraff et al., 2010]. These processes, in turn, influence ice crystal 

shape, its interaction with adsorbing and reactive gas species (e.g., heterogeneous reactions), and 

distribution of species expelled during ice growth [Bogdan, 2018; Bogdan and Molina, 2017; 

Zobrist et al., 2008]. 

When ice forms from an aqueous solution, the ice crystal expels solutes, thereby generating a 

concentrated solution, that is subsaturated with respect to ice. Figure 5 displays this process 

schematically [Bogdan, 2018]. The remaining solution, also termed freeze-concentrated solution 

(FCS), may coat the ice crystal. Under atmospheric ice forming conditions, the FCS will take up 
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water, leading to further ice crystal growth, which then potentially acts as a nucleation site of ice 

formation by vapor deposition. These processes, which are especially relevant at higher altitudes 

and colder temperatures where freezing from aqueous solution droplets is more likely, have only 

received limited attention. Furthermore, these initial studies are restricted to OM [Bogdan, 2018; 

Bogdan and Molina, 2017; Bogdan et al., 2016]. 

2 Application of microanalysis techniques to study ice formation  

During the last two to three decades, the field of atmospheric ice nucleation has seen the 

application of various microanalysis techniques to deduce the occurrence of ice nucleation and to 

examine the INP or ice-nucleating substrate. The study of homogeneous ice nucleation typically 

employs optical microscopy for detection of the freezing of micrometer-sized droplets when 

temperatures are close to the homogeneous freezing limit [Knopf and Lopez, 2009; Knopf and 

Rigg, 2011; Riechers et al., 2013; Shardt et al., 2022; Stan et al., 2009; Tarn et al., 2021]. 

However, when aiming for deeper supercooling, reaching temperatures beyond the homogeneous 

freezing limit, nanodroplets generated by a supersonic nozzle allowing for rapid cooling rates are 

examined for freezing temperatures and rates [Amaya and Wyslouzil, 2018]. In these 

Figure 5.  Sequences that can lead to the formation of a freeze concentrated solution (FCS) surrounding an 

ice crystal (1-3). Water vapor may be taken up by the FCS allowing the ice crystal to further grow from the 

diluted FCS (3). As the ice crystal disrupts the FCS, it may serve as a deposition INP (4). From Bogdan 

[2018]. 
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experiments, e.g., Fourier Transform Infrared spectroscopy, and Small and Wide Angle X-ray 

Scattering (SAXS and WAXS, respectively) are applied to probe the droplet temperature, 

volume, crystallinity, and structure of ice [Amaya and Wyslouzil, 2018]. In the latter study, 

WAXS provided the ability to evaluate the ice structure indicating that the ice crystals formed at 

218 K consisted of a mixture of hexagonal and cubic ice lattice structures.  

The majority of the heterogeneous ice nucleation studies that make use of microanalysis 

techniques can be divided into two approaches: One is using a multi-instrumental, also termed 

multimodal, analytical approach [Laskin et al., 2016; Laskin et al., 2019] where ice formation is 

assessed with one type of instrument, not necessarily a microanalysis technique, and the 

corresponding INP or ice-nucleating substrate is subsequently interrogated by microanalysis 

methods discussed in this book. The other approach directly applies microanalysis techniques for 

in situ detection of ice nucleation. In this section, we will introduce both approaches with 

examples of procedures and setups.  

The microanalysis techniques used in studies of ice nucleation and ice crystal growth include 

Raman, scanning electron microscopy with energy dispersive X-ray spectroscopy (SEM/EDX or 

SEM/EDS), transmission electron microscopy (TEM), atomic force microscopy (AFM), and 

scanning transmission X-ray microscopy with near-edge X-ray absorption fine structure 

spectroscopy (STXM/NEXAFS). Each of these techniques has its own requirements and 

limitations as discussed in the previous chapters. Relevant for studying the ice phase are sample 

substrates, resolution, field of view, radiation effects on sample, and achieving uniform T and 

RH fields. So far, only Raman, SEM/EDX, and STXM/NEXAFS have been applied for in situ 

detection of ice formation. 
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The different microanalytical approaches have different requirements for the supporting 

substrates of the sample that allows for introduction into the instrument. This can further 

complicate sample preparation when studying ice nucleation by particles deposited on a 

supporting substrate. For obvious reasons, the supporting substrate should not interfere with the 

observed ice nucleation. In other words, it must not be hygroscopic and must be a less efficient 

ice-nucleating agent compared to the investigated particles or materials deposited on the 

supporting substrate. For the case of OM and Raman application, hydrophobically coated glass 

or quartz slides have been shown to minimize heterogeneous ice nucleation, even allowing the 

study of homogeneous freezing of aqueous droplets [Bertram et al., 2000; Knopf et al., 2002; 

Knopf et al., 2003; Koop et al., 1998]. Silicon wafer substrates coated with a silicon nitride film 

are suitable for ice nucleation experiments and the application of SEM/EDX [Knopf et al., 2014; 

Wang et al., 2016]. The few ice nucleation studies utilizing STXM/NEXAFS demonstrate that 

silicon nitride-coated Si frames are also suitable for studying ice nucleation in a multimodal or in 

situ manner [Alpert et al., 2022a; Alpert et al., 2022b; Knopf et al., 2014]. Nevertheless, due to 

the very thin membrane films associated with the silicon nitride-coated Si frames, handling and 

ice nucleation experiments can present a challenge for the experimentalist.  

2.1 Multimodal microanalysis of ice nucleation 

To gain an understanding of the nature of the INPs, studies focused early on the examination of 

ice crystal residuals (ICRs) by microanalysis techniques including TEM and SEM/EDX [Chen et 

al., 1998; Cziczo et al., 2004; Heintzenberg et al., 1996; Kreidenweis et al., 1998; Petzold et al., 

1998; Twohy and Gandrud, 1998]. Typically, in the first step, the ambient aerosol particles were 

activated to form ice crystals that continue to grow in a supersaturated environment, e.g., in a 

continuous flow diffusion chamber [Rogers, 1988]. In the second step, the ice crystals are size-
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selected by an impactor for deposition on supporting substrates [Chen et al., 1998; Kreidenweis 

et al., 1998] or by a counter-flow virtual impactor (CVI) [Cziczo et al., 2017; Twohy and 

Gandrud, 1998]. Application of these approaches, e.g., Chen et al. [1998] found that the INPs 

relevant for cirrus formation conditions in the upper troposphere can consist of crustal, sulfate, 

carbonaceous, metallic, and other unidentified materials. Clearly, these early studies using TEM 

and SEM advanced our understanding of the chemical complexity of atmospheric INPs. 

 During the Indirect and Semi-Direct Aerosol Campaign (ISDAC) near Barrow, Alaska, in 

spring of 2008 [Hiranuma et al., 2013] collected ICRs using CVI (Fig. 6). The ICRs were 

examined by STXM/NEXAFS at the carbon K-edge to enable the speciation of the organic 

matter in resolution of tens of nanometers. Application of STXM demonstrated that ICRs 

possessed a thin organic coating composed of carboxylic functional groups (Fig. 6). Organic 

matter associated with INPs has been recognized to play an important role when determining 

sources of atmospheric INPs [Knopf et al., 2018].  

