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Abstract

:

The classical nucleation theory for immersion freezing was used for the simulation of ice nuclei particle activation under atmospheric conditions. A modification of the surface diffusion energy was introduced that was based on the concept of a two-dimensional diffusion of the adsorbed molecules on the surface of the substrate. Comparison with available laboratory data for kaolinite dust and bacteria cells were performed and qualitative agreement of ice nucleation onset was found. Simulations were performed for specific airborne microorganisms including P. syringae. Additionally, model simulations were performed for a set of 140 different bacteria. Model simulations showed that bacteria activation occurs in the atmosphere, which may be enhanced at lower temperatures. Increasing pre-existing available surface for ice nucleation resulted in higher nucleation probability in agreement with experimental observations. The current study showed that a critical parameter for the determination of IN is the value of the contact angle between the substrate and the critical cluster. Comparison with available parameterizations for P. syringae and dust particles was also performed, and classical nucleation theory showed similar nucleation rates in the temperature range of laboratory experiments from which the parameterizations were derived. In addition, a correction factor to bulk surface tension was applied for small ice clusters. Higher nucleation rates were calculated from this correction by a few orders of magnitude but their effect on nucleation probability was not significant. The classical nucleation theory is based on physical principles and can be further incorporated in General Circulation Models to determine the IN activation in the atmosphere for a mixture of different pre-existing particles including bacteria cells and dust.






Keywords:


ice nucleation; heterogeneous nucleation; surface diffusion; immersion freezing












1. Introduction


Cloud formation is an essential component of the climate system, and their dynamics are directly linked to the earth’s radiative balance and hydrological cycle [1]. Even though the importance of clouds is crucial in the understanding of climate dynamics, some aspects of their formation, such as the initial formation of ice nuclei, remain still not very well understood. The formation of ice inside clouds has an influence on cloud radiative properties and therefore indirectly on weather and climate [1,2]. Inside tropospheric clouds, the water partial pressure is higher than the saturation vapor pressure in relation to ice and the temperatures occurring are lower than the ice melting point, and are defined as supercooled temperatures. Cirrus clouds, which cover close to 30% of the Earth’s surface, are especially important in the global radiation balance [3].



Ice formation in clouds can occur through different ice nucleation mechanisms. Heterogeneous ice nucleation may occur through different mechanisms, which are the deposition, condensation, immersion, and contact modes [2]. In the immersion mode, the ice nucleation (IN) starts immersing inside the droplet, which is in contact with a pre-existing particle at temperatures warmer than 0 °C. This process makes the immersion mode a very important pathway for IN in the atmosphere which occurs at warmer temperatures than the other modes.



Field measurements have shown that the occurrence of ice nuclei (INP) is rare compared to the formation of cloud condensation nuclei (CCN) [2]. Laboratory and field studies also revealed the ability of dust particles and microorganisms to act as INPs [1,2,3,4,5,6]. Among different microorganisms, Pseudomonas syringae has a very good ice nucleation potential [7,8]. The dependence of ice nucleation on surface coating was studied by, among others, Chernoff and Bertram [9], and they found that the H2SO4 coating of mineral dust particles leads to an increase in the contact angle. However, no effect was observed applying a surface coating to SNOMAX (cells of P. syringae).



Different approaches have been used to describe the mechanism of immersion freezing nucleation. Alpert and Knopf [10] described the variability of ice active sites on the surface of the pre-existing particles that act as ice nuclei. A stochastic model was introduced that accounted for variable INP surface area to reproduce the time and surface area in relation to immersion freezing experiments. Kaufmann et al. [11] suggested corrections to the heterogeneous classical nucleation theory (CNT) introducing a pre-factor to the rate coefficient of the nucleation rate as a second parameter in addition to the contact angle to interpret refreeze experiments with water droplets. A factor that has also been studied in CNT is the effect of elastic strain introduced in an ice embryo arising from the misfit between the ice and the substrate lattice of the pre-existing particle [2,12].



