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Abstract

We investigated the relative roles of volume and surface nucleation in the freezing of
water droplets. Nucleation experiments were carried out in a cryogenic laminar aerosol
flow tube using supercooled liquid water aerosols with radii between about 1 and 3µm.
Temperature- and size-dependent values of volume- and surface-based homogeneous5

nucleation rate between 234.8 and 236.2 K are derived with help of a microphysical
model from aerosol compositions and size distributions based on infrared extinction
measurements in the aerosol flow tube. The results show that the contribution from
nucleation at the droplet surface increases with decreasing droplet radius and dom-
inates over nucleation in the bulk droplet volume for droplets with radii smaller than10

approximately 5µm. This is interpreted in terms of a lowered free energy of ice germ
formation in the surface-based process and has implications for the parameterization
of homogeneous ice nucleation in numerical models.

1 Introduction

The radiative properties of clouds, such as albedo, depend greatly on the concentra-15

tion, size distribution, and phase of cloud particles (Cox, 1971; Lawson et al., 2006).
Cirrus clouds, composed of ice crystals, cover about 35% of the Earth’s surface. Ow-
ing to their spatial and temporal stability, and interactions with incoming solar radiation
and outgoing infrared surface emission, cirrus clouds have a significant influence on
Earth’s radiation budget, and hence climate (Liou, 1986). To understand and ultimately20

predict cloud properties, it is necessary to understand the way in which ice forms in the
atmosphere (Cantrell and Heymsfield, 2005).

Below temperatures of about 237 K, cirrus ice is formed primarily by homogeneous
nucleation of aqueous droplets (Heymsfield et al., 2005). Such temperatures are en-
countered in the upper troposphere, where generally, only few ice-forming particles (ice25
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nuclei) are present. Ice particle concentrations that exceed the number densities of ice
nuclei available for heterogeneous nucleation have frequently been reported, providing
evidence for the importance of homogeneous nucleation (Heymsfield and Sabin, 1989;
Heymsfield and Miloshevich, 1993; Jensen et al., 1998; Rogers et al., 1998; Rosenfeld
and Woodley, 2000; Sassen et al., 1985).5

The rate of homogeneous nucleation controls the size and concentration of ice
particles, and therefore the radiative properties of cirrus clouds, as well as their alti-
tude, spatial extent, and lifetime (Heymsfield and Miloshevich, 1993; Jensen and Toon,
1994). Numerical modelling studies (Heymsfield and Sabin, 1989; DeMott et al., 1994,
1997; Jensen et al., 1994) indicate that variations in physical and chemical character-10

istics of aerosol particle populations and other factors that drive the nucleation of ice
lead to the formation of cirrus clouds with different microphysical characteristics. An
accurate and detailed understanding of the formation and development of cloud ice
crystals is therefore very important.

There are several field and laboratory studies that determined homogeneous nucle-15

ation rates for pure water droplets suspended in different media, including air and oils.
The laboratory data, which used airborne water droplets produced nucleation rates
whose temperature dependencies agree reasonably well (DeMott and Rogers, 1990;
Duft and Leisner, 2004; Krämer et al., 1999; Stöckel et al., 2005; Wood et al., 2002).
At any given temperature, however, differences of several orders of magnitude in the20

rate coefficients between different experiments are not uncommon. This may be the
result of experimental errors combined with the very strong temperature dependence
of freezing rates.

Traditionally, homogeneous nucleation experiments are interpreted using classical
nucleation theory, which assumes nucleation rates to be proportional to the volume of25

water droplets. Therefore, data are usually compared in terms of the volume specific
freezing rate coefficient, JV , and results should be independent of the aerosol size
distribution used in the experiment. It has been proposed recently that freezing may
be favoured on or close to the surface of water droplets (Djikaev et al., 2002; Djikaev,
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2008; Tabazadeh et al., 2002). If, rather than forming entirely within the bulk liquid,
a crystalline nucleus is attached to the droplet surface such that part of the nucleus’
surface is in contact with the surrounding air, then the surface energy of the nucleus
is lowered (Djikaev et al., 2002), and so is the free energy of formation. This follows
from the condition of partial wetting of an ice crystal with its melt, (σi/v−σw/v<σw/i).5