Figure 6. Ice crystal residuals (ICRs) collected during the Indirect and Semi-Direct Aerosol Campaign 

(ISDAC) by aircraft applying a counterflow virtual impactor (CVI). Panels show scanning transmission X-

ray microscopy with near-edge X-ray absorption fine structure spectroscopy (STXM/NEXAFS) false color 

maps of the ICRs where the greyscale-related composition is given in the legend. The analysis indicates 

that the ICRs contain cores composed of inorganic, black carbon, and carbonate that are coated with organic 

matter. From Hiranuma et al. [2013]. 



Confidential manuscript submitted to replace this text with name of AGU journal 

18 

 

 Another common approach is to collect laboratory-generated particles or substrates and field-

collected particles on substrates that allow for ice nucleation experiments and microanalysis 

using SEM/EDX and STXM/NEXAFS [Alpert et al., 2022b; Charnawskas et al., 2017; China et 

al., 2017; Holden et al., 2019; Knopf et al., 2014; Knopf et al., 2021; Knopf et al., 2022; Lata et 

al., 2021; Wang et al., 2012a; Wang et al., 2012b]. The ice nucleation experiments typically use 

a chamber, where the particle sample is located at the bottom on a temperature-controlled cold 

stage [Dymarska et al., 2006; Wang and Knopf, 2011]. This stage defines the particle or 

supporting substrate temperature. The chamber is sealed against room air that allows for the 

introduction of a controlled humidified gas flow. Having control of particle T and RH permits 

simulation of typical atmospheric conditions, such as mimicking of atmospheric advection that 

results in cloud formation. As 𝑆𝑖𝑐𝑒 increases, water uptake, immersion freezing, and deposition 

ice nucleation can be observed microscopically. When adjusting the chamber RH to achieve 

subsaturated conditions, water evaporates or ice sublimates. An example of this procedure using 

OM for the ice nucleation experiment is outlined in Fig. 7. Application of OM typically allows 

for a greater field of view compared to SEM or STXM, thereby minimizing experimental 

artifacts such as ice formation outside of the field of view or at the fringes of the particle sample. 

Using this technique, radiation effects are negligible. Upon visual detection of ice formation, the 

particle sample area can be examined with greater magnification (Fig. 7a). Observation of the 

sublimation of the ice crystals allows for pinpointing the INPs that were the source of the ice 

crystal formation (Fig. 7b). Subsequently, using digital imaging analysis, the INPs can be 

relocated and imagined with greater resolution by the microanalysis instrumentation, here, a 

SEM (Fig. 7c-e). In general, this multimodal approach allows for the morphological and 

chemical characterization of the particle or substrate area by SEM that initiated ice nucleation. 
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The identified INPs, shown in Fig. 7, are not different from other adjacent particles located on 

the same substrate. They demonstrate similar size, morphology, and elemental compositions as 

determined by EDX (not shown) as the non-INPs.  

 In the same ice nucleation experiment, Knopf et al. [2014] used STXM/NEXAFS to analyze 

INPs and non-INPs deposited on silicon nitride-windows, which consist of a 100 nm thin film 

supported by a Si frame. The experimental challenge during the experiments was to keep the 

supporting substrate temperature uniformly consistent between the thin film and Si frame to 

avoid ice nucleation artifacts. Figure 8 shows a multimodal microanalysis study of ambient 

particles acting as INPs using OM, SEM, and STXM [Knopf et al., 2014]. Figure 8A and B show 

an image of aerosol particles as dark light absorbing spots dispersed over the silicon nitride 

window as the bright grey square and the supporting Si frame as darker grey area as visualized 

by OM. Panel (A) shows the emergence of an ice crystal during supersaturated conditions. Panel 

Figure 7. Multimodal identification of ice-nucleating particles (INPs) using optical microscopy (OM) and 

scanning electron microscopy (SEM). a: The cross hairs display the position of the center of ice crystals as 

determined by OM. b: Subsequent to ice crystal sublimation, the cross hairs indicate the location of INPs. 

c: The same field of view as in (b) imaged by SEM. d and e: Application of higher magnification using 

SEM to image in-detail morphology of identified INPs. The white arrows point to the same particles in (a) 

to (d). From Knopf et al. [2014]. 
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(B) represents the sample in (A) after sublimation of the ice crystal. Panel (C) shows the area in 

(A) where ice formed in greater resolution using SEM. The sample was subsequently transferred 

to STXM/NEXAFS to chemically speciate the organic components using the carbon K-edge 

(panels D to G). False-grey color images of the INP (D) and non-INPs (E, F) reveal the presence 

of inorganic species (darkest grey color), calcium (brightest grey color), and organic 

carbonaceous (intermediate grey color) matter. The INP is completely surrounded by the organic 

carbonaceous matter. The absorption spectrum shown in panel (G) indicates that in areas 

dominated by inorganic species or calcium, organic functionalities are present, here COOH 

groups. Hence, in panels D to F, dark grey and brightest grey represent areas that are dominated 

Figure 8. Ice-nucleating particle (INP) identification and scanning transmission X-ray microscopy with 

near-edge X-ray absorption fine structure spectroscopy (STXM/NEXAFS) chemical imaging of particles. 

A and B: Ice formation and ice sublimation events observed in the OM experiment. C: Scanning electron 

microscopy (SEM) image of the same sample area at higher magnification. The black arrows point to the 

same particles in A to C. D: Identified INP. E and F: Non-INPs. The component images in D to F emphasize 

the contrast between non-carbonaceous inorganic species (darkest grey color), organic carbonaceous  

(intermediate grey color), and calcium (brightest grey color). G: NEXAFS spectra of the dominant particle 

regions (inorganic, calcium, and organic) with the major functionalities highlighted. Adapted from [Knopf 

et al., 2014]. 
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by inorganic species (due to absorption through the entire particle) but that are also coated by OC 

matter. Panels D to F also demonstrate that within a resolution of about 30 nm, the INP and non-

INPs cannot be physicochemically distinguished, thereby corroborating SEM/EDX observations. 

The application of multimodal microanalytical techniques to study ice nucleation 

significantly advances our understanding of atmospheric ice crystal formation. The observations 

clearly demonstrate that organic matter is associated with INPs. However, which 

physicochemical properties of the organic matter, including the presence of certain organic 

functionalities, surface morphology, or phase state, serve as the ice-nucleating agent or an INAS 

has yet to be resolved. The presence of organic matter corroborates previous CVI-based 

collection and chemical characterization of ICRs. Furthermore, microanalytical studies that 

examine the particle population on a statistical significant level and associated INPs find that the 

INPs cannot be physicochemically distinguished from the dominant particle types (i.e., non-

INPs) in the particle population present on the substrate [Alpert et al., 2022b; China et al., 2017; 

Knopf et al., 2014; Knopf et al., 2022; Lata et al., 2021; Wang et al., 2012b]. This emphasizes 

the previous point, which concerns the microscopic nature of the surface feature or INAS, which 

ultimately facilitates ice nucleation. Although the INP can be chemically imaged, its surface area 

is still orders of magnitude larger than the likely point of ice nucleation. Furthermore, the various 

multimodal approaches cannot resolve where on the particle ice nucleation commenced since ice 

formation is not monitored in situ. Despite these caveats, multimodal physicochemical 

characterization and chemical imaging of aerosol particles and INPs greatly advance our 

understanding of atmospheric ice formation. By learning the physicochemical properties of INPs, 

the role of chemical and physical aging of particles during atmospheric transport for ice 

nucleation and the sources and emissions of aerosol particles that potentially act as INPs can be 



Confidential manuscript submitted to replace this text with name of AGU journal 

22 

 

assessed, thereby improving ice crystal formation in cloud and climate models [Kanji et al., 

2017; Knopf et al., 2018]. 

