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[1] A liquid-phase Lagrangian parcel model was expanded to include nucleation and
growth of ice crystals. Intercomparisons between three heterogeneous ice nucleation
parameterizations that link aerosol type and number to ice crystal concentration were
conducted. Results indicate large differences in the prediction of ice formation in modestly
supercooled clouds and in the susceptibility of cirrus to heterogeneous ice nucleation
for the same assumed aerosol distribution. Only one parameterization has an observational
constraint that limits the maximum ice crystal number concentrations to be a fraction of
the total number concentrations of potential ice-nucleating particles (typically, all
insoluble particles larger than about 0.1 pm). The constrained parameterization compares

well with most ice nucleation measurements. The nonconstrained parameterizations

are capable of predicting several orders of magnitude higher ice crystal concentrations
than the constrained parameterization for the same parcel-forcing conditions. Ice crystal
concentrations in the unconstrained parameterizations are controlled by the total
number concentration of potential ice-nucleating particles and, importantly, negative
feedback on ice supersaturation. This feedback control often masks the large discrepancy
that exists between predicted ice crystal number concentrations and the maximum
number concentrations that can be attributed to atmospheric ice nuclei based on our
current understanding of the latter. It also permits unrealistic conclusions regarding the
role of certain aerosols as ice nuclei. It is recommended that a constraint on ice crystal
number concentrations, related to number concentrations of relevant aerosol particles,
should be included in ice nucleation parameterizations used in cloud to global-scale

models.

Citation: Eidhammer, T., P. J. DeMott, and S. M. Kreidenweis (2009), A comparison of heterogeneous ice nucleation
parameterizations using a parcel model framework, J. Geophys. Res., 114, D06202, doi:10.1029/2008JD011095.

1. Introduction

[2] Ice crystals in the atmosphere form via several differ-
ent pathways involving homogeneous and heterogeneous
ice nucleation. While homogeneous freezing occurs in
liquid solutions, heterogeneous nucleation occurs on a solid
particle (ice nuclei, IN). Heterogeneous nucleation mecha-
nisms include deposition, condensation freezing, immersion
freezing and contact freezing [see Vali, 1985]. Only a few
types of solid particles in the atmosphere serve as IN, and
the number fraction of the population of solid particles that
are IN varies greatly with particle type, temperature, and
supersaturation with respect to ice.

[3] The inclusion of heterogeneous ice nucleation param-
eterizations in general circulation models and cloud resolv-
ing models often does not consider the different types of IN
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and the variation of IN number concentrations throughout
the atmosphere. These models often use diagnostic param-
eterizations that predict IN number concentration only as a
function of temperature [Cooper, 1986; Fletcher, 1962] or
as a function of ice supersaturation [Meyers et al., 1992].
Such parameterizations do not account for the variability of
IN number concentration in space and time in the atmo-
sphere and they are often applied outside the temperature or
supersaturation range of the measurements on which they
were based. For example, the Meyers et al. formulation will
overpredict ice crystal concentrations when the number
concentration of particles that can act as IN is low, as shown
by Prenni et al. [2007b] in Arctic conditions. The Fletcher
parameterization will typically underpredict ice crystal
concentrations at warm temperatures but overpredict at
lower temperatures [Meyers et al., 1992].

[4] Increased knowledge of ice nucleation from field and
laboratory studies, and the increased capability to include
more detailed aerosol treatment in models, has led to the
development of several different model representations of
heterogeneous ice nucleation that take into account that
different types of aerosols can act as IN with different
nucleating efficiencies [Diehl and Wurzler, 2004; Kdrcher
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and Lohmann, 2003; Khvorostyanov and Curry, 2004; Liu
and Penner, 2005; Phillips et al., 2008]. These parameter-
izations can therefore be used to study acrosol-cloud effects
by individual IN types [Diehl et al., 2006, 2007; Kdrcher
et al., 2006, 2007; Liu et al., 2007; Lohmann and Diehl,
2006]. However, the abovementioned parameterizations
are based on different “pathways of development™ (i.e.,
from classical nucleation theory, laboratory studies and
field work), and they have also been designed to depend
on different acrosol parameters. Further, they have various,
or no, direct constraints on the maximum number of ice
crystals that can be formed in relation to the concentration
of insoluble aerosols that potentially can serve as IN. The
predicted ice crystal number concentrations and conditions
required for the onset of ice nucleation might therefore vary
greatly between the different parameterizations.