Evaluation of the partial wetting criterion requires knowledge of the surface tensions
at the ice–vapour interface, σi/v, at the liquid water–vapour interface, σw/v, and at the
water–ice interface, σw/i. The uncertainty of available data on surface tensions (e.g.
Pruppacher and Klett, 1997) is, however, too large to evaluate this criterion at typical
freezing temperatures with necessary accuracy. The criterion may be met, but the10

evidence is not strong (Kay et al., 2003).
To describe freezing at the surface, a surface specific rate coefficient, JS , should be

used in addition to JV . In this case, the total nucleation rate, Jt, for a droplet with radius
r would be given by the sum of both surface and volume processes as:

Jt=JV
4π
3
r3 + JS4πr2 (1)15

If it occurs, surface nucleation should be the dominant freezing mechanism for smaller
droplets, as can be seen from the radius dependence of volume and surface contri-
butions to the total rate in Eq. (1). Despite considerable previous work, surface nu-
cleation has neither been confirmed, nor ruled out thus far. One way to distinguish
between surface and volume freezing is to study the size dependence of the freezing20

rate coefficients (Djikaev, 2008; Kay et al., 2003), for instance in experiments with wa-
ter droplets of substantially different sizes. Duft and Leisner (2004) performed such
an experiment with 19 and 49µm radius droplets and found the freezing rate to be
proportional to the droplet volume. They concluded that volume nucleation dominates
at these larger sizes. However, their data would still allow surface nucleation to be25

important for droplets with radii of 4µm or less, leaving the issue of surface freezing
unresolved.
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The objective of this study is to carry out size-dependent freezing experiments
to investigate the relative roles of volume and surface nucleation in the freezing of
micrometer-sized water droplets, and to determine the corresponding values of JV (T )
and/or JS (T ). This was accomplished using a cryogenic aerosol flow tube with well
characterized flow temperature and velocity fields (Khalizov et al., 2006), which pro-5

vided accurate temperature profiles and a time scale for kinetic measurements. The
freezing of aerosol droplets was monitored using Fourier transform infrared (FTIR)
spectroscopy, which provided the phase and size distributions of the unfrozen and
frozen particles. The technique used to retrieve size distributions does not make any
assumptions about the shape of the distributions which could introduce errors and10

make it difficult to distinguish between surface and volume freezing (Sigurbjörnsson
and Signorell, 2008). The experimental freezing data were interpreted within the frame-
work of a microphysical model (Earle et al., 2009), producing temperature-dependent
volume nucleation rate coefficients. Here we discuss how the results of experimental
measurements can be used to derive important molecular parameters pertaining to the15

freezing mechanism and distinguish between surface and volume freezing.

2 Experimental methods

The experimental method has been described by Earle et al. (2009), and only impor-
tant points are outlined briefly here. A cryogenic laminar flow tube was used to record
infrared (IR) extinction spectra of liquid water and ice aerosols (Khalizov et al., 2006).20

The flow tube has four independently cooled sections that can be held at different
temperatures. The measured temperature variations along a section wall are typically
within ±0.5 K. Infrared spectra are recorded by passing a collimated IR beam, mod-
ulated by a Michelson interferometer (Bruker Tensor 37), through optical ports in the
bottom section of the flow tube, across the aerosol flow. Water vapour spectra recorded25

at the same temperatures are routinely subtracted from the measured spectra to obtain
the aerosol extinction spectra.
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To assess the importance of the relative contributions from surface and volume
nucleation we studied the size dependence of JV and JS using ensembles of water

droplets with different initial mean diameters. Millipore® filtered-water was used
throughout our study for aerosol generation. Medium sized droplets (1.7µm) were
generated from pure water by a constant output atomizer (TSI 3076, TSI Inc.). Larger5

(2.9µm) and smaller droplets (1.0µm) were produced by ultrasonic nebulization of
pure water and heterogeneous condensation of water vapour on dry sodium chloride
(NaCl) nanoparticles, respectively. In the latter case, the NaCl condensation nuclei
were produced by atomizing a dilute aqueous solution (1.7×10−4 mol L−1) of reagent-
grade NaCl (Sigma-Aldrich Co.), and subsequently passing the aqueous droplets10

through a 60 cm long Nafion® dryer. The dry salt aerosol was pre-mixed with hu-
midified nitrogen and introduced to the flow tube where the salt particles deliquesced
and continued to grow by water vapour uptake.

