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Abstract. Temperature-dependent volume nucleation rate
coefficients for supercooled water droplets,JV (T ), are de-
rived from infrared extinction measurements in a cryogenic
laminar aerosol flow tube using a microphysical model. The
model inverts water and ice aerosol size distributions re-
trieved from experimental extinction spectra by considering
the evolution of a measured initial droplet distribution via
homogeneous nucleation and the exchange of vapour-phase
water along a well-defined temperature profile. Experiment
and model results are reported for supercooled water droplets
with mean radii of 1.0, 1.7, and 2.9 µm. Values of mass ac-
commodation coefficients for evaporation of water droplets
and vapour deposition on ice particles are also determined
from the model simulations. The coefficient for ice depo-
sition was found to be 0.031± 0.001, while that for water
evaporation was 0.054± 0.012. Results are considered in
terms of the applicability of classical nucleation theory to
the freezing of micrometre-sized droplets in cirrus clouds,
with implications for the parameterization of homogeneous
ice nucleation in numerical models.

1 Introduction

Cirrus clouds play a significant role in Earth’s radiative bal-
ance due to their interactions with incident solar and surface-
emitted thermal radiation (Liou, 1986). The radiative in-
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fluence of cirrus clouds is predicated on the concentrations,
sizes, and shapes of the constituent ice particles (Lawson et
al., 2006). Microphysical schemes in numerical models used
to quantify and predict this influence require detailed param-
eterizations of the processes involved in ice initiation. Pri-
mary ice formation by homogeneous and/or heterogeneous
nucleation provides an important starting point for describing
the evolution of cloud properties due to mass-transfer evapo-
ration/growth (the Bergeron-Findeisen process) and agglom-
eration/riming. Thus, ice nucleation processes in cirrus
clouds continue to be an active area of atmospheric research.

At temperatures below about 235 to 237 K, cirrus ice is
formed primarily by homogeneous nucleation of aqueous
droplets (Heymsfield et al., 2005). In the classical approach,
homogeneous nucleation is considered to occur within the
bulk volume of an aqueous droplet (Turnbull and Fisher,
1949), with a temperature-dependent rate coefficient,JV (T ),
having units of cm−3 s−1. Numerous laboratory studies have
been conducted to determine atmospherically-relevant values
of the nucleation rate coefficient. The bulk of this experimen-
tal work has focussed on the freezing of pure water droplets
as a model system for ice formation in cirrus clouds and as
a fundamental testing ground for the predictions of classical
nucleation theory. Using water droplets suspended in air (De-
Mott and Rogers, 1990; Duft and Leisner, 2004; Krämer et
al., 1999; Sẗockel et al., 2005) and various oils (Butorin and
Skripov, 1972; Taborek, 1985), values ofJV (T ) were deter-
mined from experimental measurements employing a range
of droplet sizes and freezing detection methods.
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The experimentally-determined rate coefficients from the
pure water studies are in general agreement with classical
nucleation theory (Pruppacher, 1995). In some instances,
however, there are large discrepancies among the results ob-
tained from different studies; for example, there is a spread
of over five orders of magnitude in values obtained at 240 K
(Tabazadeh et al., 2002b). For some time, it has been un-
clear whether these large discrepancies were due solely to
systematic differences in the experimental techniques and/or
errors, or to some deficiency in the classical, volume-based
approach for deriving nucleation rate coefficients from freez-
ing data. The latter notion has been discussed recently, fol-
lowing the proposal that in some cases, crystal nucleation
at the droplet surface is thermodynamically favoured over
nucleation within the bulk volume (Djikaev et al., 2002;
Tabazadeh et al., 2002a, b). The thermodynamic basis for
surface nucleation is the potential decrease in surface energy
when at least one of the crystal faces is in contact with the
surrounding medium (air or oil in the relevant experimen-
tal studies), rather than the bulk liquid. The corresponding
dependence on droplet surface area necessitates the introduc-
tion of a second, surface-specific rate coefficient,JS(T ), with
units of cm−2 s−1.

The total nucleation rate,Jt, has units of s−1 and is the sum
of contributions from volume- and surface-based processes:

Jt = JV V +JSS (1)

where V and S are the volume and surface area of the
droplets, respectively. The relative contributions of each nu-
cleation process depend on the nature of the interface with
the droplet (air or oil) and droplet size (Tabazadeh et al.,
2002b). The contribution of surface nucleation is expected
to increase with decreasing particle size, because of the in-
creasing surface-to-volume ratio. Duft and Leisner (2004)
determinedJV values for 19 and 49 µm (radius) droplets lev-
itated (in air) in an electrodynamic balance, and suggested
that surface nucleation will only be important for particles
with radii less than about 4 µm.

To assess further whether the classical, volume-based
theory for homogeneous nucleation can be extended to
micrometre-sized droplets suspended in air, additional lab-
oratory studies are required. The evaporation of droplets
in electrodynamic balances is prohibitive to the determina-
tion of JV (T ) values for small droplets. Aerosol flow tubes
(AFTs) and cloud chambers provide avenues for laboratory
studies of micrometre-sized droplets; however, the determi-
nation of nucleation rate coefficients is complicated by the
evaporation of liquid droplets and subsequent deposition on
ice particles. The water vapour mass transfer growth of ice
particles leads to increases in the (volume) ice fraction which
are not directly related to the nucleation process. Previous
studies of homogeneous ice nucleation in aerosol flow tubes
have shown that at temperatures near the nucleation point,
only a small fraction of the aerosols freeze (1 in 104 to 106),

followed by significant vapour-phase exchange from the re-
maining liquid droplets to the nascent ice particles (Chelf and
Martin, 2001).

To separate the contributions from homogenous nucleation
and water vapour mass transfer in experimental measure-
ments of aerosols in laminar flow tubes, microphysical mod-
els have been employed. Hung and Martin (2001) developed
an inversion model in which the volume-based nucleation
rate was treated as an adjustable parameter, and homoge-
neous nucleation and mass transfer were considered as se-
quential processes. The nucleation rate,JV (T ), was varied
iteratively to produce the best agreement between the volume
fraction of ice calculated by the model, and that determined
by Fourier-transform infrared (FTIR) observation, for a given
freezing temperature.

The objective of this study is to combine experimental
measurements from an aerosol flow tube with a microphys-
ical model to determineJV (T ) for micrometre-sized water
droplets. The AFT apparatus has been characterized exten-
sively using computational fluid dynamics (CFD) calcula-
tions (Khalizov et al., 2006b). Laminar flow conditions were
demonstrated by quantifying thermal transfer in the flowing
gas, thereby providing a time scale for kinetic measurements.
The experimental conditions were designed to be appropriate
for the application of the results to cirrus cloud formation.
The microphysical model used in this study treats nucleation
and mass transfer as simultaneous processes, thereby differ-
ing from the sequential approach used in previous models.
This paper details the experimental setup and approach, as
well as the design and implementation of the model. Values
of JV (T ) are reported from model simulations for pure water
droplets with mean radii (maxima in the volume size distribu-
tions) of 1.0, 1.7, and 2.9 µm. The results are considered with
respect to the applicability of classical, volume-based, nucle-
ation theory to the freezing of small droplets in cirrus clouds.
The implications for bulk parameterizations of homogeneous
nucleation in numerical models are also discussed.