Furthermore, Chen et al. [13] were able to parameterize the main components of the classical ice heterogeneous nucleation rate using laboratory data for different substrates such as soot and specific bacteria. The contact angle was recognized to be the most important free parameter of the theory. In addition, Hartmann et al. [14] developed a simple parameterization for the determination of the nucleation probability of P. syringae in the temperature range between −5 °C and −38 °C.



Wheeler and Bertram [15] studied experimentally the deposition nucleation on mineral dust particles and found that CNT using a single contact angle does not fit the whole range of data. They proposed a distribution of contact angles and a model of active sites to fit the experimental data as an alternative approach. The determination of contact angles for several mineral components was also reported by [16], which can be further used in atmospheric simulations.



Furthermore, Sahyoun et al. [17] applied a number of parameterizations for the determination of the nucleation ice probability of bacteria in the atmosphere and their further use in climate models. Their sensitivity to input parameters was considered high, and the authors recommended a careful assessment of the number of INP bacteria for evaluating their impact on cloud formation and climate. Alternative parameterizations were also proposed in the literature such as the work by Ullrich et al. [18]. They found large deviations with respect to the ice deposition nucleation derived from CNT.



Parameterization for immersion freezing on desert dust particles was developed by Niemand et al. [19] (2012) based on cloud chamber measurements. Fan et al. [20] applied a temperature-dependent parameterization for immersion freezing in mixed-phase clouds. Primary biological aerosol particles, which are first activated as CCN, can further act as INP [21,22]. However, particles that can serve as INP may differ from those acting as CCN. INPs have similar bonding to ice and usually are insoluble in water [1].



Vertical mixing in atmospheric models has to implement detailed microphysical modeling including a reliable model for CCN and IN formation. The use of CNT in General Circulation Models (GCMs) with appropriate detail for the contact angle values, even though this requires extensive computation time, allows a reliable physical description of the activation processes based on the theory of first-order phase transitions. A numerical study of contact angle parameterization for immersion freezing was performed by Ickes et al. [21] using CNT. Similar parameterizations for different minerals were adopted for use in GCMs. However, Hummel et al. [23] showed in simulations using the COSMO-ART model that the effect of primary biological particles on the formation of ice crystals in clouds was not significant due to their low atmospheric concentrations.



In the current work, CNT for ice immersion freezing was applied to study IN activation, including airborne microorganisms and dust particles. A correction factor to bulk surface tension was applied for small ice clusters, as well as a new approach for surface diffusion. CNT is a powerful methodology that can provide a realistic simulation of IN activation in atmospheric conditions.




2. Theory of Nucleation


Theory of Immersion Freezing—Mathematical Formulation


IN activation during immersion freezing in the atmosphere can be described with the use of the classical theory of ice heterogeneous nucleation as described by [2]. The heterogeneous ice nucleation rate Jhet (embryos −2 s−1) can be expressed as:


   J  h e t   =   k   T  h    n   e x p  (  −   Δ  F  d i f f      k B    T    )    e x p  (  −   Δ G  ( T )      f  (  m , x  )     k B    T    )   



(1)




where kB is the Boltzmann constant, h is the Planck constant, T is the temperature in Kelvin (K), and n is the number density of water molecules at the interface between the water and the critical ice nucleus. In the current study, we have adopted a value of n = 5.85 × 1018 m−2 [2]. In addition, ΔFdiff is the diffusion activation energy for a water molecule passing the water–ice interface. The ΔFdiff can be expressed as [24]:


  Δ  F  d i f f   =   k    T 2  E      (  T −  T o   )   2     



(2)




where E = 892 K and To = 118 K.