In recent studies, Friddle and Thürmer combined an OM with an ice nucleation cell that 

allows for control of substrate temperature and humidity. In addition, an AFM for visualization 

was integrated into this setup to sequentially examine the role of nano-surface steps promoting 

ice formation on feldspar [Friddle and Thürmer, 2019; 2020]. Figure 9 shows a schematic of the 

OM-ice nucleation-AFM setup. A mixing chamber provides the desired humidity exposure of the 

sample. The sample is cooled by a cold nitrogen gas flow at the bottom of the cell, not shown 

here. An OM is used to visually detect water condensation and ice formation. An AFM is 

integrated into the top of the mixing cell. Figure 10 provides an example of an ice formation 

experiment where OM and AFM are collocated. This experiment indicates that ice formed on a 

small protrusion located on the feldspar surface. As the authors point out, the INAS cannot be 

directly determined due to limited resolution [Friddle and Thürmer, 2020]. For example, the 

scale of the identified protrusion (Fig. 10e) is larger than most atmospheric particles.  During this 

experiment, ice was observed to rapidly spread stepwise along the feldspar surface. At -30 °C the 

number of ice-bearing steps was related to step height and humidity [Friddle and Thürmer, 

2019]. Though humidity levels applied in these experiments reflect greatly supersaturated 

Figure 9. Collocated optical microscopy with atomic force microscopy (AFM) coupled to a micro-mixing 

chamber for humidity control and a cold stage at the bottom to control the temperature of the sample. 

Adapted from Friddle and Thürmer [2020]. 
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conditions with respect to water, 𝑆𝑤𝑎𝑡𝑒𝑟. The step height decreases with increasing 𝑆𝑤𝑎𝑡𝑒𝑟. For 

example, at -30 °C for a 50% chance of a step bearing ice, a step must be taller than 1 μm at 

𝑆𝑤𝑎𝑡𝑒𝑟 = 1.32 but can be as small as 14 nm at 𝑆𝑤𝑎𝑡𝑒𝑟 = 2.32 [Friddle and Thürmer, 2019]. 

Typically, maximum 𝑆𝑤𝑎𝑡𝑒𝑟 achieved in the atmosphere is about 1.04. How a step size of about 1 

μm translates to sub- and supermicrometer-sized particles remains an open question. However, it 

cannot be ignored that ice was observed preferentially at steps, and so this multimodal analytical 

study shows that step-like features may play a role in ice formation via initial water condensation 

on feldspar surfaces. More research is needed to establish how such findings translate to particles 

that are smaller than those identified features and if ice nucleation commences for lower 𝑆𝑤𝑎𝑡𝑒𝑟.  

2.2 In situ microanalysis of ice nucleation 

Examination of ice nucleation by in situ methods involves experimental setups that couple 

temperature and humidity control of the particle and substrate sample with the desired 

microanalysis technique. Raman, SEM, and STXM have been employed to examine ice 

nucleation in situ. Similar to the multimodal approach discussed in the previous section, the 

supporting substrate on which particles are deposited onto needs to satisfy the instruments 

requirements and show lower water uptake and ice nucleation efficacy compared to the sample 

that is being examined.  

Figure 10.  Ice formation on feldspar surface at -29.5 °C observed with optical microscopy (OM) (panels 

a to c) and collocated atomic force microscopy (AFM) topography (panels d and e). (d) AFM image of the 

same location in (a)–(c) with dashed circle around the area of nucleation. The scale bar indicates 20 μm. 

(e) Expanded view of the identified area of nucleation in (d) depicting a small protrusion within a larger 

pit. The scale bar represents 5 μm. Adapted from Friddle and Thürmer [2020]. 
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2.2.1  Raman spectroscopy to study ice nucleation 

Raman spectroscopy is often used along with OM, making it an excellent choice to monitor 

phase transitions of particles including ice nucleation and chemical composition of aerosol 

particles and INPs. Raman spectroscopy to study particle phase transition is currently limited to 

particles diameters of about 1 µm due to typically applied excitation wavelengths. Although 

surface-enhanced- and tip-enhanced Raman spectroscopy [Bailo and Deckert, 2008; Campion 

and Kambhampati, 1998; Cialla et al., 2012; Zrimsek et al., 2017] can reach resolutions in the 

tens of nanometers, these techniques have yet not been applied to study ice nucleation in situ. 

 A custom-built cold stage applying confocal Raman spectroscopy was designed to detect the 

crystallization of aqueous HNO3 solution droplets forming nitric acid dihydrate and nitric acid 

trihydrate representing a type of polar stratospheric clouds [Knopf et al., 2002]. The same 

Raman-OM setup was subsequently applied to examine changes in composition and ice 

formation in aqueous (NH4)2SO4 and H2SO4 droplets [Knopf et al., 2003]. When applying 

Raman spectroscopy, care has to be taken that the laser light does not significantly warm the 

particle of interest. This could result in composition changes and erroneous freezing 

temperatures. For example, Knopf et al. [2003] monitored potential changes in the recorded 

vibration bands when exposing the droplets to different excitation time periods and using 

different laser powers. Additionally, they measured the melting point of the aqueous droplets to 

infer potential heating due to laser radiation. For aqueous systems these issues may be minor but 

when investigating absorbing species such as soot or certain mineral dust species, the sample or 

particle can significantly heat up and alter the thermodynamic conditions for nucleation (i.e., 

𝑆𝑖𝑐𝑒).  
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 The study of atmospheric ice nucleation has involved the coupling of ice nucleation cells or 

environmental cells to Raman-OM where particles or substrate can be temperature-controlled 

and exposed to desired levels of humidity and, in some cases, reactive gases such as ozone 

[Baustian et al., 2012; Baustian et al., 2013; Baustian et al., 2010; Knopf and Koop, 2006; Mael 

et al., 2019; Roy et al., 2021; Schill and Tolbert, 2013; Wang and Knopf, 2011]. Figure 11a 

provides an example of a setup that allows exposure of deposited particles to different humidity 

levels and reactive gases while controlling the particle temperature [Mael et al., 2019]. A 

humidified flow is typically generated by mixing a dry flow of an inert gas such as N2 with a 

saturated N2 gas flow. A hygrometer at the exit of the environmental cell’s gas flow is applied to 

measure the dew point and as such the water vapor amount present in the cell [Dymarska et al., 

2006; Mael et al., 2019; Wang and Knopf, 2011]. As indicated in Fig. 11b, OM allows visual 

inspection of the droplet or ice crystal in addition to in situ compositional examination by Raman 

spectroscopy.   