In the following, the aerosols generated by these three methods – nucleation, at-
omization, and ultrasonic nebulization – are referred to as small, medium, and large,15

respectively. As the aerosol flows through the four flow tube sections, designated A
through D (top to bottom), it is exposed to a well-defined temperature profile. In all
experiments, sections A and B were maintained at a temperature of 240 K. After condi-
tioning (at the end of section B) the aerosol generated by each method was composed
solely of supercooled water droplets with modes, i.e. radii at maximum concentration20

in their volume size distributions, located at 1.0, 1.7, and 2.9µm (small, medium, and
large, respectively). Temperatures of sections C and D were varied between 230 and
240 K (candidate freezing temperature) to induce homogeneous nucleation. At a total
flow rate of 10 SLPM, the residence time of aerosols in sections C and D (to the point
at which they are observed) is about 35 s.25

A retrieval procedure developed in our laboratory was used to determine the phase
composition and corresponding size distribution(s) of supercooled water and/or ice par-
ticles from their IR spectra (Zasetsky et al., 2004, 2007). The retrieval procedure does
not assume any particular shape for the size distributions, such as log-normal); rather,
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it uses a basis set of 96 reference spectra to iteratively calculate a linear combination
that gives the best fit to the measured spectrum. The reference spectra have been
computed for spherical monodisperse particles having radii distributed between 0.05
and 11.8µm using Mie scattering code (Bohren and Huffman, 1983) with frequency-
dependent complex indices of refraction for supercooled water and ice (Zasetsky et al.,5

2005).

3 Model description

We developed a microphysical model that takes into account the ice nucleation and
gas-particle vapour transfer processes to interpret the experimentally measured freez-
ing data (Earle et al., 2009). The model uses the measured initial size distribution10

of conditioned aerosol together with the axial temperature profile and guessed values
of temperature-dependent freezing rate constants and mass accommodation coeffi-
cients to compute the evolution of size distributions for water droplets and ice particles.
The accurate temperature profile along the flow direction has been determined from a
combination of measurements and computational fluid dynamics simulations (Khalizov15

et al., 2006; Earle et al., 2009). The difference between the computed and experi-
mentally retrieved size distributions is minimized by iteratively changing the nucleation
rate coefficients and mass accommodation coefficients until the best set of parame-
ters is obtained that reproduce the experimental measurements. The model can be
configured to include either a volume-specific nucleation rate coefficient, JV , a surface-20

specific coefficient, JS , or both. When both volume and surface freezing processes are
allowed in the model, the total nucleation rate (per droplet) is given by Eq. (1).

The rate coefficients JV and JS are parameterized as follows (Tabazadeh et al., 2002;
Turnbull and Fisher, 1949):

JV=
NV kT
h

exp(−
AV−BV T

kT
) (2)25
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JS=
NSkT
h

exp(−
AS−BST

kT
) (3)

where NV=3.35×1022 cm−3 is the number concentration of water molecules in liquid

water, and NS=N
2/3
V is the number concentration of water molecules in the surface

layer. The parameters AV/S and BV/S are not varied directly in the iterative fitting pro-
cedure of the model, but are first transformed to the parameters aV/S and bV/S , which5

correspond to the inclination (slope) and intercept of the exponentially-changing nucle-
ation rate coefficients when plotted on a log J–T plot (Earle et al., 2009).

Equation (1) can be written as:

Jt=JV
4π
3
r3

(
1 +

3JS
rJV

)
(4)

which shows that the contribution of surface freezing relative to volume freezing is10

proportional to r−1. Hence, surface freezing should be important for smaller radii, and
dominant below a certain critical radius, rc (Krämer et al., 1999). If we define this
critical radius as the size at which surface and volume freezing are equally important,
then from Eq. (4):

rc=
3JS
JV

(5)15

Thus, by using freezing experiments conducted with aerosols having different mean
radii, we can evaluate rc and the importance of surface freezing as a function of radius
as given by Eq. (4). The model can then determine values of JV and JS (from the best
fit) using Eq. (4). In the following sections, we describe the analysis of experiments
performed with three different initial aerosol size distributions to derive the surface and20

volume nucleation rate coefficients, and thereby assess the size dependence of the
respective nucleation processes.
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4 Results

The model was used to fit the measured results for three separate groups of exper-
iments, each corresponding to one aerosol size – small (3 experiments at different
candidate freezing temperatures), medium (5 experiments), and large (3 experiments)
– having modes in their volume size distributions at radii of 1.0, 1.7, and 2.9µm, re-5

spectively. The size distributions of these supercooled liquid water aerosols were de-
termined with all four flow tube sections set at 240 K and have been reported by Earle
et al. (2009, in Fig. 2). They were then used as input for the microphysical model,
i.e. the initial supercooled water distributions in freezing experiments.