An alternative approach to determining the diffusion activation energy can be based on the concept of the adsorbed molecules on the surface of the substrate as a two-dimensional solution [25,26,27] incorporated a diffusion coefficient D (D = δ2/(4 τD)) for the movement of molecules on the surface of the substrate, where δ is the mean jump distance and τD the average jump time from site to site. The thermal motion of the molecules is similar to the motion of particles in an ordinary three-dimensional liquid. In the calculation of the nucleation rate the number of molecules that impinge on an embryo per unit time is given as [26]:


   R  a a   =   2   π    R p    sin ϕ    (     N a  a d s      υ ¯   π   )   



(3)




where the number concentration of adsorbed molecules can be expressed as    N a  a d s   =   β   τ  (molecules/m2),    υ ¯    is the average velocity of the adsorbed molecules on the surface of the aerosol particle; and   cos ϕ =    (   R p  − r   m  )  /    (   R p 2  +  r 2  − 2 r    R p    m  )    1 / 2    , where m = cos(θ), m is the contact parameter, θ refers to the contact angle of the ice embryo on the pre-existing particle, r is the radius of the embryo, and Rp is the radius of the aerosol particle [26]. The function τ refers to the time that a molecule spends on the surface of the solid particle, given by   τ =  τ ο    e x p  (     E o    R   T    )   , where Eo is the latent heat of fusion. The characteristic time scale τo is the inverse vibrational frequency of two harmonically-bound molecules (   τ o  = 2   π    m μ  1 / 2      (     d 2  U   d  r 2     )    − 1 / 2    ), where U is the Lennard-Jones intermolecular interaction potential and mμ is the reduced mass [26].



In addition, ΔG(T) is the Gibbs free energy for the formation of the critical embryo and can be expressed in CNT as:


  Δ G  ( T )  =  2 3    π    r  * 2      γ  s l     f  (  m , x  )   



(4)




where r* is the critical radius of the embryo and γsl the surface tension between the ice and the liquid phase.



The ice cluster radius that includes i* molecules is given by:


   r *  =   2    γ  s l   υ   − Δ μ    



(5)




where υ is the molecular volume of water in ice and   Δ μ   is the difference of the chemical potentials between the ice phase (cluster) and the liquid phase and is related to the ice saturation ratio.



In addition, the factor f(m,x) is expressed as:


  f  (  m , x  )  = 1 +    (    1 − m   x  g   )   3  +  x 3   [  2 − 3  (    x − m  g   )  +    (    x − m  g   )   3   ]  + 3   m    x 2   (    x − m  g  − 1  )   



(6)






  g =    (  1 +  x 2  − 2   m   x  )    1 / 2   ;   x =    R p     r *     



(7)







A more practical indicator for the determination of IN activation in the atmosphere is the nucleation probability which refers to the probability of an ice embryo appearance [28,29]:


  P = 1 − exp  (  −    ∫ 0 τ   J   d t     )  = 1   −   exp ( − k t )  



(8)




where τ is the time period in which the IN activation is studied. A value of 1 s was used in this study. This is the lowest time interval, as activation processes in the atmosphere may last quite longer. However, the activation process is mainly governed by the nucleation rate values. The activation probability in the case of thermodynamic theory has a similar expression with the replacement of the nucleation rate J with the activation rate constant k as shown also in the above equation. In the calculations performed in the current work the formulation for the nucleation rate using the new approach for the surface diffusion was adopted.



Figure 1 shows the temperature variation of the Gibbs free energy (ΔG) for embryo formation and the diffusion activation energy (ΔF). A considerable decrease in the Gibbs free energy is calculated using CNT at lower temperatures. Ickes et al. [21] reported values of ΔF close to 5 × 10−20 Joules, which is in agreement with the predictions using the parameterization of Zorbist et al. [23], which is used in the current study. Chen et al. [13] also reported values for ΔF close to 12 × 10−20 Joules. Pruppacher and Klett [2] also provided experimentally determined temperature-dependent values for the diffusivity of water molecules in bulk water; and a sensitivity study for the calculation of heterogeneous nucleation was provided by [22]. Furthermore, Ickes et al. [21] showed a number of parameterizations used for the evaluation of the physicochemical properties in CNT for the calculation of ΔG in the range of 230 K–260 K. The range of values ranged on average from 10 to 120 × 10−20 Joules. Similar behavior is shown in Figure 1 based on the current application of CNT. At lower temperatures, there is a decrease in ΔG leading to easier ice formation and therefore to IN activation.