2 Experimental

2.1 Freezing experiments

Freezing experiments were performed in a vertical aerosol
flow tube (AFT), the details of which have been reported
elsewhere (Khalizov et al., 2006a). The tube is equipped with
copper cooling coils capable of operation down to 150 K, and
was designed to maintain laminar conditions with no tem-
perature gradient-driven recirculation under very low flow
velocities. It comprises four independently temperature-
controlled copper sections, each 37.5 cm long, with an in-
ner diameter (i.d.) of 8.9 cm. Adjacent sections are joined
by thin-walled stainless steel bellows, which minimize heat
flow and allow individual sections to be maintained at dif-
ferent temperatures. The inner assembly (copper sections

Atmos. Chem. Phys., 10, 7945–7961, 2010 www.atmos-chem-phys.net/10/7945/2010/



M. E. Earle et al.: Volume nucleation rates for homogeneous freezing in supercooled water microdroplets 7947

and bellows) is enclosed within an evacuated stainless steel
jacket that provides thermal isolation from the laboratory en-
vironment. Chilled nitrogen coolant (mixture of liquid and
gas) flows through coils affixed to the outer wall of each
section. The wall temperature of each section is regulated
using a LabVIEW® interface and feedback loop that con-
trols a heater in the coolant gas flow. This system can main-
tain the average temperature of a section within± 0.1 K of
the set point value, with axial temperature deviations along
the length of each section wall typically maintained within
± 0.5 K. A set of cross-shaped copper fins is placed inside
each section to transfer heat across the flow tube more ef-
ficiently, improving the cooling efficiency and minimizing
radial temperature gradients in the gas flow.

A liquid water aerosol was generated by atomization or
ultrasonic nebulization of Millipore®-filtered water, or by
the heterogeneous condensation of humidified carrier gas on
∼ 20 nm dry sodium chloride (NaCl) particles. In the latter
case, the condensation nuclei were produced by atomizing
a dilute, 10−4 mol L−1 (M) solution of reagent-grade NaCl
(Sigma-Aldrich Co.) in Millipore®-filtered water, and pass-
ing the aqueous particles through a 60 cm long Nafion® dif-
fusion 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. The low NaCl concentration in the result-
ing droplets affected neither optical properties (DeMott and
Rogers, 1990) nor freezing temperatures. We confirmed this
in separate freezing experiments with NaCl solutions of sev-
eral increasing concentrations. Changes in the optical and
freezing properties became noticeable only for NaCl con-
centrations three orders of magnitude higher than those used
here.

The experimental configuration is shown in Fig. 1. For
each generation method, the droplets or nuclei were en-
trained in a dry nitrogen gas flow of 3 SLPM (3 L min−1

at standard conditions of 294 K and 1013 hPa). These
externally-generated particles were introduced at the top of
the cryogenic AFT via a central inlet (heated to prevent ice
deposition), where they were then combined with a pre-
cooled flow of nitrogen carrier gas at 7 SLPM. When em-
ploying nebulization or atomization, dry nitrogen carrier gas
was used. A mixture of dry (4 SLPM) and humidified (3
SLPM) nitrogen was used for the carrier flow when gener-
ating aerosol particles by heterogeneous condensation. The
total flow rate was 10 SLPM in all cases.

The aerosol samples were exposed to well-defined temper-
ature profiles as they flowed through the four tube sections,
which will be designated A through D (top to bottom) in the
following. Sections A and B were maintained at 240 K in all
experiments to condition the aerosol. At the end of section B,
the samples were composed solely of supercooled droplets.
Tube sections C and D were then cooled to candidate freez-
ing temperatures between 230 and 240 K. At a total flow rate
of 10 SLPM, the residence time of aerosol particles, from the

Fig. 1. Setup of cryogenic aerosol flow tube apparatus showing the
three alternative configurations for aerosol generation.

point at which they are cooled following conditioning to the
observation point (see Sect. 2.2), is about 35 s.

2.2 Infrared spectra and retrieval

Infrared (IR) extinction spectra of the flowing aerosol were
recorded in the lower half of section D. A collimated
IR beam, modulated at 40 kHz metrology frequency by a
Michelson interferometer (Bruker Tensor 37), was passed
through optical ports (capped with KRS-5 windows) on op-
posite sides of the flow tube, intersecting the aerosol. The
transmitted IR beam was focussed by an off-axis parabolic
mirror onto a mercury cadmium telluride (MCT) detec-
tor (FTIR-22-1.0, Infrared Associates). For each measure-
ment, 80 scans were averaged over the frequency range from
450 cm−1 to 6000 cm−1, at 2 cm−1 resolution. Water vapour
spectra recorded at 243 K were routinely subtracted from the
measured extinction spectra to remove water vapour interfer-
ence.

A remote sensing retrieval procedure developed in our lab-
oratory was used to determine the phase composition and
corresponding size distribution(s) of the supercooled water
and/or ice particles from their IR spectra (Zasetsky et al.,
2004a, 2007). The retrieval procedure is based on a mini-
mization of the variance between the measured spectrum and
a calculated spectrum that is the linear combination of a set of
monodisperse reference spectra. This basis set of reference
spectra is calculated for 96 radii that are equally spaced on a
logarithmic size scale in the range between 0.05 and 11.8 µm.
Spectral basis sets for both supercooled water and ice are
calculated using Mie scattering code (Bohren and Huffman,
1983), with frequency-dependent complex indices of refrac-
tion (Zasetsky et al., 2005). This approach assumes spheric-
ity, which is a reasonable approximation, because the average
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particle radii are in the 1 µm to 5 µm range and images made
with an optical microscope (Zasetsky et al., 2007) mounted
temporarily in the aerosol flow (in tube section D) show that
under the conditions of these experiments, the particles have
near-unity aspect ratios.

The retrieval procedure determines a particle size distribu-
tion using a nonlinear least-squares algorithm. The resulting
size distribution is the number concentration of particles in
each of the 96 size bins (corresponding to the radii in the ba-
sis set) which produce the calculated spectrum that best fits
the measured spectrum. Ice and/or supercooled water par-
ticle distributions are obtained simultaneously in this way.
Number size distributions can be converted to volume size
distributions by multiplying the number concentration of par-
ticles in each bin by(4/3)π r3, wherer is the bin radius. Vol-
ume size distributions are used in all analyses because they
are directly related to mass, which is conserved in kinetic
processes. Comparison of size distributions retrieved from
IR spectra and scanning electron microscope (SEM) images
of commercial SiO2 microspheres indicated that the retrieval
procedure is accurate to better than± 5% (Zasetsky et al.,
2007).

2.3 Initial aerosol size distributions

To estimate the sizes of the conditioned aerosols from each
generation method, experiments were conducted with all four
flow tube sections held at the conditioning temperature of
240 K. Excess water vapour was removed by freezing onto
the wall and fins upon cooling in the first two sections, and
the particles did not experience appreciable changes in size
beyond this point. Analysis of the resulting extinction spectra
using the characterization procedure (detailed in Sect. 2.2)
produced the volume size distributions of supercooled wa-
ter droplets for each generation method shown in Fig. 2.
The conditioned aerosols produced by heterogeneous con-
densation have radii between approximately 0.4 and 2 µm,
with a maximum in the volume distribution at about 1 µm.
Those produced by the constant output atomizer have radii
between 0.6 and 5 µm, with a mean of approximately 1.7 µm.
Nebulization produces conditioned aerosols with radii be-
tween 1 and 7 µm, with a mean of about 2.9 µm. Based on
these sizes, the aerosols produced by condensation, atomiza-
tion, and nebulization will henceforth be referred to as small,
medium, and large droplets, respectively. Volume concentra-
tions in each of the 96 size bins considered by the retrieval
procedure are indicated in Fig. 2. These concentrations de-
fine the range of typical values in freezing experiments for
each droplet size, which are considered further in Sect. 4.