Recording of Raman maps allows identification of the INP and its surface features that 

initiated heterogeneous ice nucleation [Schill and Tolbert, 2013; 2014]. For example, Schill and 

Figure 11. Raman microscope application to study ice nucleation. (a) An environmental cell allowing for 

control of temperature of deposited aerosol particles (cold stage) and gas humidity is coupled to the Raman 

microscope. Humidity within the environmental cell is adjusted by mixing a dry and saturated flow of 

nitrogen. In addition, reactive gases can be introduced into the cell. (b) Raman spectra and corresponding 

optical images of ice and water at −25 and 25 °C, respectively. From Mael et al. [2019]. 
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Tolbert [2013] demonstrated that ice formed from the supersaturated gas phase on a spherical 

and glassy organic droplet. Another example is given in Fig. 12 where synthetic sea-salt particles 

were exposed to conditions 𝑆𝑖𝑐𝑒 > 1 [Schill and Tolbert, 2014]. Water uptake and freezing can be 

clearly identified in the visual recording and in the associated Raman spectra (Fig. 12a). This 

further corroborates that ice nucleation commenced in the immersion freezing mode. The 

corresponding line scan of the ice crystal (Fig. 12b) corroborates that the immersion freezing 

INP resides in the center of the ice crystal. Only the center of the line scan shows hydrate and 

sulfate peaks representative of the INP.  

2.2.2 ESEM in situ ice nucleation experiments  

Environmental scanning electron microscopy (ESEM) allows particles and uncoated biological 

and other materials to be examined in a high-pressure (up to 60 hPa) chamber with an electron 

beam. The gas introduced into the chamber can be water vapor, thereby opening the door for 

examination of environmental species and simulation of cloud forming conditions. Reviews on 

the application of ESEM in material sciences and for studying the ice phase are provided by 

[Zhang et al., 2020] and [Pach and Verdaguer, 2022]. 

Figure 12. Immersion freezing from a synthetic sea-salt (SSS) particle as humidity is increased. (a) Images 

of a synthetic sea-salt (SSS) particle ranging from dry conditions until ice nucleation occurred. The size bar 

represents 10 μm. The corresponding Raman spectra are shown below the optical images. (b) Detailed 

Raman spectra line maps of the frozen particle shown in (a) recorded along the crossed line. The SSS 

particle serves as immersion freezing INP, being at the center of the frozen particle as indicated by the 

hydrate and sulfate stretches being only present in the center region. Adapted from Schill and Tolbert 

[2014].  
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 Zimmermann et al. [2007] introduced the first application of ESEM to study heterogeneous 

ice nucleation. They examined silver iodide and two clay minerals for their propensity to induce 

condensation freezing and deposition ice nucleation. The pressure in the chamber was equal to 

the water partial pressure. The lowest particle temperature examined was 250 K due to the 

limited regulation of the water partial pressure by the ESEM. Cooling of the substrates was 

achieved by means of a Peltier element. Calibration of T and RH was performed by 

determination of deliquescence RH of various salts at different temperatures. This pioneering 

study reproduced previous ice nucleation literature data. The authors noted that in some cases 

activation of particles to form ice was not reproducible, i.e., in each experimental run using the 

same particle sample, different particles induced ice nucleation. Also, the activated fraction of 

particles could not be precisely determined since only a small part of the supporting substrate 

was imaged at the magnifications applied.    

 These ESEM ice nucleation studies [Zimmermann et al., 2007; Zimmermann et al., 2008] 

initiated further development of ESEM as a tool to examine the phase transition and ice 

formation by atmospheric particles. Wang et al. [2016] developed an ice nucleation (IN)-ESEM 

platform, shown in Fig. 13, that allows simulation of cloud formation for temperatures as low as 

190 K. With this setup, cirrus cloud conditions and polar stratospheric cloud formation can be 

investigated. Cooling of the sample is achieved using a cryo-cooling stage operated with liquid 

nitrogen (Fig. 13A). The entire cryo-cooling stage within the ESEM chamber is insulated and 

supply lines are evacuated to ensure that no water vapor condenses on the cryo-cooling stage and 

within the ESEM chamber except for the sample area (Fig. 13B). The coldest spot is only the 0.2 

mm2 sample area. Avoiding water condensation outside the field of view ensures that no water 

vapor pressure gradients and thus erroneous RH fields can establish. The amount of water partial 
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pressure in the ESEM chamber is independently controlled by a gas flow system that allows 

mixing of a dry and humidified gas flow of N2. The dew point of this gas mixture is continuously 

monitored by a chilled mirror hygrometer. Temperature and humidity were calibrated by 

measuring melting points of organic compounds and sublimation and growth of ice, respectively. 

Figure 13C shows exemplary deposition ice nucleation by a kaolinite clay mineral particle. Ice 

forms preferentially on the edges of the stacked kaolinite platelets and not on their basal planes. 

The authors suggest that the OH terminated edge surfaces of kaolinite platelets are potential ice 

nucleation sites [Wang et al., 2016]. Thus, the chemical differences between the edge and the 

basal plane surfaces might have contributed to their different propensities to nucleate ice. 

In Fig. 14 the ability of IN-ESEM to determine the thermodynamic conditions for ice 

nucleation initiated by kaolinite clay mineral via immersion freezing and deposition ice 

nucleation is demonstrated [Wang et al., 2016]. The measurements are in agreement with 

previous OM based measurements [Knopf et al., 2010; Wang and Knopf, 2011]. Since the entire 

sample area can be monitored, this IN-ESEM setup allows for INP identification and tracking 

when repeating ice nucleation experiments. Hence, it allows for a multimodal analytical 

Figure 13. Ice nucleation cell implementation in an environmental scanning electron microscope (IN-

ESEM). (A) provides a detailed schematic of the ice nucleation cell and (B) the displays the overall 

experimental layout of the IN-ESEM system including the IN cell within the ESEM chamber and a water 

vapor source (shown to the right) to control the chamber humidity. (C) presents observed deposition ice 

nucleation by kaolinite clay mineral where ice is depicted in brighter grey and the mineral in darker grey 

colors. Adapted from Wang et al. [2016]. 
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approach. In addition to the IN-ESEM experiments, Wang et al. [2016] chemically imaged the 

identified INPs using STXM/NEXAFS and applied Helium ion microscopy to infer the role of 

pores in deposition ice nucleation (shaded area in Fig. 14). Although this study clearly identified 

kaolinite platelets as the location of ice nucleation thereby advancing our understanding of which 

surface features enable ice nucleation, in situ observation of an INAS was not possible. 

In an ice-nucleating substrate-based study, Kiselev et al. [2017] equipped an ESEM with a 

custom-built cold-stage and water vapor supply system to study ice nucleation by potassium-rich 

feldspars. The cold-stage is a double-stage Peltier element coupled to the cold-water chiller 

allowing temperatures as low as 213 K to be reached. The cold sample area within the ESEM 

chamber is 5 ⨯ 5 mm2 in size and the field of view in these experiments is maximum 700 µm in 

diameter. Kiselev et al. [2017] did not determine the ice nucleation onset 𝑆𝑖𝑐𝑒 from the pressure 

Figure 14. Deposition ice nucleation and immersion freezing by kaolinite clay minerals using the ice 

nucleation cell coupled to environmental scanning electron microscope setup (IN-ESEM) (solid and open 

diamonds, respectively) are given as a function of particle temperature and relative humidity with respect 

to ice (RHice). Observed ice formation and water condensation on blank substrates are given as solid and 

open circles, respectively. Grey symbols display previous literature values derived using optical microscopy 

(OM) [Knopf et al., 2010; Wang and Knopf, 2011]. Conditions for pore condensation freezing by pores 7.5 