Figure 2 shows the combined conditions occurring among the radius of the pre-existing particle and temperature for IN activation. The simulations were performed for soot particles (θ = 48°; mean size range: 40 nm; [30]) and P. syringae bacteria (θ = 20°; mean size range: 5.8–22.8 μm; [9]). Activation of P. syringae occurs at higher temperatures compared to soot particles, arising from the lower contact angle values. The good IN nucleation potential of Pseudomonas syringae has been reported in several other studies [7,8]. With decreasing ambient temperature, the probability of IN activation increases due to the lower required energy for the formation of the critical clusters, and therefore IN formation occurs at a smaller particle radius.



A comparison between IN CNT and the experimental data of Welti et al. [31] for kaolinite dust is presented in Figure 3. Different values of the contact angle were used for the CNT simulations. Higher probability values per surface area were observed at lower temperatures in qualitative agreement with the predictions of the nucleation theory. Using a single contact angle as the fitting parameter in the CNT model, it was possible to predict the general dependence of the nucleation probability versus temperature but there are considerable differences with the experimental results. In addition, the classical theory predicts a steeper descent in the nucleation probability versus temperature. The possibility that different particles have different adhesion potentials with ice embryos is proposed for more closely simulating the experimental results for different pre-existing particles [20] giving better agreement. However, fluctuations in temperature and relative humidity values in the atmosphere may compensate for this variability. In addition, it is very difficult to determine the possible distribution of contact angle values for the same particles, as well as the distribution of active sites. Furthermore, the data from Welti et al. [31] showed an increase in the nucleation probability with an increase in the particle radius of the pre-existing particles in qualitative agreement with the predictions of CNT.



Another approach using a Gaussian distribution of contact angles in heterogeneous ice nucleation calculations was adopted by Marcolli et al. [32] to better describe the laboratory experimental results for different substrates. A similar approach was adopted by Welti et al. [31] and Wright and Petters [33]. In addition, Wang et al. [34] used a number of contact angle distributions for the simulation of ice nucleation in a global climate model. A better agreement with observations was achieved at temperatures above −20 °C using a distribution model of contact angles.



A further comparison with bacteria samples is presented in Figure 4, using two different contact angles. The contact angle of 14.82° was adopted from [6] to better fit the laboratory data of ice nucleation from single ice nucleation bacteria cells (Yellow pigmented isolate (strain M1) from Israel) measured by Yankofsky et al. [35,36]. The variability introduced using another contact angle (θ = 16°) is shown also, which results in a nucleation onset at a lower temperature. CNT using specific values for the contact angle was able to qualitatively reproduce the temperature dependence of the experimental data for bacteria cells, as shown in Figure 4, versus the nucleation probability, even though the differences in the actual nucleation rate are large. A simulation using a log-normal distribution of contact angles adopting the approach of Wang et al. [34] was also used (mean contact angle θ = 13.6° and standard deviation σ = 0.2). However, the deviations between the experimental data and CNT are large for temperatures above 271 K for this specific set of bacteria cells.





3. Results and Discussion


3.1. Ice Nucleation Simulations at Atmospheric Conditions


CNT ice heterogeneous nucleation for immersion freezing was applied here to simulate IN formation in the atmosphere for bacteria using vertical profiles of temperature from Hamill et al. [37]. As discussed previously, P. syringae is a common ice nucleus [9] in the atmosphere and also a potential candidate for CCN formation at lower altitudes [21]. The ice heterogeneous nucleation rate (embryos/(m2 s)) for two common bacteria in the atmosphere, P. syringae, and P. aeruginosa, was studied, and a mean bacteria radius of 0.3 μm was used in the simulations. The contact angle values used in the simulations were 20o and 106o for P. syringae and P. aeruginosa, respectively [9].



Model simulations predicted that at higher altitudes (6–8 km) P. aeruginosa bacteria have a high nucleation rate (102–104 embryos m−2 s−1), which is mainly attributed to the lower temperatures occurrence, which drastically influences the Gibbs free energy of formation in the critical cluster. At such low temperatures, the size of the critical ice embryo is a few nanometers, and, therefore, ice formation is mainly influenced by the diffusion activation energy [25]. The former refers to the activation of single particles and there is no consideration of the fact that there is a decrease in the concentrations of INPs with height in the troposphere. This is due to the fact that the majority of INPs have an origin at the Earth’s surface. Above the height of 8 km (mean temperature of −38 °C) it is known that homogeneous freezing nucleation dominates over heterogeneous freezing by INPs.