Initially, separate model runs were performed by assuming that freezing is only a10

surface process (using Eq. (1) and setting JV=0), yielding a value of JS , or alterna-
tively, only a volume process (JS=0 in Eq. 1), which yields a value of JV . Model runs
assuming only a volume process using the same aerosol sizes (small, medium, and
large) have been carried out by Earle et al. (2009). They showed, considering classical
nucleation theory, an unexpected size dependence of JV -values, which increased for15

decreasing aerosol size. Values of the mass accommodation coefficients, αw and αice,
which are required to compute droplet evaporation and ice growth by deposition, have
also been determined from the model in the same study. Here we use the reported av-
erage values and keep them fixed during model runs to reduce the number of unknown
parameters during the fitting process. The values used are αw=0.054 and αice=0.031.20

Figure 1 shows the resulting nucleation rate coefficients JS (dashed lines) and JV
(solid lines) assuming either surface or volume nucleation. For all experiments, the
model results indicate that the freezing events occur almost exclusively in a narrow
range of temperatures (≈0.25 K) near the minimum temperature reached in the flow
tube (Earle et al., 2009). Therefore, for each group of experiments, Fig. 1 shows the25

rate coefficients over a temperature range that spans the minima of the corresponding
experiments and extends 0.25 K towards warmer temperatures. For the small, medium,
and large aerosols, these ranges are between 235.0 to 235.8 K, 234.8 and 236.2 K, and

22937

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/22929/2009/acpd-9-22929-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/22929/2009/acpd-9-22929-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
9, 22929–22953, 2009

Size dependence of
volume and surface

nucleation rates

T. Kuhn et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

234.8 to 235.8 K respectively. For each size group, the data can be fitted equally well
by using only JV or only JS in the model, as judged from the average values of the
quality of fit parameter, χ (see Table 1).

If freezing is predominantly a volume process, then the size dependence of the rate
should scale with the droplet volume (i.e. with r3) and the volume-specific rate coef-5

ficient JV (for a given temperature) should be invariant for experiments with different
aerosol sizes. This is not the case for our data. On the contrary, JV shows a definite
trend with aerosol size, becoming greater with decreasing droplet radius. Our results
for JS , however, are size independent, showing that the rate is proportional to the
droplet surface area (r2) in the size range of our experiments, and thus, that a surface10

mechanism best describes the freezing process.
We conducted additional calculations using the three size groups combined into one

data set with either volume or surface freezing mechanism. The quality of the fit was
better when using the assumption that nucleation occurs at the surface (χ≈3.7×10−3)
rather than in the volume of the water droplets (χ≈5.3×10−3), providing clear evidence15

for the importance of surface freezing. One may arrive at the same conclusion by
considering the spread in JV for different sizes (solid lines) in Fig. 1, which in the case
of a combined size calculation must be fitted with only one JV (T ) curve.

In a final test, we used Eq. (4) for the total nucleation rate in the model, thereby
including contributions from both the volume and surface processes simultaneously.20

The resulting fits yielded temperature-dependent values of both JV and JS . The quality
of fit parameter χ was now ≈3.5×10−3. The results, given by the fit parameters, are
summarized in Table 2. The coefficient JS (T ) from this combined volume and surface
model run (grey dashed line in Fig. 1) is very similar to the three curves of JS from fits
using only surface freezing for the different aerosols shown in Fig. 1 (dashed lines).25

The coefficient JV (T ) from the combined run (grey solid line), on the other hand, is
approximately three times smaller than the lowest curve of JV from fits using only vol-
ume freezing (solid lines). This indicates that surface freezing dominates over volume
freezing if both are included in the model at the same time. This is also depicted in

22938

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/22929/2009/acpd-9-22929-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/22929/2009/acpd-9-22929-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
9, 22929–22953, 2009

Size dependence of
volume and surface

nucleation rates

T. Kuhn et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

Fig. 2, which shows the nucleation rates derived from the coefficients JV and JS (from
combined run) for each size. Contributions from volume and surface nucleation, cal-
culated as JV (4π/3)r3 and JS4πr2, respectively, are shown separately (as solid and
dashed lines) and are generated using the three radii corresponding to the modes of
the volume distributions (1.0, 1.7, and 2.9µm) representing the small, medium, and5

large aerosols. The significance of surface freezing (with respect to the volume freez-
ing) increases with decreasing aerosol size, as would be expected from different radius
dependences of surface and volume freezing rates (Eqs. 1 and 4).