– 15 nm in size are depicted by the shaded area [Marcolli, 2014]. Solid, dotted, and dashed lines indicate 

the water saturation (RH = 100%), ice saturation, and homogeneous ice nucleation limit [Koop et al., 2000], 

respectively. From Wang et al. [2016].  
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or dew point measurements but rather from measurements of the ice crystal growth rates. As 

shown in Fig. 15A and B, ice nucleates in the vicinity of defect sites such as steps, cracks, and 

inside cavities on the (001) feldspar crystal face. In Fig. 15C an ice crystal forms on the (100) 

face of feldspar. This study shows that ice forms preferentially on high-energy (100) surface 

planes of feldspar. The location of ice crystals in Figs. 15A and B can be attributed to (100) faces 

being exposed in cracks and cavities. Accompanying molecular-scale computer simulations 

corroborate that the stable face of ice on the feldspar (100) surface is the primary prismatic plane 

[Kiselev et al., 2017]. The (100) face of feldspar is hydroxylated and, thus, similar to the case of 

ice nucleation of on hydroxylated side planes of kaolinite, surface OH-groups seem to affect the 

ice nucleation propensity. This study clearly demonstrates the importance of the (100) face of 

feldspar for understanding of its ability to initiate heterogeneous ice nucleation. However, similar 

to other SEM-based ice nucleation studies the resolution is still too low to pinpoint 

unambiguously, the exact location where the critical ice nucleus interacts with the mineral 

surface. Some of the identified features, e.g., steps in cleaved surfaces, are larger than typical 

atmospheric particles. Hence, how many patches of the (100) face will be present on those much 

Figure 15. Application of an environmental scanning electron microscope (ESEM) equipped with a cold-

stage to study the heterogeneous ice nucleation on (001) face of feldspar weathered in carbonated water. 

(A) Identification of ice nucleation sites from several nucleation-evaporation cycles, plotted over the image 

of the bare feldspar face. The greyscale color code gives the time of nucleation (in seconds) with respect to 

the first detected ice crystal. The grey arrow (above the scale bar) shows the location of the initial ice 

formation event that repeatedly occurs in all cycles. (B) Snapshot of the ice crystals nucleated at 233 K in 

the first nucleation evaporation cycle. C: Nucleation of an ice crystal (white arrow) on the inner wall of a 

cavity in the (010) face at 251 K. Adapted from Kiselev et al. [2017].  
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smaller feldspar containing particles? Would nanometer size resolution discover yet other 

features that explain the strong ice nucleation propensity of feldspar? How do the OH-groups 

interact with the adsorbing water and impact water structuring? Of course, these questions can be 

posed for any other application of microanalysis techniques to ice nucleation. It demonstrates 

that application of SEM significantly advances our understanding of the fundamental interactions 

between water and surfaces and as we achieve a closer look on ice nucleation more challenging 

and exciting research questions arise. 

2.2.1 STXM in situ ice nucleation experiments  

Soft X-rays by means of STXM have been successfully employed to observe in situ 

heterogeneous ice nucleation by mineral dust particles composed of either ferrihydrite or feldspar 

in presence or absence of organic matter including citric acid and xanthan gum [Alpert et al., 

2022a]. Alpert et al. [2022a] developed an in situ environmental ice cell or ice nucleation X-ray 

cell (INXCell), that can be mounted into a STXM instrument. The integration of INXCell within 

the STXM chamber is shown in Fig. 16. Key features of this design are the patterned temperature 

sensor on the surface of the silicon nitride membrane and a temperature-controlled ordering 

selecting aperture (OSA) which cools the particle sample area with a jet of cooled N2. The 

temperature sensor is located at exactly at the same location as the deposited particles. To ensure 

that only the particle sample area is the coldest spot with uniform temperature in this setup, the 

INXCell and the particle sample are cooled separately. By guiding a cooled N2 jet towards the 

particle sample area that is about 1-2 K colder than the temperature-controlled INXCell, the 

particles on the membrane inside, and not the silicon frame, are guaranteed to experience the 

coldest temperature. The INXCell has two membranes that seal the cell against the STXM 

vacuum chamber that is maintained at ~10-3 hPa whereas inside the humidified environment of 
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the cell, the pressure is maintained at 150 hPa. Calibration of 𝑆𝑖𝑐𝑒 was performed similarly to 

methods applied in OM studies [Alpert et al., 2011; Wang and Knopf, 2011] where the growth 

and sublimation of ice crystals are monitored to determine 𝑆𝑖𝑐𝑒 = 1. At this instance, the dew 

point in the INXCell equals the particle temperature.   

Figure 16b and c display the emergence of an ice crystal that has formed from droplets 

containing ferrihydrite particles serving as INPs [Alpert et al., 2022a]. At constant water partial 

pressure, cooling the sample by 0.2 K yields rapid ice crystal growth. For initial monitoring of 

ice formation, a coarser resolution might be used. 

The ability to visualize the ice crystal and to conduct NEXAFS on the ice crystal residuals 

and non-ice nucleating particles is depicted in Fig. 17 [Alpert et al., 2022a]. Ferrihydrite particles 

coated with citric acid served as INPs. The shrinking ice crystal was observed using a coarse 

Figure 16. (a) Schematic configuration of the ice nucleation X-ray cell (INXCell) within the scanning 

transmission X-ray microscopy (STXM) chamber. The order selecting aperture (OSA) is temperature 

controlled and cools a gas jet that impinges on the back of the sample holder. Particles inside the INXCell 

(circles) are exposed to humidified air and cooled by the impinging gas jet. The INXCell is mounted on a 

circuit board that is connected to the lithographically fabricated temperature sensor on the sample substrate 

with a thickness of 40 nm. An optical microscope image of this sensor is displayed. Transmitted X-rays 

were detected using a phosphor screen coupled with a photomultiplier tube (PMT). A 40 nm aluminum 

layer was condensed onto the reverse side of the sample membrane to increase the lateral thermal 

conductivity. (b) and (c) Coarse mode resolution X-ray imaging (the sample area is about 200 µm across) 

to track ice crystal growth. Vertical bars indicate temperature sensor within the membrane. Adapted from 

Alpert et al. [2022a]. 
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resolution and carbon pre-edge energy of 280 eV to be sensitive to the presence of inorganic 

matter (Fig. 17 a and b). Subsequently a higher spatially resolved X-ray image is acquired at 

288.6 eV, typical of carboxyl functional groups (Fig. 17 d). Figure 17e and f show NEXAFS 

spectra at the carbon K-edge and iron L2,3-edges, respectively, of the ice crystal residual particle 

and a particle that was not involved in ice formation, i.e., outside the marked area of the 

sublimating ice crystal (Fig. 17b-d). Both NEXAFS spectra show nearly identical spectral 

features indicating the presence of ferrihydrite (Fig. 17e) and citric acid with the carboxyl group 

at 288.6 eV (Fig. 17f). Given the resolution of ~35 nm in these experiments, no significant 

difference between the INP and non-INP is evident, a similar finding as in previous 

microanalytical studies of INPs [Alpert et al., 2022b; China et al., 2017; Knopf et al., 2014; 

Knopf et al., 2022; Lata et al., 2021]. Alpert et al. [2022a] suggest that ice nucleation proceeded 

randomly with larger particles having a greater chance to serve as INPs than smaller particles.  