Simulations were also performed for the determination of IN formation for bacteria of a radius of 0.3 μm (θ = 20°) using the two approaches for the calculation of the diffusion activation energy. The first approach of Zorbist et al. [23] uses the diffusion activation energy for a water molecule passing the water–ice interface. The second approach [25], to determine the diffusion energy using the concept of the two-dimensional liquid solution was used in the current simulations and resulted in higher nucleation rates compared to the approach of Zorbist et al. [23], as shown in Figure 5. Sensitivity analysis of the effect of the different approaches used in CNT for the determination of the diffusion activation energy reveals considerable differences for the nucleation IN potential. However, both approaches showed a similar probability of ice nucleation in the atmosphere for small contact angles.



There is a high IN nucleation potential of P. syringae bacteria as reported in several studies in the literature [9], as well as a potential to act as cloud condensation nuclei (CCN) [38]. The possibility of heterogeneous IN of P. syringae was studied at different contact angle values, which remain the main factor controlling their activation at ambient temperatures occurring at the middle troposphere (T = 263 K and T = 253 K), as shown in Figure 6. These temperatures occur at altitudes between 0–4 km in the troposphere. The probability of IN activation is higher at lower contact angles and the nucleation potential increases with decreasing temperature. The activation of P. syringae is favorable at low contact angles for both temperatures, and at the lower temperature (T = 253 K) the activation occurs at contact angles close to 60°, which are higher than the representative contact value of 20° [9]. These results reveal the high activation potential of P. syringae bacteria in agreement with experimental studies on its high ice nucleation potential [9].



The surface area of the pre-existing particle for IN formation through immersion freezing was studied in the literature recognizing the effect of the total ice active surface area [2]. Beydoun et al. [39] calculated the total active surface area in their experiments as equal to 6 nm2 using CNT. The available surface area for ice nucleation is related to the nucleation probability, as shown in Figure 7. The simulations were performed at temperature conditions for a 6-km altitude (T = 248–249 K) with a contact angle θ = 55°. Higher activation occurs at lower temperatures and the increase in particle size results in an increase in the nucleation probability. In the atmosphere, an increase in the available surface area of specific particle types may result in a considerable change in ice nucleation probability. This sensitivity analysis is related to a potential temperature increase in the atmosphere through climate change. Even a temperature increase of one degree will result in considerable changes in the ice nucleation potential of the atmosphere, as shown in Figure 7.



A realistic simulation of bacteria in the atmosphere has to incorporate detailed information on the presence and abundance of different bacteria and their physicochemical properties, including laboratory data on their adhesion properties. A reference sample of such data for the present study was obtained from Sharma and Rao [40]. In their review article, they summarized contact angle data from 140 bacterial cell surfaces with water with contact angles ranging from 16o to 106° with a higher frequency of hydrophilic bacteria corresponding to low contact angles. The isolates were derived from ATCC and NCTC strains and other standard strains in hydrophobicity research.



The IN probability at different ambient temperatures was also studied for the distribution of bacteria cells (mean bacteria radius, rp = 1 μm) as described by Sharma and Rao [40]. The use of the specific distribution of contact angles is mainly to show the effect of such distribution on the activation of INP even though the experimental data refer to values of contact angle on substrates and not to contact angles of ice embryos immersed in water. In the atmosphere, there is a taxonomic composition of bacteria that follow the global cycling of materials in the Earth’s atmosphere. A better understanding of the bacteria taxa distribution and their activation will provide the scientific community with valuable information on climate research.



At temperatures above 262 K (below 4 km) the predicted IN activation is not significant due to the temperature conditions (Figure 8). At higher altitudes IN probability ranges from 0.5 at 262 K (4 km) to 0.9 at 236 K (8 km). At lower ambient temperatures, the bacteria activation is more efficient due to a lower required Gibbs free energy of formation for the ice embryo.