Figure 3 shows nucleation rates as a function of droplet radius calculated from
Eq. (1). It illustrates that for a given temperature (235.5 K) volume nucleation predom-10

inates for droplets having larger radii whereas surface nucleation becomes dominant
for smaller droplets. The radius rc given by Eq. (5), where both volume and surface
process contribute equally to Jt, is at 5.1µm for the case shown in Fig. 3. It varies
from 7.7µm to 3.4µm over the range of freezing temperatures encountered in our ex-
periments. We have therefore confirmed our earlier conclusion, which was based on15

independent calculation for each mechanism that the droplet size range in our experi-
ments extends to sufficiently small radii that JS dominates the nucleation process.

5 Discussion

The model results indicate that a surface-based freezing mechanism predominates for
small droplets. Through Eq. (4), the model considers a surface nucleation event to20

be a process occurring at the droplet surface (one can think of a process initiated in
the surface monolayer of a droplet); however, such an event can also be considered
in terms of an ice germ forming in the bulk liquid at a location sufficiently close to the
surface that the nucleus comes into contact with the surface before reaching its critical
size (Djikaev, 2008; Kay et al., 2003). The free energy of formation for such a nucleus25

attached to the surface (liquid–vapour interface) may be lower than that of a germ
forming and remaining completely within the bulk liquid (Djikaev et al., 2002). A lowered
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free energy of formation would result in an increased nucleation rate coefficient, but this
would only apply within this surface layer, a small volume compared to the total volume
of the droplet. Our results may be interpreted by using this idea of sub-surface germ
initiation followed by attachment to the surface. We can express Jt, the total rate on a
per droplet basis, as:5

Jt=JV
4π
3
r3 + J̃V 4πr2s (6)

Here J̃V is the enhanced volume-specific rate coefficient acting in the surface layer of
thickness s�r . The volume of this surface layer, to a good approximation, is 4 πr2s,
and the volume lying below it is much larger and may still be taken to be equal to the
whole volume of the droplet. A first approximation of the thickness s may be obtained10

by using the diameter of a critical germ that would form within the liquid, which is on
the order of 2 to 3 nm in the temperature range −30◦C to −40◦ C (e.g. Pruppacher and
Klett, 1997, Fig. 6-7). Here we choose a value of s=2.5 nm; however, this thickness
may be smaller, since reduced free energy of formation may result in a smaller germ
size.15

The classical formulation for homogeneous freezing, which uses only a volume-
specific nucleation coefficient, can be used to describe J̃V , and hence the surface
freezing process. We can modify our expression for JV (Eq. 2) to account for the low-
ered free energy of formation of a surface-attached nucleus. If we assume the free
energy is lowered by ∆W ∗ (∆W ∗<0), then20

J̃V=
NV kT
h

exp(−A−BT + ∆W ∗

kT
)=JV exp(−∆W ∗

kT
) (7)

Inserting Eq. (7) into Eq. (6) yields

Jt=JV
4π
3
r3

(
1 +

3s
r

exp(−∆W ∗

kT
)
)

(8)
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If we define the critical radius again as the radius where both contributions (volume
and enhanced surface-layer nucleation) in Eq. (8) are the same, then

rc=3s exp(−∆W ∗

kT
) (9)

In addition to the fits with simultaneous volume and surface nucleation using the com-
bined dataset (small, medium, and large aerosols; see Sect. 4), we also performed a5

model fit using Eq. (8) with JV (i.e. AV and BV ) and ∆W ∗ as adjustable parameters.
From this model run, the parameters that best fit the results from experiments with
small, medium, and large aerosols are given in Table 2. The reduction in free energy
of formation for a surface-attached nucleus in this case is ∆W ∗=−2.13×10−20 J. The
quality of fit parameter χ is almost the same as in our previous fit (using Eq. 4 together10

with Eqs. 2 and 3). This indicates that the model cannot be used to determine the phys-
ical mechanism of surface freezing, i.e. to decide whether the surface nucleation is a
pure surface process or an enhanced volume process in a thin shell at the droplets sur-
face; hence, both formulations are equivalent in describing our data. Furthermore, the
critical radius rc given by Eq. (9) is approximately 5µm (between 5.4 and 5.2µm over15

the range of freezing temperatures for s=2.5 nm), which is within the range determined
from the combined volume and surface fit in the previous section.