Figure 17. Observation of ice nucleation and spectroscopic identification of ferrihydrite particles coated 

with citric acid using scanning transmission X-ray microscopy with near-edge X-ray absorption fine 

structure spectroscopy (STXM/NEXAFS). (a)–(c) A sequence of X-ray images at 280 eV displaying a 

sublimating ice crystal. The dashed lines represent the ice crystal boundaries. (d) An X-ray image at 288.6 

eV showing the ice crystal boundaries, residual particles after sublimation, and organic rich particles across 

the sample. The scale bar shown in (d) is 2 µm and valid for all images. NEXAFS spectra for an ice crystal 

residual particle and a non-ice nucleating particle recorded at the iron L2,3-edges shown in (e) and carbon 

K-edge shown in (f). Adapted from Alpert et al. [2022a].  



Confidential manuscript submitted to replace this text with name of AGU journal 

34 

 

These initial results using STXM to examine ice nucleation are an important step forward to 

advancing fundamental understanding of ice nucleation. The resolution of STXM is typically in 

the range of 20-50 nm meaning that it may just reach the upper limit of the surface area that 

determines the site of ice nucleation (Fig. 3). STXM will likely allow for higher resolution 

studies compared to SEM due to a lesser beam radiation effect on samples and water vapor. As 

in the case for OM- and SEM-based ice nucleation studies, a field of view to observe the entire 

cold sample is necessary. Consequently, instrument resolution need to be lower than what could 

actually be achieved, making sample configuration and characterization critical for high-

resolution chemical imaging of ice nucleation. 

The above examples demonstrate how microanalysis techniques have advanced our 

understanding of heterogeneous ice nucleation. Although the necessary resolution for monitoring 

the critical ice nucleus has not yet been achieved, the advancement of these microanalysis 

techniques has allowed us to identify physicochemical surface features and particle properties 

that contribute the ice nucleation ability of atmospheric particles. Ice nucleation by kaolinite and 

feldspar minerals depends on cracks, cavities, specific crystal lattice faces, and hydroxylated 

surfaces. Organic matter, rich in carboxyl functional groups, present in laboratory-generated and 

ambient atmospheric particles is involved in ice formation. INPs identified in ambient particle 

samples do not show unique physicochemical particle features compared to the majority of the 

particles in the sample. The same observation holds for laboratory-generated samples of 

inorganic/organic particles that serve as INPs. Although the study of INPs by microanalysis 

techniques is still in its infancy, the current results indicate that the search for the INP in a 

particle population is not one of finding the needle in the haystack but rather determining 

whether it is a larger or smaller piece of hay in the haystack. Clearly, it is too early for a 
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conclusion on this matter, thereby opening up exciting possibilities for new science in 

developing and applying microanalysis techniques to understanding of atmospheric ice 

nucleation.    

3 Application of microanalysis techniques to study ice crystal growth and sublimation  

ESEM has allowed the detailed study of ice crystal shapes under growth and sublimation 

conditions and when ice crystals contact each other [Cascajo-Castresana et al., 2021; Chen et 

al., 2017; Magee et al., 2021; Magee et al., 2014; Nair et al., 2018; Pach and Verdaguer, 2022; 

Pedersen et al., 2011; Pfalzgraff et al., 2010].  

Variable-pressure SEM obtained high-resolution images of growing and sublimating 

hexagonal ice surfaces presented by Pfalzgraff et al. [2010] show “growth strands” in the center 

of the prismatic face which get smoother towards its edges. During sublimation, however, 

“ablation strands” form on the prismatic face but close to its edge where there were deeper 

grooves. This study points out that the formation of ablation strands during ice crystal 

sublimation could result in greater reflectivity of cirrus clouds.  

Using ESEM, Nair et al. [2018] examined sublimating ice crystals in detail. Under 

subsaturated conditions, the general sublimation behavior involved prismatic etch pits arising 

during the early stages, followed by ridge formation and the hollowing of basal planes. Figure 18 

presents a suggested mechanism of the preferential crystallographic sublimation of an ice crystal 

that involves three key steps: initial random desorption, kink formation along the prismatic 

planes, and, finally, the subsequent ridge formation due to the coalescence of these kinks [Nair et 

al., 2018]. Furthermore, the authors observed that the ridge length (λ0 in Fig. 18) showed a 

power-law relationship with the pressure deviation from saturation. For less subsaturated 

conditions the ridge spacing was larger than for greater subsaturated conditions. 
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 Pedersen et al. [2011] observed that when ice crystals grow in contact, they form an ice grain 

boundary that induces a surface transition on the facets in contact and does not propagate across 

the facet edges. A similar study by Cascajo-Castresana et al. [2021] observed the same 

phenomenon as shown in Fig. 19. These dislocations, appearing like grooves or waves, occur far 

(10 to 100 µm) from the contact point of the two growing ice crystals. Pedersen et al. [2011] 

interprets these observations as an “avalanche of dislocations” propagating away from the 

original dislocation. This viewpoint is supported by the theory of dislocation-mediated melting 

Figure 18. Ice crystal morphology changes upon merging of isolated crystals (crystal A and B) during 

growth. Upon the ice crystals making contact, the crystal planes show polycrystalline topography with a 

large density of grooves. From Cascajo-Castresana et al. [2021]. 

Figure 19. Conceptual mechanism to explain the preferential crystallographic sublimation on an ice crystal. 

This involves initial random removal of material, followed by sublimation of the basal planes resulting in 

the hollowing of etch pits parallel to the c axis. Kinks form since the sublimation along the secondary 

prismatic planes is thermodynamically less favorable. The kinks adjoining the basal and prismatic planes 

form as adatom mobility is impeded by the prismatic plane. Ultimately, these kinks coalesce to form ridges 

perpendicular to the basal plane with ridge length λ0. The basal plane remains mesoscopically smooth. From 

Nair et al. [2018].  
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that has suggested these continuous melting transitions [Dash, 1999]. These deformations of the 

crystal facet likely affect the crystal’s optical properties and the nature and size of the surface 

thereby influencing heterogeneous (gas-to-surface) processes. 

 Ice crystal shapes under typical atmospheric growth and sublimation conditions were studied 

by Magee et al. [2014] due to their relevance for ice crystal optical properties. ESEM allowed 

them to study in detail the mesoscopic roughness of ice crystals. Figure 20 shows the surface 

roughness of ice crystals under growing and sublimating conditions [Magee et al., 2014]. Figure 

20a displays distinct surface roughness on the basal facets and prism facets of the growing 

crystal. Microfaceting on basal and prism facets was also observed as shown in Fig. 20b 

although it was only observed during steady growth at temperatures below -35 °C. Ice crystal 

facets display very different surface roughness upon sublimation as evident from Fig. 20c and d.  

In this case, concave and scalloped depressions develop away from the original surface. 

Scalloping is often initiated at the site of roughness produced during previous growth. The 

sublimation process also seemed to occur outward from multiple centers, often at the site of a 

former ridge or ledge.  

Figure 20. Environmental scanning electron microscopy (ESEM) images of mesoscopic surface 

topography of growing ice crystals (a and b) and sublimating ice crystals (c and d). Adapted from Magee 

et al. [2014]. 
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 In a follow-up study Magee et al. [2021] captured ice crystals in a cirrus cloud for 

ESEM/EDS analysis during the Ice Cryo-Encapsulation by Balloon (ICE-Ball) experiment. The 

balloon borne crystal catcher payload consists of cryo-vessels with sweep tubes that open to 

capture and store ice crystals in small, hermetically sealed cryo-encapsulation cells. Imaging of 

thousands of cirrus particles revealed diverse and unanticipated particle morphologies, ice crystal 

habit heterogeneity, and multiple scales of mesoscopic roughening.  