2.4 Axial temperature profiles

The axial temperature profile experienced by the aerosol can-
not be inferred solely from measurements made at the tube
wall and/or at fixed radial positions in the flow (e.g. in the

Fig. 2. Volume size distributions determined from the IR retrieval
procedure (Sect. 2.2) for supercooled water droplets after condi-
tioning at 240 K. The droplets have mean radii of 1.0 µm (small),
1.7 µm (medium), and 2.9 µm (large), corresponding to the genera-
tion methods of heterogeneous condensation, atomization, and neb-
ulization, respectively (Fig. 1).

centre), because the aerosol is not distributed evenly over
the cross-section of the flow. Moreover, even at the rela-
tively low linear flow velocities of our experiments (a few cm
per second), small residual radial temperature gradients may
remain (typically less than 0.5 K in the region of minimum
temperature, where most freezing occurs; see Sect. 4.3). To
account for these factors, CFD calculations were used to de-
termine the cross-sectional- and mass-averaged temperature
profiles in the AFT (Khalizov et al., 2006a). It has been
shown that CFD computations accurately represent the con-
ditions to which the aerosol particles are exposed as they
travel through the AFT, including not only the temperature
distributions, but also important flow characteristics such as
gas streamlines and particle tracks. These results show that
the particle motion is linear and follows the gas flow, which
is laminar under the conditions of our experiments. Laminar
flow is necessary both to avoid agglomeration and to ensure
that the timescales used in the subsequent kinetic analyses
are correct.

CFD profiles were calculated for each candidate freezing
temperature. Using the calculated aerosol flow velocities,
which are about 3 cm s−1 for a total flow rate of 10 SLPM,
the temperature profiles as a function of the axial coordinate
were converted into profiles as a function of aerosol resi-
dence time. The latter profiles are required by the kinetic
model to interpret the aerosol transformations during freez-
ing. This model is detailed in the following section.

3 Model description

Implemented in Matlab (The Mathworks, Inc.), the model
uses the measured volume distributions of supercooled water
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and ice aerosol particles obtained from freezing experiments
to determine temperature-dependent homogeneous nucle-
ation rate coefficients. The distributions measured at differ-
ent temperatures represent the aerosol particles at the various
stages of the freezing event. Before freezing, the initial dis-
tribution is that of a pure (supercooled) water aerosol that
has been conditioned with all wall temperatures set to 240 K
(Fig. 2). The final supercooled water and/or ice distributions
are taken from experiments conducted with the bottom two
tube sections C and D at a given candidate freezing tempera-
ture.

The model has two components: a microphysical simu-
lation and a minimization step. The microphysical compo-
nent consists of a series of rate processes describing homo-
geneous ice nucleation and (diffusion-limited) exchange be-
tween aerosol particles and water vapour. The exchange ac-
counts for mass transfer between the liquid and frozen parti-
cles via evaporation, diffusion, and condensation/deposition.
All processes use temperature-dependent rate constants and
include the influence of the Kelvin effect. Nucleation and
vapour-phase exchange processes are considered simultane-
ously, as opposed to the sequential approach used previously
in similar models (Chelf and Martin, 2001; Hung et al., 2002;
Hung and Martin, 2001). Beginning with the initial super-
cooled water aerosol distribution, the microphysical com-
ponent solves the time-dependent differential equations de-
scribing the relevant rate processes, subject to the axial AFT
temperature profile and the nucleation rate functionJV (T ).
The calculations produce time-dependent volume distribu-
tions of supercooled water and/or ice. The normalized sum
of squares of differences,χ , between the calculated and mea-
sured (in AFT section D) supercooled water and ice distri-
butions (see Eq. 16) is minimized by varying the function
JV (T ).

3.1 Microphysical simulation

The volume distributions of supercooled water and ice output
by the retrieval procedure (Sect. 2.2) give the volume concen-
tration of particles in each of the 96 size bins corresponding
to the radii specified in the spectral basis set. These radii will
be referred to as nodes in the following. Particles in the size
bins are assumed to reside only at the nodes.

The rate of increase in the number of ice particles in node
i, N s

i , due to homogeneous nucleation is given by the follow-
ing:

dN s
i /dt = N l

i JV (T ) νi (2)

where N l
i is the number concentration of liquid droplets

in node i, andνi = (4/3)π
(
r l
i

)3
is the volume of a liquid

droplet in nodei having radiusr l
i . The decrease in the num-

ber of water droplets resulting from homogeneous nucleation
is determined from the increase in the number of ice parti-
cles:

−dN l
i /dt = dN s

i /dt (3)

Equations (2) and (3) are based on the assumptions that nu-
cleation events in droplets are independent, that ice formation
is the result of only one nucleation event per droplet, and that
once nucleated, the entire droplet is frozen instantaneously.

The temperature dependence of the nucleation rate is given
by classical nucleation theory (Turnbull and Fisher, 1949):

JV (T ) = NV

kT

h
exp

(
−

1FV

kT

)
(4)

whereNV = 3.35×1022 cm−3 is the number concentration of
water molecules in the droplet volume,k is the Boltzmann
constant, andh is the Planck constant. The term1FV rep-
resents the sum of the free energy of nucleus formation in
the bulk volume and the activation energy for the diffusion
of water molecules across the liquid-solid boundary of the
nucleus (Pruppacher and Klett, 1998; Turnbull and Fisher,
1949). The temperature dependence ofJV is given by the
strong temperature dependence of the exponential factor, as
well as that of the pre-factor and1FV . The latter was mod-
elled using the expression1FV = AV −BV T . Incorporating
the parametersAV (in units of energy) andBV (in units of en-
ergy divided by temperature) into the formulation ofJV (T )

used in the model (Eq. 4) gives:

JV (T ) = NV

kT

h
exp

(
−

AV −BV T

kT

)
(5)

The temperature dependence in Eq. (5) governs the number
of ice particles formed as the temperature of the supercooled
water aerosol changes subject to the temperature profile in
the flow tube. Minimization of the functionχ by varying the
parametersAV andBV produces the temperature-dependent
nucleation rates,JV (T ), that are the desired output.

Diffusion-limited exchange processes result from differ-
ences between the saturation vapour pressures above parti-
cles and the partial pressure of water vapour in the surround-
ing gas. These processes include the evaporation and con-
densation growth of the liquid particles and the deposition
growth of the ice particles. The rate of radius change for
water droplets and ice particles by the combination of these
processes is determined as follows (Hinds, 1999):

dr l
i

dt
=

D∗
v (r l

i )Mw

Rρw

1

r l
i

(
p∞

T∞

−
pi

T l
i

)
(6)

drs
i

dt
=

D∗
v (rs

i )Mw

Rρice

1

rs
i

(
p∞

T∞

−
pice

T s
i

)
(7)

wherer l
i is the radius of liquid droplets in nodei; rs

i is the
radius of ice particles in nodei; D∗

v (r l
i ) andD∗

v (rs
i ) are the

diffusion coefficients of water vapour near liquid and frozen
aerosol particles;Mw is the molar mass of water;R is the
ideal gas constant;ρw is the density of supercooled water;
ρice is the density of ice;p∞ is the far-field water partial
pressure;pi is the saturation vapour pressure above droplets
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in nodei (corrected for the Kelvin effect);pice is the satura-
tion vapour pressure above ice;T∞ is the ambient gas tem-
perature at locations far removed from the droplets;T l

i and
T s

i are the surface temperatures of the water droplets and ice
particles, respectively. It is assumed thatT∞ = T l

i = T s
i , be-

cause the gain or release of heat by particles during conden-
sation/deposition or evaporation will not change the particle
surface temperatures by more than 0.01 K (Chelf and Mar-
tin, 2001). The suitability of this approximation for freez-
ing experiments in the present study is considered further in
Sect. 4.3.