3.2. Ice Nucleation Parameterizations


Ickes et al. [20] presented a sensitivity analysis of CNT for immersion freezing, recognizing the importance of contact angle for the prediction of the nucleation rate. The current work also highlights the importance of the contact angle and the diffusion mechanism for the evaluation of the ice nucleation probability. Parameterizations arising from this analysis may be incorporated into GCMs.



The difficulty in implementing the CNT model of ice immersion freezing in GCMs due to the need for extensive computer CPU time resulted in the implementation of nucleation parameterizations based on laboratory measurements [14,41,42]. Hartmann et al. [14] provided a parameterization for P. syringae at temperatures from −5 oC to –38 °C from laboratory data on immersion freezing at an active protein complex. The nucleation rate    J  H A R 13    ( T )    (s−1) can be expressed as:


   J  H A R 13    ( T )  = A   e x p  (  B    T C   )   



(9)




where, TC = T –T0 (T0 = 273.15 K)



In addition, the nucleation rate    J  H A R 13    ( T )    (embryos m−2 s−1) for soot and dust were expressed as [17,43]:


   j  H A R 13    ( T )  = A   e x p  (  B    T C   )   



(10)






    J  H A R 13    ( T )  =     4   π    R p 2     j  H A R 13    ( T )    



(11)







Comparison of the above parameterizations with the ice CNT for immersion freezing of P. syringae revealed that both CNT and the parameterization applied to predict quite close nucleation rates for altitudes up to 6 km. At 5 km, both CNT and the parameterization predicted 1024 embryos m−2 s−1, which corresponds to a nucleation probability of 1. The temperature range across which the parameterization of [14]) is valid applies to altitudes up to 5 km. At higher altitudes, the applicability of the parameterization is not valid. However, the factor that determines the activation of IN is the nucleation probability, which has a value of 1 at altitudes above 6 km for the P. syringae bacteria, as revealed by the simulations above for both CNT and the parameterization used.



CNT was also compared with a parameterization for dust particles [43] using a contact angle of 46° [42,44] versus height in the atmosphere. Simulations were also performed for soot particles using CNT adopting a contact angle of 48° [42]. A more detailed study of fitting parameters for different kinds of dust using CNT was provided by Ickes et al. [20] and Boose et al. [45]. These studies presented comprehensive datasets of immersion freezing for several natural dust types from deserts worldwide. At 5 km, both CNT and the parameterization predicted 104 embryos m−2 s−1, whereas for a height of 8 km their predictions were 1010 embryos m−2 s−1 for both approaches.




3.3. Contact Angle Parameterization


A more significant influence than local fluctuations of meteorological parameters on the ice nucleation rate may arise from uncertainties related to the value of the contact angle. This is recognized in the literature and a Gaussian distribution of contact angles was used by Beydoun et al. [39] (2016) to determine the surface of ice active sites derived from droplet freezing spectra. Pruppacher and Klett [2] also discussed the importance of active sites in IN activation but their quantification at different substrates remains a challenge in determining their importance to contact angle values.



An alternative approach for determining changes in contact angle values was presented by [46]. The authors introduced a correction of the bulk surface tension of an embryo comprising of i molecules that eventually results in changes in the contact angle values. This is important, especially in cases where the critical cluster is comprised of few molecules. The correction factor ki for the bulk surface tension of a cluster comprised of i molecules was evaluated as:


   k i  = 1 +  α 1   i  − 1 / 3   +  α 2   i  − 2 / 3    



(12)




where α1 and α2 are parameters that are determined from the equation of state. The factor ki is also a function of temperature and the saturation vapor pressure of water.



For a dimer the expression for the correction factor can be written as:


   k 2  = −  1  Θ    2   2 3      l n  (    − B    p s     k B  T   e x p  (  −  2  −  2 3     )   )   



(13)




where B is the second virial coefficient, ps is the water saturation pressure and   Θ =    σ  s l    A 1     k B    Τ    . The term A1 refers to the surface area of a monomer and kB is the Boltzmann constant.