The fitting procedure is much more sensitive to ∆W ∗ than to the choice of s because
the rate coefficient varies exponentially with ∆W ∗ and only linearly with s (see Eq. 8).
Minimization using a smaller value of s=1.5 nm resulted in the same value of χ and the20

product s exp(−∆W ∗/(kT )) also remained approximately constant (1.8µm for s=2.5 nm
and 2.0µm for s=1.5 nm at 235.5 K). We therefore concluded that fixing the value of s
did not significantly influence the results.

If one assumes that the decrease in free energy ∆W ∗ is due only to different sur-
face energies at the ice–vapour, water–vapour, and water–ice interfaces (Djikaev et al.,25

2002), and that the surface area of the critical ice germ, Ωg, is the same for both a germ
forming in the liquid or attached to the droplet surface, then the surface energy, and
hence the free energy of formation, of the system with the nucleus attached to the
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surface is lowered by ∆W ∗≈(σi/v−σw/v−σw/i)fΩg, where f is the fraction of the nucleus
surface that is attached to the droplet surface. Thus, we can use our result for ∆W ∗ to
estimate σi/v−σw/v−σw/i (the partial wetting criterion). By assuming a value of f on the

order of 15% and a spherical nucleus with 2.5 nm diameter, σi/v−σw/v−σw/i≈−7 mJ m−2

(from our ∆W ∗≈−6.6×kT at 235.5 K), which is well within the range of uncertainties for5

reported surface tension values (e.g. Pruppacher and Klett, 1997). Djikaev (2008) re-
ports an estimate of ∆W ∗≈−5.7×kT by using available free energies of formation and
surface tension data (such that σi/v−σw/v−σw/i=−5 mJ m−2). This estimate of ∆W ∗ is
close to our value determined from experiment without assuming values for free energy
and surface tensions.10

When both volume and surface nucleation processes are considered, the surface
contribution to the total nucleation rate Jt can be incorporated into the volume specific
rate coefficient to yield a volume specific total nucleation rate coefficient, JV,t , such that
Jt = JV,t(4π/3)r3. From either Eq. (4) or (8) it can be seen that JV,t is a function of the
droplet radius:15

JV,t=JV

(
1 +

3JS
rJV

)
= JV

(
1 +

3s
r

exp(−∆W ∗

kT
)
)

(10)

For r�5µm we obtain JV,t≈JV because the surface process does not play a signif-
icant role for these large droplets. The majority of laboratory studies assume only
volume nucleation and hence effectively determine the total rate coefficient, JV,t, that
corresponds to the particle size used in the experiment. The spread observed in the20

literature data neither confirms nor rules out the possibility of surface nucleation and
cannot be reconciled based on the size-dependence of the reported rates because of
large systematic uncertainties between data obtained in different studies. Assessing
the relative roles of volume and surface nucleation requires experiments with different
aerosol sizes under the same experimental conditions, as has been presented here.25

According to the above discussion, the results for JV we presented earlier in Fig. 1
(assuming volume only freezing mechanism) should be the same as our results
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expressed in terms of JV,t. This is illustrated in Fig. 4, which, in addition to JV,t curves
for radii corresponding to our small, medium, and large aerosols also shows the nucle-
ation rate coefficient calculated for larger droplets (r�5µm) . The radius dependence
of the nucleation rate has important implications for climate models; droplets that are
small, for example shortly after their formation, freeze with a significantly increased JV,t5

as compared to larger droplets. For instance, droplets with radius of 1µm have a JV,t
that is more than 6 times larger than JV,t for large droplets. Most current models use
purely volume-based nucleation schemes. Using JV,t instead of JV in numerical mod-
els will effectively add the factor 1+(3s/r) exp(−∆W ∗/(kT )) to implement the surface
process in addition to volume nucleation.10