The dependence of the gas-phase diffusion coefficients,
D∗

v (r l
i ) andD∗

v (rs
i ), on the radii of water and ice particles fol-

lows from the approach of Fuchs, which corrects for discon-
tinuities in the vapour density above the particles when their
radii approach the mean free path,λ, of vapour molecules
(Pruppacher and Klett, 1998):

D∗
v (r

l/s
i ) =

Dv[
r
l/s
i

r
l/s
i +1v

+
Dv

r
l/s
i αw/ice

(
2πMw

RT
l/s
i

)2
] (8)

In the above expression,Dv is the vapour diffusivity of wa-
ter in air,1v is the distance of the vapour continuum above
the particle surface (taken as 1.3λ in the present study), and
αw andαice are the mass accommodation coefficients for the
evaporation of liquid droplets (evaporation coefficient) and
vapour deposition on ice particles (deposition coefficient),
respectively.

The values ofαw andαice required for computation of the
corrected diffusion coefficientsD∗

v (r l
i ) and D∗

v (rs
i ) are not

well known. Under temperature conditions characteristic of
our freezing experiments, previously reported values ofαw
vary from 0.04 to approximately 0.5 (Li et al., 2001; Shaw
and Lamb, 1999), while those ofαice span three orders of
magnitude from approximately 0.001 to 0.6 (Choularton and
Latham, 1977; Haynes et al., 1992; Magee et al., 2006; Pratte
et al., 2006). Therefore,αw andαice are treated as adjustable
parameters in the model, and are iteratively varied during the
minimization procedure (Sect. 3.2).

The far-field water partial pressure,p∞, is calculated from
the total concentration of gaseous water molecules (vapour),
Nv, using the ideal gas law:

p∞ = NvkT∞ (9)

The value ofNv is determined by assuming that the concen-
tration of gaseous water is in a steady-state with respect to
condensation and evaporation to and from liquid droplets and
deposition on ice particles, and is subject to losses to the ice-
coated tube walls and fins.

dNv

dt
= −

96∑
i=1

(
1

νwρw

dml
i

dt
+

1

νiceρice

dms
i

dt

)
(10)

−kloss

(
Nv −N ice

v

)

The two terms in the summation represent the contribu-
tions from the liquid droplets and ice particles, whereml

i is
the mass concentration of liquid droplets in nodei, ms

i is the
mass concentration of ice particles in nodei, andνw andνice
are the molecular volumes of liquid water and ice, respec-
tively. The rates of change of mass concentration for liquid
and ice particles in nodei due to mass transfer are given by:

dml
i

dt
= 4πr l

i
2ρwN l

i

dr l
i

dt
(11)

dms
i

dt
= 4πrs

i
2ρiceN

s
i

drs
i

dt
(12)

The final term in Eq. (10) represents the loss of gaseous wa-
ter to the ice-coated tube walls and fins, whereN ice

v is the
concentration of vapour molecules given by the saturation
vapour pressure of ice, andkloss is the first-order rate constant
for radial diffusion to the walls in a laminar flow (Houzelot
and Villermaux, 1977; Villermaux, 1971):

kloss=
µDv

r2
t

(13)

In Eq. (13),µ = 3.66 is the Sherwood number for a cylin-
drical pipe, andrt is the tube radius. In the present study,
kloss= 0.138 s−1 at 240 K (Khalizov et al., 2006b).

The wall- and fin-loss term in Eq. (10) is generally much
smaller (by a factor of 10 to 20) than the sum of the contribu-
tions from droplets and ice particles. Frost formation on the
tube wall and fins could lead to an increase in the Sherwood
number, and corresponding increases in vapour losses; how-
ever, visual inspection of the lower tube sections showed no
signs of frost. Considering the negligible absolute amount
of ice on the walls and the suppression of convective mass
transfer under the conditions of our experiments (Khalizov et
al., 2006a, b), we do not expect any variability in the vapour
losses due to frost.

From Eqs. (6) and (7), the changes in size of liquid wa-
ter droplets and ice particles are determined by the differ-
ence between the far-field vapour pressure and the saturation
vapour pressures of particles. The number of particles in a
node may change due to size changes of particles resulting
from condensation/deposition growth and evaporation. This
exchange among nodes was implemented in the model using
the approach of Prakash et al. (2003), in which the change in
the number of liquid droplets in each nodei is considered in
terms of four vapour pressure scenarios:

dN l
i

dt
= (14)

1
(νi−νi−1)ρw

dml
i−1

dt
if p∞>pi−1 (growth inbini −1)

−
1

(νi+1−νi)ρw

dml
i+1

dt
if p∞<pi+1 (evaporation inbini +1)

−
1

(νi+1−νi)ρw

dm l
i

dt
if p∞>pi (growth inbini)

1
(νi−νi−1)ρw

dm l
i

dt
if p∞<pi (evaporation inbini)
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whereνi is the volume of a particle in nodei, andνi−1 and
νi+1 are the volumes of particles in adjacent size bins. The
first two terms in Eq. (14) will increase the number density
of particles in nodei, while the last two terms will decrease
the number density. An equivalent set of equations is used
to describe the change in the number of ice particles in each
nodei:

dN s
i

dt
= (15)

1(
νs
i −νs

i−1

)
ρice

dm s
i−1

dt
−

1(
νs
i+1−νs

i

)
ρice

dm s
i

dt

if p∞ > pice (growth)

−
1(

νs
i+1−νs

i

)
ρice

dm s
i+1

dt
+

1(
νs
i −νs

i−1

)
ρice

dm s
i

dt

if p∞ < pice (evaporation)

There are only two possibilities in this case, becausepice is a
function of temperature only, and does not vary for adjacent
nodes.

The initial inputs for the microphysics component are the
initial volume distribution of supercooled droplets, the time
evolution of temperature (determined from the flow veloc-
ity and axial temperature profile, as described in Sect. 2.4),
the first guesses of values ofAV andBV for the calculation
of the nucleation rate (Eq. 5), and the mass accommodation
coefficientsαw andαice for the calculation of mass transfer
by evaporation/growth. By performing the steps implied by
Eqs. (2) to (15), the model calculates the time evolution of
the far-field partial pressure, the number fraction of droplets
frozen (ratio of number of droplets frozen to initial number of
droplets), and thereby the evolution of the supercooled water
and ice distributions.

3.2 Minimization

The minimization procedure iteratively varies the values of
AV , BV , αw and αice to minimize the normalized sum of
squares of differences,χ (Eq. 16 below), between the final
volume distributions of supercooled water and ice aerosol
particles measured in freezing experiments and those calcu-
lated by the model.

χ =

96∑
i=1

(
V

l,exp
i −V

l,calc
i

)2
+

96∑
i=1

(
V

s,exp
i −V

s,calc
i

)2

(
96∑
i=1

(
V

l,exp
i +V

s,exp
i

))2
(16)

In the above equation,V l
i andV s

i are the volume densities
of liquid droplets and ice particles, respectively, in nodei.
The additional superscripts indicate whether volume densi-
ties are from experimental (exp) or calculated (calc) distri-

butions. The model can be run for a single freezing exper-
iment at a given candidate freezing temperature, or for sev-
eral freezing experiments, performed at different candidate
freezing temperatures, simultaneously. In the latter case,χ

is evaluated separately for each experiment using Eq. (16),
and then averaged over all of the experiments. In either case,
the model iteratively varies a single set ofAV , BV , αw, and
αice values for all of the constituent experiments to minimize
the final (averaged) value ofχ .

The minimization uses thefminsearchminimizer from the
Matlab standard library, which finds a minimum for an un-
constrained multivariable function using the simplex search
method (Lagarias et al., 1998). The strong temperature de-
pendence of homogeneous nucleation rates complicates the
minimization, asAV andBV pairs producing reasonable val-
ues ofJV for a given temperature form a narrow strip on
a plot of AV vs. BV . Lines of constantJV are given by
AV = BV T −C, whereC is a constant. If one changesAV

andBV by moving along such a line,JV does not change
(for a given temperature), but its temperature dependence
does. If, on the other hand, one moves perpendicular to such
a line, JV changes exponentially, while its temperature de-
pendence changes little. This situation necessitates the use
of extremely small steps in the minimization to maintain rea-
sonable values ofJV , which slows down the calculation pro-
cess dramatically.