 Aerosol particles embedded in ice crystals were also observed [Magee et al., 2021] as 

displayed in SEM images of ice crystals captured in cirrus clouds (Fig. 21). An ice crystal rosette 

is depicted in Fig. 21a. Contrary to the ice crystal habit diagram shown in Fig. 4, the collected ice 

crystals show much greater complexity with surface pits and mesoscopic surface roughening. 

Figure 21b shows various ice crystals to which aerosol particles visible as white small dots are 

Figure 21. Captured cirrus ice crystals for cryo-scanning electron microscopy (cryo-SEM) and energy-

dispersive X-ray spectroscopy (EDS). (a) A rosette with mixed-aspect crystals and several geometric 

surface pits and high mesoscopic roughening. (b) Ice crystals with embedded aerosol particles (white spots 

on crystal faces). (c) Shallow hollowed trigonal ice particle with iron-rich embedded aerosol. The EDS 

spectrum of the iron-rich aerosol is given on the right hand side of (c). Adapted from Magee et al. [2021]. 
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attached. Lastly, an iron-rich aerosol particle (Fig. 21c) adhering in the shallow hollow of a 

trigonal single ice crystal was identified by means of EDS analysis.   

 Application of ESEM for ice crystal growth and sublimation studies clearly has generated 

detailed insights into the evolution of ice crystals and demonstrated that ice crystal habits on the 

microscale can be tremendously complex. Classical ice crystal habit diagrams, such as shown in 

Fig. 4, obtained typically with optical microscopy, do not capture the intricate nature of ice 

crystal facet surfaces that can include mesoscopic roughening, surface pits, strands, and grooves. 

All these features can influence ice crystal’s optical properties and physical interaction and 

chemical reactivity with gas-phase species. 

4 Experimental requirements and challenges 

Microanalysis techniques to study ice nucleation and ice crystal growth have only gained traction 

in the last 15 years. Thus, this research area is expected to continue to evolve. This year’s 

successful quantitative observation of ice nucleation in a STXM instrument is a clear indication 

of the advancement of microanalyses in studying atmospheric ice nucleation and ice crystal 

formation. In the this section, the sample requirements, radiation effects, and the role of standard 

INPs, are briefly summarized.  

4.1 Sample preparation 

When studying ice nucleation, sample supporting substrates suitable for the various 

microanalysis techniques must not interfere with the ice nucleation process. In other words, the 

supporting substrate should be more hydrophobic and less ice nucleation active compared to the 

particles or substrate being examined. This is specifically true when studying homogeneous ice 

nucleation which requires substrates that remain inert with regard to ice formation for 
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temperatures as low as ~235 K [Knopf, 2003; Knopf and Lopez, 2009; Knopf and Rigg, 2011]. 

When studying colder homogeneous freezing temperatures, a non-substrate approach is most 

suitable [Amaya and Wyslouzil, 2018; Laksmono et al., 2015]. Water droplets-oil emulsions have 

been employed to study ice nucleation, allowing the observation of a large number of 

micrometer-sized droplets separated by oil [Reicher et al., 2018; Riechers et al., 2013; Shardt et 

al., 2022; Stan et al., 2009; Tarn et al., 2021]. However, currently, this approach excludes the 

application of microanalysis techniques described here.  

For Raman studies, typically hydrophobically coated glass or quartz slides are employed 

[Knopf, 2003; Knopf et al., 2002; Knopf et al., 2003]. Silicon nitride coated silicon wafer chips 

are suitable for studies of heterogeneous ice nucleation by deposited particles [Knopf et al., 2022; 

Lata et al., 2021; Wang et al., 2016]. For STXM applications, silicon nitride-coated Si frames 

can be used for ice nucleation studies, although due to membrane thickness of only ~100 nm, 

sample handling is difficult and ensuring temperature homogeneity across the membrane, is 

challenging [Alpert et al., 2022a; Knopf et al., 2014].    

4.2 Sample size for ice nucleation studies 

The sample size affects the experimental procedure and results in various ways. The sensitivity 

of ice nucleation is determined by how many particles can be observed at the same time. For 

example, in a sample with 100000 deposited particles, observing one ice nucleation event, places 

the detection limit at 10-5. This is a very low detection limit representing an inherent strength of 

the particle-on-substrate approach when studying ice nucleation. If freezing kinetics are to be 

determined, the greater the number of observed ice nucleation events, the smaller the uncertainty 

due to the stochastic nature of nucleation process [Alpert and Knopf, 2016; Knopf et al., 2020; 
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Koop, 2004; Koop et al., 1997; Pruppacher and Klett, 1997]. This requirement necessitates 

repetition of experiments to increase the number of observed ice nucleation events. 

 As discussed in the case of multimodal and in situ ice nucleation studies, typically the entire 

sample area is observed to determine which particle or at which location ice crystals formed 

initially. This allows for subsequent in detail examination and relocation of the particle or 

surface feature that initiated the ice nucleation. However, if the sample area is large, 

necessitating a large field of view, instrument resolution is usually low, thereby eliminating the 

main capability of the instrument. For this reason, a compromise in design of the sample stage 

and experimental procedure must be made to ensure that the entire temperature-controlled 

sample area can be visualized. The very first experiment should establish that ice indeed forms 

only on the sample stage on which the supporting substrate is mounted. As such the design of the 

cold stage must be the coldest area in the experimental setup. If ice forms outside the sample 

area, the humidity field above the sample can be distorted. The same holds true when a specific 

sample area is investigated for ice formation at greater magnification, but an ice crystal forms 

outside the field of view. In this case, the humidity above the visualized sample section may not 

be the one set for the observed conditions. In other words, as soon ice forms and the ice crystal 

grows, it depletes the water partial pressure resulting in pressure differences across the sample. 

At 1 atm and 253 K and a diffusion coefficient of water vapor of about 0.18 cm2 s-1, the steady 

state concentration profile around a 10 µm particle establishes after 3.4⨯10-7 s [Seinfeld and 

Pandis, 1998]. This concentration profile will then govern the flux of water molecules towards 

the sink, here, the low-pressure or water vapor depleted region around the ice crystal. Hence, the 

adjustment of the concentration profile and subsequent transport of water molecules can be 

assumed to occur more rapidly than the detection of the resulting effects. Those include 
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evaporation of droplets or the necessity of significant increase in humidity to initiate the next ice 

nucleation event. For this reason, if the thermodynamic conditions under which ice nucleation 

proceeds are crucial measurement parameters, typically only the first ice nucleation event is 

considered in the analysis [Alpert et al., 2022a; Dymarska et al., 2006; Knopf et al., 2014; Wang 

and Knopf, 2011; Wang et al., 2016]. 

4.3 Beam induced radiation effects 

The energy deposited onto the substrate or particle by the excitation source can impact the 

temperature of the particle and in the worst-case scenario result in compositional alterations. 

Significant warming of the sample can alter the sample’s propensity to initiate ice nucleation. 

For example, at 253 K, a sample warming by 1 K, can alter 𝑆𝑖𝑐𝑒 by 10%. Hence, careful 

corroboration of sample warming upon radiation exposure has to be conducted for different 

beam energies before examining ice nucleation processes. This will also depend on the absorbing 

nature of the sample being examined. 