The effect of the surface tension correction on the nucleation rate at altitudes between 6 km and 8 km for the nucleation rate during immersion freezing (rp = 1 μm, θ = 60°)) is shown in Figure 9. The effect of the correction factor is prominent at altitudes up to 2 km, where IN activation occurs only in the case that the modified value of the surface tension was used with a predicted nucleation rate of 106 embryos m−2 s−1.



Another correction to the bulk surface tension was introduced by [47] as:


     γ  m i c r o s c o p i c    γ  =  1  1 + 2    δ r     



(14)




where r is the radius of the embryo and δ is a correction factor that arises from the microscopic discontinuity between the embryo and the liquid phase for the ice nucleation case. The term γ refers to the bulk surface tension, whereas the term γmicroscopic refers to the corrected value of the surface tension. Tolman [47] showed an increase in the nucleation rate due to the correction of the bulk surface tension. Laaksonen and McGraw [48] derived a correction to Tolman’s expression that, however, showed a similar effect to Tolman’s theory.





4. Conclusions


CNT for ice immersion freezing was applied for the simulation of airborne microorganisms, dust, and soot particles in the atmosphere. CNT was able to reproduce qualitative laboratory data for kaolinite and bacteria samples using different values of the contact angle. The ability of CNT to reproduce the experimental curves using a distribution of contact angles was also discussed. Simulations were performed for the activation of different bacteria using laboratory-determined contact angles, highlighting the efficiency of the theory to be used in GCMs.



Simulations were also performed for a set of 140 different bacteria. These simulations concluded that the IN activation approach has a good potential for a number of bacteria. Immersion freezing is a possible nucleation mechanism also for dust particles. This mechanism is especially related to possible CNN activation at lower altitudes in the atmosphere.



Particle size also influences the IN nucleation rate and nucleation probability, and larger particles are more easily activated. This is also related to the distribution of active sites on the surface of particles. In addition, a correction factor to bulk surface tension was introduced and higher nucleation rates were derived by a few orders of magnitude, but their effect on nucleation probability was less significant.



The CNT model for immersion freezing is a powerful tool for the determination of IN activation. It is based on physical principles and can be applied at very different ranges of temperature and other microphysical conditions. The CNT model relies on laboratory data on contact angle values on different substrates. Such a model using a distribution of contact angles can be incorporated into GCMs for simulating IN activation conditions.
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Figure 1. Variation of the Gibbs free energy (ΔG) and diffusion activation energy (ΔF) (Joules) with ambient temperature. 
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Figure 2. Relationship between ambient temperature (K) and radius of pre-existing particles (μm) at IN activation conditions. 
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Figure 3. IN nucleation probability per surface area versus temperature for kaolinite dust using the classical nucleation theory with different contact angles and comparison with the laboratory data of Welti et al. [31]. 
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Figure 4. IN nucleation probability versus temperature for bacterial samples (M1, rp = 750 nm) using different contact angles, a log-normal distribution of contact angles, and comparison with the laboratory experimental data of [35,36]. 
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Figure 5. Ice nucleation rate (embryos m−2 s−1) for immersion freezing versus altitude (bacteria radius equal to 0.3 μm, θ = 20°) using two different approaches for calculating the activation diffusion [22,24]. 
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Figure 6. Ice nucleation probability versus contact angle of Pseudomonas syringae bacteria (rp = 0.3 μm) at ambient temperatures of 263 K and 253 K. 
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Figure 7. Nucleation probability versus particle radius of the pre-existing particle at an altitude of 6 km (T = 248–249 K, contact angle θ = 55 degrees). 
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Figure 8. Ice Nucleation probability of 140 bacterial cells distribution [40] at different altitudes. 
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Figure 9. Nucleation rate (embryos/(m2 s)) versus altitude in the atmosphere using CNT and a revised CNT theory including a surface tension correction factor during immersion freezing for pre-existing particles (rp = 1 μm) with a contact angle θ = 60°. 
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