To circumvent this issue, the parametersAV andBV were
transformed to new parametersaV andbV , which decouple
the value ofJV from its temperature dependence, greatly en-
hancing the performance of the minimizer. The parameters
aV andbV are the inclination and offset whenJV is approx-
imated by a straight line on a logJV vs.T plot:

log
JV

J0
= aV (T −T0)+bV (17)

whereJ0 = 1 cm−3 s−1 provides the correct units. Changing
aV or bV is equivalent to moving parallel or perpendicular,
respectively, to the lines of constantJV on theAV vs. BV

plot. The coordinate transformation is accomplished by de-
veloping logJV (T ) in a Taylor series expansion up to the first
order, around a temperatureT0 within the typical freezing
range for our experiments:

aV =
1

T0ln10

(
1+

AV

kT0

)
(18)

bV =
1

ln10

(
−

AV −BV T0

kT0
+ ln

NV kT0

hJ0

)
(19)

For these experiments, a value ofT0 = 236.15 K was used.
The new parametersaV andbV are used only in the mini-
mization component of the model. In the microphysics com-
ponent,aV and bV are transformed back toAV and BV ,
which are used to calculateJV for each iteration.
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Fig. 3. Experimental extinction spectra obtained from freezing ex-
periments using medium droplets generated by atomization at dif-
ferent candidate freezing temperatures. The spectra calculated from
the retrieved size distributions are overlaid in black.

4 Results and discussion

4.1 Changes in infrared spectra and aerosol size
distributions upon cooling

Extinction spectra were recorded for pure water aerosol as
a function of the candidate freezing temperature. The spec-
tra obtained at 239.6, 236.3, 236.1, and 234.9 K are shown
in Fig. 3 for the representative case of medium droplets pro-
duced by atomization. The freezing onset (homogeneous nu-
cleation point) is indicated by distinct changes in the spec-
tra between 236.3 and 236.1 K; specifically, broadening of
the O-H vibrational stretching feature at∼ 3000 cm−1 and
the H-O-H bending feature at∼ 1640 cm−1. These changes
become more pronounced when the temperature is reduced
to 234.9 K and a larger number of droplets are frozen, with
the O-H stretching feature exhibiting a marked change in
shape. In addition, the H-bonding (librational) feature at
∼ 700 cm−1 sharpens and shifts to higher wavenumbers.

The above changes in absorption features associated with
freezing are all in accordance with previous reports (Cziczo
and Abbatt, 1999; Clapp et al., 1995). Small variations in
these spectral features at warmer temperatures are also evi-
dent from comparison of the spectra at 239.6 and 236.3 K.
In general, the spectral features that are characteristic of ice
gradually become stronger as the temperature is decreased
from near 273 K toward the nucleation point. A previous
study in our laboratory (Zasetsky et al., 2004b) attributed
these changes to the formation of low-density domains, con-
sisting of ice-like clusters of water molecules, within the su-
percooled droplets.

The changes in extinction that occur above about
4000 cm−1, where neither water nor ice absorb, are due to

variations in scattering. After ice nucleation has occurred
in a small fraction of supercooled droplets, the changes in
slope in this region are due primarily to the growth of nascent
ice particles by vapour diffusion from the remaining liquid
droplets. The growth process can be characterised by retriev-
ing temperature-dependent size distributions of supercooled
water and/or ice aerosol particles from experimental spectra
using the procedure outlined in Sect. 2.2.

Retrieved volume size distributions of hydrometeors are
shown in Fig. 4 for the same set of freezing experiments us-
ing medium droplets. The numerical values of the volume
concentrations are omitted in these and subsequent size dis-
tribution plots for clarity (see Fig. 2 for typical values for
experiments using each initial droplet size). The spectra cal-
culated from the retrieved size distributions are overlaid on
the experimental spectra in Fig. 3.

Figure 4 shows that the sample at 239.6 K was composed
entirely of supercooled water droplets, with a mean radius
of ∼ 1.7 µm. The apparent contribution from ice particles
with radius approximately equal to that of the water droplets
arises because the refractive indices, and therefore the spec-
tra, of supercooled water and ice are very similar, making it
difficult to distinguish between them by optical spectroscopy.
As a result, experimental noise in the measured spectra can
introduce small uncertainties in the retrieved ice and water
distributions. This was discussed extensively by Zasetsky et
al. (2004a). Similar small ice features are observed in the dis-
tributions at 236.1 K and 234.9 K, as well as at warmer tem-
peratures (not shown). These features cannot be eliminated
(unless the measured spectra are completely noise free), and
since they represent a negligible fraction of the total volume
(see below), they were removed from the distributions prior
to applying the microphysics model.

The secondary liquid water and ice features present at
larger radii in Fig. 4 (e.g. the water peaks in the vicinity
of 10 µm at 239.6 K and 236.1 K and the “tails” on the wa-
ter and ice distributions at the largest radii) cannot result
from liquid droplets having large radii, because such large
droplets would freeze rapidly under the conditions of our ex-
periments. Our previous experience suggests that these ap-
parent features are probably caused by slight shifts in the
spectrometer baseline (less than 0.1%), which cause contri-
butions to the spectra that have the same appearance as spec-
tra of very large particles. It has been shown previously that
these baseline shifts do not affect the results for smaller radii
in the size range of the present experiments (Zasetsky et al.,
2004a). Thus, these parts of the distributions were not in-
cluded in the minimization procedure. Overall, the features
that were neglected in the minimization (apparent small par-
ticle distributions in Fig. 4 and large-diameter “tails”) consti-
tute less than 10% of the total volume.

The samples at 236.3 and 236.1 K in Fig. 4 were partially
frozen, with maxima in the ice distributions at approximately
7.1 and 5.6 µm, respectively, while the sample at 234.9 K was
completely frozen, with a maximum in the ice distribution at
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Fig. 4. Volume size distributions obtained using the aerosol re-
trieval procedure with the experimental spectra from freezing ex-
periments using medium droplets in Fig. 3. The corresponding can-
didate freezing temperatures are indicated for the individual exper-
iments.

about 3.2 µm. The residual water apparent in the distributions
at 234.9 K is due to the similarity of refractive indices for
supercooled water and ice considered above, and is neglected
in the subsequent analysis.

The significant increases in the sizes of the ice particles
relative to the initial supercooled water droplets are caused
by deposition growth of the nucleated ice particles. The
smaller size of the ice particles at lower temperature is a re-
sult of the temperature dependence of the growth process.
Mass transfer is most significant near the nucleation point,
where only a small fraction of the droplets have frozen and
the saturation vapour pressure of water is high. As the tem-
perature is reduced, the saturation vapour pressure of water
decreases and a larger fraction of droplets freeze homoge-
neously, reducing the available liquid water for mass transfer
and suppressing the growth of the ice particles.

It is important to emphasize that even for the completely
frozen sample at 234.9 K, ice nucleated in only a small frac-
tion of the droplets, and these then grew significantly by
mass transfer. Further decreases in the candidate freezing
temperature to 233.5 and 232.4 K led to the nucleation of a
larger fraction of the droplets, which did not grow as much
as those at higher temperatures. The ice particle mean radii
for these lower temperature cases (not shown) were 2.1 and
1.9 µm, respectively. At temperatures below 230 K, the size
distribution of the ice particles corresponds approximately
to that of the initial size distribution of supercooled water,

Fig. 5. Freezing curves determined from volume size distributions
for experiments using each initial droplet size. Solid and dashed
lines are provided to guide the eye and facilitate estimates of the
homogeneous nucleation temperature from the freezing data.

indicating that homogeneous nucleation predominates and
liquid-to-solid mass transfer growth is not significant. This
is the expected consequence of the strong temperature de-
pendences of both the nucleation rate and the mass transfer
growth rate.