 Laser light as excitation source for Raman scattering can deposit energy, thus, heat onto a 

particle or substrate sample. This depends on the absorbing nature of the examined material. The 

radiation effect causing sample warming can be assessed by measuring melting points of organic 

liquids and ice for different laser power and exposure times [Knopf et al., 2003]. Changes in 

spectral features, e.g., the surface area of a vibration band, for different laser exposure at constant 

temperature can also indicate potential heating and compositional changes of the sample.   

 When using ESEM to examine surface features serving as sites for ice nucleation and to 

determine nucleation kinetics, the electron beam can affect these measurements by its effect on 

water. The electron beam used in SEM application may induce dissociation of water molecules 

when studying water-substrate interactions [Bjornehohn et al., 2016; Hodgson and Haq, 2009; 
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Pach and Verdaguer, 2022; Tamtogl et al., 2021]. Higher beam energies needed to achieve 

greater resolution will consequently yield more water dissociation likely impacting the humidity 

field and the secondary electron emission and detection. Such radiation effects are the likely 

main reasons why resolution when studying ice nucleation can be limited. This phenomenon 

raises the question of whether an electron beam approach can be used to image the location of 

the critical ice nucleus at nano- and subnano-scales to resolve the physicochemical nature of an 

INAS. 

 AFM might provide an alternative method to study atmospheric ice nucleation and ice crystal 

growth in the future [Thürmer and Nie, 2013]. This method does not suffer from beam radiation 

effects. Recent developments demonstrate the capability of AFM to monitor the growth of 2D 

ice layers [Ma et al., 2020] and multilayer ice [Peng et al., 2022]. These studies apply non-

contact AFM and qPlus-AFM that uses functionalized tips that allow direct imaging of the 

chemical structure of molecules with single bond resolution [Peng et al., 2022]. Furthermore, 

Chasnitsky et al. [2023] developed a new AFM setup that allows to image ice crystal surfaces in 

supercooled water containing antifreeze agents at the sub-10 nm scale. Successful application of 

AFM to ice nucleation and growth will depend on cantilever tip design, operating mode, and low 

noise sensors [Peng et al., 2022]. 

4.4 Standard ice-nucleating particles 

INPs with defined ice nucleation properties and exactly determined surface area would greatly 

benefit ice nucleation research by allowing assessment of our predictive understanding of ice 

nucleation and evaluation of ice nucleation instrument performance. Two ice nucleation 

measurement intercomparison studies that included up to 17 different instruments have been 

conducted in recent years [DeMott et al., 2018; Hiranuma et al., 2015]. Illite NX and potassium 
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feldspar mineral dusts, two natural soil dusts, and bacterial matter served as test INPs to assess 

the performance of the various instrumentation. In the case of illite INPs, differences in INAS 

density of about three orders of magnitude among the instruments were observed [Hiranuma et 

al., 2015]. As one of the many outcomes of the intercomparison study described by DeMott et al. 

[2018] was the requirement of knowing the accurate size of INPs being probed by the 

instruments. Clearly, even when employing commercially available particles derived from 

natural resources (like minerals), on a nanoscale resolution the particles will likely not exactly 

resemble each other, leading to further uncertainties in the evaluation of ice nucleation 

instrumentation and our understanding of ice nucleation processes. 

 Artificially generated standard surfaces and particles with well-controlled nanoscale 

physicochemical properties will allow the systematic study of ice nucleation. Microanalysis 

techniques will play a crucial role in characterizing the chemical nature of such standard surfaces 

and for determining the surface area accurately. Ice-nucleating substrate surfaces where specific 

chemical or morphological features are located within nanoscale resolution will provide the 

means to evaluate the fundamental processes of ice nucleation [Knopf et al., 2020]. This 

approach has currently only been attempted in molecular dynamics simulations [Cabriolu and Li, 

2015; Cox et al., 2015; Croteau et al., 2010; Lupi et al., 2014; Qiu et al., 2017; Sosso et al., 

2016; Zielke et al., 2016]. Design of artificial substrates will allow the region where ice 

nucleation commences to be confined, thereby decreasing the necessary field of view and 

increasing the observational resolution. This should facilitate optimization of the microanalytical 

detection method. 

 Assuming the existence of a standard INP that has an accurately defined ice nucleation 

efficiency and exactly known surface area, how would immersion freezing results look like when 
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employing these INPs? Application of a Monte Carlo method of 105 freezing simulations, Knopf 

et al. [2020] discuss the expected results of isothermal and constant cooling rate immersion 

freezing experiments when using INPs with perfectly the same surface area. Figure 22 shows 

these sensitivity results for isothermal, where the temperature is held constant, and constant 

cooling rate, where the sample of droplets are cooled at a constant rate, experiments using 

droplets that contain one INP with the same surface area. As time passes or the droplet sample is 

cooled, more and more of the initial liquid droplets freeze, thereby changing the unfrozen (UNF) 

and frozen fraction (FF) of droplets in the sample. Since the UNF and FF are exponential 

functions of 𝐽ℎ𝑒𝑡, a log-linear dependency of UNF with time is expected for isothermal freezing 

experiments and a sigmoidal curve for FF is expected for constant cooling rate experiments (Fig. 

22a and b) [Knopf et al., 2020; Pruppacher and Klett, 1997]. It is evident that a smaller number 

Figure 22. Application of standard INPs that have exactly the same surface area and ice nucleation 

efficiency in immersion freezing simulations using 30, 100, and 1000 observed freezing events of droplets 

depicted as light, intermediate, and dark grey colors, respectively. Isothermal and constant cooling rate 

freezing experiments are depicted in (a) and (c) and (b) and (d), respectively. Sensitivity of uncertainties in 

unfrozen fraction, frozen fraction, and heterogeneous ice nucleation rate coefficients, 𝐽ℎ𝑒𝑡, are displayed. 

The shading in unfrozen and frozen fraction curves in (a) and (b), respectively, represent 5th and 95th 

percentiles. The shadings in (c) and (d) represent the upper and lower fiducial limits of the derived 𝐽ℎ𝑒𝑡 

values. From Knopf et al. [2020].  
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of observed ice nucleation events results in a larger uncertainty of UNF and FF. Hence, the 

stochastic nature of ice nucleation would still impose significant uncertainties, i.e., data scatter, 

in the experimental results. Thus, even with a standard INP at hand, a sufficiently large number 

of freezing events have to be observed to minimize uncertainties. Figure 22c and d show the 

corresponding 𝐽ℎ𝑒𝑡 values for isothermal and constant cooling rate experiments, respectively. The 

derived 𝐽ℎ𝑒𝑡 values represent constant 𝐽ℎ𝑒𝑡 values for isothermal freezing experiments and a log-

linear dependency of 𝐽ℎ𝑒𝑡 on temperature for the constant cooling rate experiments. The greater 

the number of observed freezing events, the smaller the uncertainty in 𝐽ℎ𝑒𝑡. Since statistically, 

most of the droplets freeze around the median of the UNF or FF the corresponding uncertainties 

are lowest at that point. Whereas the few freezing events that occur at shortest and longest times 

or warmest and coldest temperatures yield greatest uncertainties. Hence, even when applying 

INPs with perfectly controlled and characterized surface area, some scatter in the freezing data 

can be expected if immersion freezing follows CNT. Hence, standard INPs will allow for careful 

evaluation of the application of CNT or INAS based parameterizations and determine their 

scalability to atmospheric processes.    
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