6 Conclusions

Freezing experiments were performed using supercooled liquid water droplets with vol-
ume size distributions having modes at 1.0, 1.7, and 2.9µm (small, medium, and large
aerosols, respectively). Using a microphysical model to fit our experimental data, we
inferred freezing rates. Analysis of the size dependent freezing data confirmed the15

classical, volume-based nucleation theory for larger droplets. However, as the droplet
size decreases, surface freezing becomes progressively more important. The surface
freezing process can be described as volume freezing that occurs sufficiently close
to the droplet surface that the critical germ attaches to the surface during its growth,
lowering the free energy of formation. Our model results indicate that the free energy20

of formation of an ice germ attached to the surface of the droplet is lowered by approx-
imately 6.6×kT . Surface and volume nucleation rates become comparable for water
droplets with radii of around 5µm, with surface rates predominating at smaller sizes.
A different formulation assuming a pure surface process with a surface specific rate
coefficient, JS , can describe our data equally as well. Thus, we cannot conclude with25

certainty the exact mechanism responsible for enhanced surface nucleation.
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The possibility of implementing surface nucleation in models, which currently use
only volume nucleation, by adding the factor

(
1+(3s/r) exp(−∆W ∗/(kT ))

)
to JV has

been demonstrated. For example, a factor of about 6 has to be applied to aerosol
with radii around 1µm. We found ∆W ∗=−2.13×10−20 J for s=2.5 nm by fitting our data
using the microphysical model with Eq. (8).5
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Table 1. Parameters resulting from separate model fits to small, medium, and large aerosols,
assuming only volume or surface nucleation.

χ AV or AS (J) BV or BS (J K−1)

Small, JV 3.65×10−3 −2.57720×10−18 −1.18023×10−20

Small, JS 3.56×10−3 −2.50010×10−18 −1.13796×10−20

Med., JV 3.51×10−3 −2.53889×10−18 −1.16432×10−20

Med., JS 3.83×10−3 −2.27879×10−18 −1.04364×10−20

Large, JV 2.16×10−3 −2.40898×10−18 −1.10989×10−20

Large, JS 2.49×10−3 −2.11421×10−18 −0.97384×10−20
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Table 2. Parameters from the best simultaneous fit to results from a group of experiments
with small, medium, and large aerosols using the microphysical model with freezing by volume
and/or surface nucleation. The last row contains data discussed in Sect. 5.

χ AV (J) BV (J K−1) AS (J) BS (J K−1)

volume 5.27×10−3 −2.54864×10−18 −1.16851×10−20

surface 3.67×10−3 −2.29544×10−18 −1.05086×10−20

Eq. ( 4) 3.53×10−3 −1.99084×10−18 −0.93376×10−20 −2.44194×10−18 −1.11342×10−20

Eq. ( 8) 3.54×10−3 −2.32316×10−18 −1.07490×10−21
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Fig. 1. Volume- and surface-specific nucleation rate coefficients resulting from separate model
fits to small, medium, and large aerosols. Results from a combined model run are shown as
grey lines. The temperature ranges used in each case are discussed in the text.
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Fig. 2. Nucleation rates resulting from fits including both volume and surface freezing. Contri-
butions to nucleation rates from volume and surface processes are shown separately for each
of the three droplet sizes. For each size, the surface nucleation rate is greater than the vol-
ume rate. This difference increases with decreasing droplet size, as expected from the different
radius dependence of surface and volume nucleation rates.
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Fig. 3. Total nucleation rate for one droplet as a function of its radius. Contributions from
freezing events in the bulk volume or at the surface are shown as dashed and dotted lines
which intersect at rc. For droplets with radii smaller than rc nucleation at the surface is more
probable. The sum of these contributions is the total rate, Jt.
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Fig. 4. Results for JV (assuming volume only freezing, cfr. Fig. 1) compared with volume-
specific total nucleation rate coefficients JV,t determined from fits assuming both volume and
surface nucleation. The surface contribution is incorporated into the volume-specific rate coeffi-
cient JV,t, which therefore becomes size dependent. The JV,t curves corresponding to the three
aerosol sizes agree well with the JV curves, as expected. Note that instead of the modes, the
radii of spheres with average volume have been used for this comparison. The radii are 0.9,
1.4, and 2.3µm for the small, medium, and large aerosols. The limiting case of large droplets
is also shown (labeled as “r�5µm”).
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