4.2 Nucleation temperature determination from
retrievals

The volume size distributions of supercooled water and ice
were used to calculate the volume fraction of ice – defined as
the integrated volume concentration of ice particles divided
by the sum of the integrated volume concentrations of ice and
water particles – formed at each candidate freezing temper-
ature. The resulting freezing curves for aerosol particles of
each initial size are shown in Fig. 5. The curves for small and
medium droplets overlap (dashed black line), and are shifted
to slightly warmer temperatures than that for large droplets
(solid grey line). We define the temperature at the mid-point
of the curve, where the volume fraction of ice is 0.5, to be
the homogeneous nucleation point. For each particle size,
the nucleation temperature is approximately 236 K, in excel-
lent agreement with values from previous work (Anderson
et al., 1980; Cziczo and Abbatt, 1999; DeMott and Rogers,
1990). Errors in the volume fraction frozen range from 2 to
3% in the plateau regions, where the samples are predom-
inantly supercooled droplets or ice, to 10% near the nucle-
ation point, where the phase composition is most sensitive to
small fluctuations in temperature. The upper limit for errors
in the volume fraction of ice is illustrated by the error bar in
Fig. 5, which is based on the larger uncertainty value near the
nucleation point.
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The dependence of the volume fraction of ice on the candi-
date freezing temperature shows the evolution of the freezing
process. However, the competition between homogeneous
nucleation and mass transfer complicates the determination
of the nucleation rate from these data, because the change
in the volume of ice particles results from both processes.
To isolate the contribution of homogeneous nucleation from
that of mass transfer growth so that the nucleation rate coef-
ficients could be calculated, it was necessary to use a micro-
physical model that contained both processes (see Sect. 3).

4.3 Nucleation rate determination from model
simulations

Freezing experiments performed at different candidate freez-
ing temperatures corresponded to different cross-sectional,
mass-averaged temperature profiles obtained from a combi-
nation of direct measurements and high resolution CFD sim-
ulations (Sect. 2.4). Each experiment was interpreted in a
separate model run. The input data for each run consisted of
the measured initial and final supercooled water and/or ice
aerosol particle distributions, the temperature profile, and the
initial guesses for the parametersAV , BV , αw andαice. An
example of the evolution of the volume distributions of su-
percooled water and ice that the model obtains for a freezing
experiment performed at a candidate freezing temperature of
235.7 K is shown in Fig. 6 for medium-sized droplets gen-
erated by atomization. The corresponding temperature pro-
file and evolution of the far-field pressure (Eq. 9), the num-
ber fraction of droplets nucleated, and volume fraction of ice
(determined from the distributions) are given in Fig. 7.

The initial volume distribution of supercooled water
droplets in Fig. 6 (solid black curve) has a maximum at a
radius of∼ 1.7 µm. As the aerosol travels to a region of
lower temperature (see Fig. 7), the volume density of wa-
ter droplets decreases while that of ice particles increases.
Figure 6 shows that the ice particles become larger due to
mass transfer following freezing; the mean radii are 2.9 and
3.7 µm after residence times of 11.6 and 23.1 s, respectively.
The final sample, calculated for a 34.7 s residence time, is
composed almost entirely of ice particles (blue dashed line;
mean radius of 4.2 µm), with some residual water droplets.

The freezing experiment shown in Fig. 6 exemplifies a
“partially frozen” case in which some liquid water droplets
remain in the aerosol when it crosses the infrared detection
beam. This corresponds to the vertical part of the freezing
curve in Fig. 5, for which the volume fractions of ice are
less than unity. Because water and ice are present simul-
taneously, these partially frozen experiments are preferable
to cases where all of the water droplets freeze before de-
tection in the lowermost section of the flow tube. In the
absence of liquid water droplets, the kinetic timescale over
which nucleation occurred is uncertain, and the mass ac-
commodation coefficients required for the correct descrip-
tion of diffusion-limited mass transfer cannot be properly

Fig. 6. Time evolution of volume distributions of supercooled water
(solid lines) and ice (dashed lines) at 0, 11.6, 23.1, and 34.7 s for a
sample model run for medium droplets at 235.7 K.

Fig. 7. Axial temperature profile and time evolution of far-field
water vapour pressure, number fraction of droplets nucleated, and
volume fraction of ice calculated by the model for the run at 235.7 K
(medium droplets). The solid squares indicate the times for which
the volume distributions of supercooled water and ice are shown in
Fig. 6.

constrained. Accordingly, subsets of experiments with par-
tially frozen aerosols for each initial droplet size were se-
lected for subsequent model analysis: three experiments for
small droplets at different candidate freezing temperatures,
five experiments for medium droplets, and three experiments
for large droplets.
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Fig. 8. Variation ofχ with changes in mass accommodation coef-
ficientsαw andαice for the representative case of a partially frozen
experiment for medium droplets at 235.7 K.

Because ice particle growth by mass transfer is significant
for partially frozen samples, the model runs corresponding
to these experiments should be sensitive to the values of the
mass accommodation coefficientsαw andαice, which deter-
mine the magnitudes of the gas-phase diffusion coefficients
D∗

v (r l
i ) andD∗

v (rs
i ), respectively (see Sect. 4.1). To demon-

strate this sensitivity, a series of model runs were performed
in which the values ofαw andαice were varied independently
to find their influence on the value ofχ . The results for the
experiment with partially frozen, medium-sized droplets at
235.7 K are shown in Fig. 8. In this case, the best fit be-
tween the measured and calculated ice and water size distri-
butions (minimum value ofχ) was obtained withαw = 0.020
andαice = 0.038. The trends displayed in Fig. 8 are represen-
tative of those observed for aerosols with smaller and larger
droplet sizes. The steeper minimum inχ as a function ofαice
indicates that the results are more sensitive to changes in the
accommodation coefficient on ice than to changes inαw. The
variations in Fig. 8 show that these experiments can be used
to estimate the mass accommodation coefficients – at least
under our experimental conditions.

Fits to experimental distributions calculated from model
runs for supercooled droplets with a mean radius of 1.7 µm
(medium-sized droplets) are shown in Fig. 9. The distribu-
tions producing the minimum value ofχ are shown in each
case. The associated values ofJV , calculated from the result-
ing values ofAV andBV , are plotted in Fig. 10.

As seen in the lower panel of Fig. 7, the largest num-
ber of droplets nucleates in a narrow range of temperatures
(∼ 0.25 K) above the lowest temperature to which the parti-
cles are exposed in the AFT. This is due to the very strong
temperature dependence ofJV , which changes by about two
orders of magnitude per degree Kelvin (see Fig. 10). To ob-
tain values ofJV over as wide a temperature range as possi-

Fig. 9. Model fits to experimentally-measured distributions from
partially frozen samples (medium droplets). The corresponding
candidate freezing temperatures are indicated for the individual ex-
periments.

Fig. 10. Volume-based nucleation rate coefficients,JV , deter-
mined from single and group fits to partially frozen experiments
for medium droplets. The open diamonds indicate the lowest tem-
perature reached in each freezing experiment, and the dashed lines
show the temperature dependence ofJV to 0.25 K above the mini-
mum temperature.

ble and to mitigate the strong temperature dependence noted
above, all five of the partially frozen experiments for medium
droplets were fitted simultaneously, using a single set of min-
imization parameters. The result of this group fit is plotted
as the solid curve in Fig. 10, showing the temperature depen-
dence of the nucleation rate assuming that nucleation occurs
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Fig. 11. Model results and comparison with experimentally measured size distributions for small and large droplets. The upper three panels
(a) to (c) show results for the three experiments used in the small droplet group; the lower panels(d) to (f) the results of the large droplet
group. The corresponding candidate freezing temperatures are indicated in the figure for the individual experiments.

within the droplet volume for samples in which most droplets
have radii at or about 1.7 µm. Strictly speaking, thisJV (T )

curve applies only over the temperature range from 234.8 K
to 236.2 K; that is, from the minimum temperature in the ex-
periment performed at the lowest AFT wall temperature of
235.3 K to 0.25 K warmer than the minimum temperature in
the experiment conducted at the highest wall temperature of
236.5 K (see Fig. 10). It should be noted that the minima in
the temperature profiles are slightly lower than the set-point
(average) wall temperatures because of the cooling config-
uration, which is responsible for the± 0.5 K axial gradient
along tube sections.

Model fits to retrieved volume distributions from exper-
iments with partially-frozen samples of small and large
droplets, with mean radii of 1.0 and 2.9 µm, respectively, are
shown in Fig. 11. The correspondingJV (T ) curves obtained
from group fits to these experiments are plotted with that de-
termined from the group fit to medium droplet experiments
in Fig. 12. The valid temperature ranges forJV (T ) are 235.0
to 235.8 K for small droplets and 234.8 to 235.8 K for large
droplets. Error bars at different temperatures are indicated
for each group fit in Fig. 12. These reflect the influence of the
strong temperature dependence ofJV from individual freez-
ing experiments on the values determined from group fits.
They were determined by repeating the group fits for each
droplet sizeN times and removing one of theN individual
freezing experiments in each successive run. The standard
deviations of the resultingJV (T ) curves were used to deter-
mine the uncertainties shown for each droplet size.

The values ofχ , AV , BV , αw andαice obtained from the
group fits for each droplet size are given in Table 1. The val-

Fig. 12. Volume-based homogeneous nucleation rate coefficients,
JV (T ), determined from model fits to groups of experiments for
small, medium, and large droplets.

ues ofAV andBV can be used in Eq. (5) to calculate values
of JV (T ), the temperature-dependent volume nucleation rate
coefficient, over the temperature range of our experiments.
Averaging the compiled values of mass accommodation co-
efficients, weighted by the number of freezing experiments
used in each group fit, results inαw = 0.054 ± 0.012 and
αice = 0.031± 0.001. The uncertainties are estimated from
the standard deviation of the values in Table 1 about the
weighted averages.
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Table 1. Minimization parameters from group fits for each droplet size.

Radius (µm) χ AV (J ) BV (J/K) αw αice

1.0 3.68×10−3
−2.592393×10−18

−1.186721×10−20 0.054 0.030

1.7 3.50×10−3
−2.527704×10−18

−1.159562×10−20 0.063 0.030

2.9 2.14×10−3
−2.386266×10−18

−1.100254×10−20 0.039 0.032

Diffusive mass transfer in the present study is based on
the assumption that supercooled droplets and ice crystals
have the same temperature as their surroundings; that is,
that heat transfer due to evaporation from droplets or de-
position on ice is negligible (see Sect. 3.1). This assump-
tion can potentially bias the values of the nucleation rate and
mass accommodation coefficients determined using the mi-
crophysics model. In a given freezing experiment, the num-
ber fraction of droplets nucleated is very small. For instance,
Fig. 7 shows that approximately 4% of droplets froze in an
experiment using medium droplets at 235.7 K. Hence, there
are many more droplets than ice particles. The rate of depo-
sition on the ice particles far exceeds the rate of evaporation
from the large number of droplets, and so the temperatures of
individual droplets are not affected. At lower temperatures,
the number fraction of droplets frozen increases; however,
because the partial pressure of water vapour is correspond-
ingly lower, the evaporation rate and hence the droplet cool-
ing rate are both very small for this case as well.

Given the more rapid rates of deposition, the ice particle
temperatures could be warmer than the surrounding gas. To
investigate the influence of such temperature differences, a
series of sensitivity tests were conducted using the micro-
physics model for the same groups of small, medium, and
large droplet experiments discussed above. For temperature
differences of up to 0.1 K, which are an order of magni-
tude larger than the differences reported by Chelf and Mar-
tin (2001), the evaporation and deposition coefficients varied
by less than 13% and 6%, respectively, of their values as-
suming thermal equilibrium with the surrounding gas. For
the same and larger (up to 0.3 K) temperature differences,
the nucleation rate coefficients varied within 4%. The results
of the sensitivity tests suggest that the negligible heat transfer
approximation is valid for our experiments, and that changes
in particle temperatures due to evaporation and/or deposition
will not significantly influence our results.

The validity of our approach was assessed further by com-
paring model results with experimentally measured volume
fraction frozen values (Sect. 4.2 and Fig. 5). For this test, the
nucleation rate coefficients determined for each droplet size
were used in a set of forward model simulations conducted
over the temperature range of our experiments. In each simu-
lation, the initial droplet size distribution was cooled accord-
ing to a mass-averaged temperature profile computed from

Fig. 13.Comparison of modelled volume fraction frozen curves for
each droplet size with experimental (exp) values.

CFD (Sect. 2.4) for a particular candidate freezing temper-
ature. The resulting supercooled water and/or ice size dis-
tributions were used to calculate the volume fraction frozen.
The modelled values agree well with the experimental values
and have similar size-dependences, as shown in Fig. 13. This
agreement is an additional demonstration that the microphys-
ical processes and temperature conditions in the freezing ex-
periments are represented well by the model.

4.4 Comparison of nucleation rate coefficients

The nucleation rate coefficients determined in the present
work are compared against values from previous studies
of droplets created in an expansion chamber (DeMott and
Rogers, 1990) and levitated in a cooled electrodynamic bal-
ance (Duft and Leisner, 2004; Krämer et al., 1999; Stöckel
et al., 2005) in Fig. 14. The water droplets examined in the
experiments of the other authors ranged in size from about
5 to 50 µm. The values ofJV (T ) determined in the present
study agree best with those of Stöckel et al. (2005) in terms
of both temperature dependence and magnitude, effectively
extending their values to lower temperatures. The tempera-
ture dependence of our results is similar to those obtained by
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Fig. 14. Comparison ofJV (T ) curves determined from group fits
in the present work with literature values determined using levitated
droplets in electrodynamic balances (squares) and expansion cloud
chambers (triangles). Error bars are provided for literature values
only (uncertainties in the present study are indicated in Fig. 12).

Krämer et al. (1999) and Duft and Leisner (2004), as well
as that of the curve of Pruppacher (1995), but the absolute
values are lower. The Pruppacher recommendation is a fit
to earlier experimental data, including those of DeMott and
Rogers (1990), which agree with our values at low tempera-
ture, but have a different temperature dependence.

The droplet radii in each of the previous studies are larger
than the∼ 4 µm threshold for surface nucleation proposed
by Duft and Leisner (2004). The droplet size distributions
in the present study, however, all have mean radii below this
threshold, allowing one to consider whether classical nucle-
ation theory is applicable to such droplets. In addition, all
experiments in this study were performed in the same ex-
perimental apparatus under similar experimental conditions,
allowing one to assess the size dependence ofJV (T ) with
minimal contribution from systematic errors.

For a classical, volume-based freezing process, the nu-
cleation rate depends on the droplet volume (function of
r3), and the rate coefficientJV (T ) should be independent
of droplet radius. This is not the case for theJV (T ) curves
for small, medium, and large droplets in the present study.
It is evident from Figs. 12 and 14 that for these curves, the
magnitude ofJV (T ) increases with decreasing droplet radius
for a given temperature. The magnitude of this trend exceeds
that of the experimental uncertainty shown by the error bars
(Fig. 12) and also appears to scale with the change in parti-
cle size. This size dependence is consistent with what would
be expected if surface nucleation contributes significantly to
the total nucleation rate, as considered in Eq. (1). As the
droplet size decreases, the surface-to-volume ratio increases,
which would increase the contribution fromJS . These results

suggest that classical nucleation theory does not adequately
describe the freezing of small, micrometre-sized supercooled
water droplets, which is consistent with previous considera-
tions of a droplet size threshold for surface nucleation (Duft
and Leisner, 2004).

5 Conclusions

The freezing of micrometre-sized water aerosol droplets with
mean radii of 1.0, 1.7, and 2.9 µm was studied as a func-
tion of temperature in a cryogenic AFT apparatus. Anal-
ysis of experimental extinction spectra using a previously-
reported characterization procedure provided the size distri-
butions and phase composition of the aerosol samples. The
temperature dependence of the volume fraction of ice formed
in the samples indicated a homogeneous nucleation point of
approximately 236 K for each droplet size, in good agree-
ment with previous literature reports.

An aerosol microphysics model was used to determine val-
ues of the temperature-dependent, volume-based homoge-
neous nucleation rate coefficient,JV (T ), from experimental
measurements. Mass accommodation coefficients for water
molecules on liquid water,αw, and ice,αice, were obtained
from the model fits to experimental measurements. The fits
were particularly sensitive to the value ofαice, which is a key
parameter in cloud models (e.g. Cotton et al., 2007; Jensen
et al., 1998) because it influences the value of the vapour-
phase diffusion coefficient, and thus the rate of ice parti-
cle growth via mass transfer. Mass accommodation coef-
ficients from model fits to groups of experiments for each
droplet size were averaged to obtainαw = 0.054± 0.012 and
αice = 0.031± 0.001.

TheJV (T ) curves determined for droplets with mean radii
of 1.0, 1.7, and 2.9 µm show a distinct size dependence, with
the magnitude ofJV (T ) increasing with decreasing droplet
size. This indicates that the freezing of these droplets can-
not be described solely using the classical, volume-based
nucleation theory and that the contribution of surface nu-
cleation appears to increase with decreasing droplet size, as
would be expected from the higher surface-to-volume ratios.
These results are consistent with the suggestion by Duft and
Leisner (2004) that the surface nucleation rate could become
comparable to the volume rate at radii below approximately
4 µm.

Surface nucleation of small droplets will modulate the
formation of cirrus clouds, altering the concentrations and
sizes of ice crystals that would be produced as compared
to volume-only nucleation scenarios. This has potentially
important ramifications for bulk parameterizations in nu-
merical models, which typically employ temperature- and
composition-dependent formulations for the homogeneous
nucleation rate coefficient based solely on the classical,
volume-based approach (Kärcher and Lohmann, 2002; Liu
and Penner, 2005). Any contribution from a surface-based
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process will alter the predicted characteristics of ice forma-
tion and growth, and in turn, the predicted cloud microphys-
ical and radiative properties. Further work is required to
develop a size-dependent parameterization for homogeneous
nucleation that accounts for both volume- and surface-based
processes. This is considered in a related manuscript (Kuhn
et al., 2009).

Appendix A

Influence of radial temperature gradients

The model detailed in Sect. 3 uses mass-averaged axial tem-
perature profiles to describe the cooling of the particles,
which dictates all concurrent microphysical processes. These
profiles have been shown to represent the conditions in the
flow very well (Khalizov et al., 2006a), but as noted previ-
ously in Sect. 2.4, they still might be subject to radial tem-
perature gradients of less than 0.5 K. Given the nonlinear na-
ture of the freezing process, it is important to demonstrate
that such gradients do not significantly influence the model-
determined nucleation rate coefficients, which use mass-
averaged temperature profiles.

Radial temperature gradients would increase the range of
particle residence times in the flow. Slightly colder temper-
atures at the tube wall and fins result in slower flow veloc-
ities and longer particle residence times, while the slightly
warmer flow in the tube centre result in faster flow veloci-
ties and shorter particle residence times. To assess the ef-
fect of this range of particle residence times in our freezing
experiments, 200 particle tracks distributed across the tube
cross section were analyzed using CFD for a 10 K tempera-
ture drop in the flow tube (i.e. a candidate freezing temper-
ature 10 K colder than the conditioning temperature). The
tube geometry and boundary conditions for the simulations
are described elsewhere (Khalizov et al., 2006a).

We first determined the total residence times of the par-
ticles in the entire flow section in order to classify the flow
conditions. The CFD results indicated that approximately
50% of particles had residence times between 20 and 25 s,
while about 20% and 10% had residence times between 25
and 30 s and 30 and 35 s, respectively. The remaining 20%
had residence times longer than 35 s. From this analysis, the
flow cross section was divided into three “layers” – a core
layer with the shortest residence times containing about 50%
of particles, a middle layer with intermediate residence times
containing about 30% of particles, and an outside layer with
the longest residence times containing about 20% of parti-
cles (Fig. A1). We then used this somewhat simplified clas-
sification to explore how non-uniform residence times and
temperature profiles would influence the model results.

Separate axial temperature profiles were computed for
each layer using CFD, following the same approach as in
Sect. 2.4. The results showed that flow velocities of the

Fig. A1. Schematic representation of layers used in model sim-
ulations to assess the influence of radial temperature and velocity
gradients in the flow tube.

aerosol in the core and outside layers were a factor of 1.5
and 0.7 of the velocity of the middle layer; that is, 50% faster
and 30% slower, respectively, than the middle layer. Inter-
actions between the layers by vapour diffusion were consid-
ered at each point along the axial temperature profile, and
the mass accommodation coefficient values were fixed, at
αw = 0.054 andαice = 0.031. These and previous CFD sim-
ulations showed that transport of particles across the layer
boundaries was negligible. Each layer and axial profile used
the same initial droplet size distribution (small, medium, or
large droplets, as in Fig. 2). The final size distributions
computed for each layer/profile were weighted according to
the volume fraction of each layer intersected by the infrared
beam in the observation section (approximately 0.25 for the
core, 0.5 for the middle, and 0.25 for the outside layer) and
averaged. The minimization was then done as in Sect. 3.2,
except that it was based on the comparison between these
new distributions and the experimental distributions.

The resulting JV (T ) curves for group fits to small,
medium, and large droplets are plotted in Fig. A2. The
corresponding curves determined from model runs using
mass-averaged temperature profiles – that is, the values from
Figs. 12 and 13 – are shown for comparison. Clearly the
JV (T ) curves from the layered simulations are very close in
magnitude to those from the mass-averaged temperature pro-
files and both results also have the same size dependences. In
the averaged aerosol sample seen by the infrared beam, the
shorter residence times in the core layer compensate for the
longer residence times in the outside layer, and vice versa.
Moreover, this analysis shows that the temperature profiles
and flow velocities act to equalize the cooling rates in the
different layers. The flow near the wall has a slower veloc-
ity but a more abrupt temperature decrease and vice versa
for flow near the centre of the tube. This tendency to equal-
ize the cooling rates across the radius also helps to minimize
differences in this dimension.
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Fig. A2. Comparison ofJV (T ) curves from model simulations us-
ing layers (L) to represent different temperature and velocity pro-
files in the flow tube with curves from simulations employing cross-
sectional and mass-averaged temperature profiles (MA).

Thus the results from the layered simulations confirm that
the mass-averaged temperature profiles represent very well
the conditions experienced by the particles in the flow tube,
and show that the small residual temperature/velocity gradi-
ents effectively cancel each other out. Finally, it is important
to keep in mind that our experiments employ a statistical en-
semble of particles, and even if individual particles experi-
ence slightly different axial temperature profiles, this would
not affect the validity of our results, which give the behaviour
of the entire sample, rather than that of the individual parti-
cles.
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