[5] Simple comparisons between several heterogencous
ice nucleation parameterizations, assuming constant water
saturation, were conducted by Phillips et al. [2008]. Here,
we expand on those comparisons, describing and applying
an adiabatic parcel model to conduct intercomparison studies
between three heterogeneous ice nucleation parameteriza-
tions. The parcel model computes the time-dependent water
supersaturation, which responds to both external forcing and
to uptake by drops and crystals. We focus these studies on
heterogeneous ice nucleation in the immersion or condensa-
tion freezing modes. We explore the behavior and implica-
tions of the parameterizations in mixed-phase and cirrus
cloud parcel simulations, then address their consistency with
existing field measurements of ice nucleation and discuss
how inconsistencies could lead to unrealistic predictions
when the parameterizations are applied in cloud and climate
simulations.

2. Parcel Model

[6] The comparison studies of heterogeneous ice nucle-
ation parameterizations are conducted with a Lagrangian
parcel model, developed by Feingold and Heymsfield
[1992]. The original parcel model calculates droplet growth
by condensation in an adiabatic updraft, or along trajecto-
ries, with prescribed atmospheric parameters. The initial
dry aerosol is binned into a selected number of sizes, and
the growth of each size bin is computed (the Lagrangian
approach for drop size histories). The set of conservation
equations is solved using the Variable-coefficient Ordinary
Differential Equation (VODE) solver [Brown et al., 1989].
This parcel model has been applied in several studies,
including the studies of Feingold et al. [1998], Feingold
and Kreidenweis [2000], Ervens et al. [2005], and Koehler
et al. [2006]. We have modified the original parcel model as
follows: we replaced the existing solution thermodynamics
module, used for drop activation and condensational
growth, with a recent simpler parameterization by Petters
and Kreidenweis [2007]; we modified the calculation of
saturation ratio for the case of an adiabatic parcel; and we
added descriptions of nucleation of ice and of ice crystal
growth. These changes are described in more detail in
Appendix A, and discussed only briefly here. The set of
ordinary differential equations for calculating changes in
temperature, pressure, saturation ratio, liquid water con-
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tent (from droplet growth equations) and air density with
time are also given in Appendix Al.

[7] Homogeneous ice nucleation follows the parameteri-
zation developed by Koop et al. [2000], while heteroge-
neous ice nucleation follows parameterizations that are
described in section 3. Diffusional growth of ice crystals is
calculated as in equation (13)—(76) of Pruppacher and
Klett [1997], assuming spherical particles, a deposition
coefficient of 1.0 and that the ice grows with the bulk ice
density. An aerosol particle or cloud drop that freezes must
be removed from its Lagrangian bin and put into a separate
category, because the growth equations for particles/drop
and ice crystals are different. Rather than spawning a new
bin size for each newly formed ice crystal at each time step,
we follow a hybrid Lagrangian/Eulerian framework based
on principles described by Cooper et al. [1997]. The
binning method for ice is described in Appendix A2.

[8] The external time step at which output is recorded in
the parcel model is 50 cm w™', where w is the vertical
velocity in cm s~'. We also use this time step to compute
new ice formation and to reorganize the crystal bin struc-
ture. The calculation of particle growth by condensation and
deposition, however, has a higher internal time resolution set
up by the VODE procedure. Sensitivity studies show little
variation in liquid water content (LWC), ice water content
(IWC), and ice crystal number concentration by using a
higher external time resolution for the ice formation/crystal
bin reorganization processes than 50 cm w™ ', where w is the
vertical velocity assumed in the simulation.

[v] To test the representation of ice formation in our
revised parcel model, we conducted simulations that fol-
lowed the 6 different initial conditions used in the homo-
geneous nucleation cases of the “Cirrus Parcel Model
Comparison Project” (CPMCP) [Lin et al., 2002]. Our
predicted ice crystal number concentrations compared well
with the results from the model developed by Kdrcher [2003]
(note that for this comparison we used the same deposition
coefficients as participants in CPMCP), which also used the
approach of Koop et al. [2000] for parameterizing homoge-
neous freezing nucleation.

3. Heterogeneous Ice Nucleation
Parameterizations

[10] We selected three specific parameterizations of het-
erogeneous ice nucleation for comparison because each links
ice initiation to aerosol properties and number concentra-
tions, as distinguished from other parameterizations that
use for example supersaturation alone as the trigger for ice
formation [e.g., Meyers et al., 1992]. The bases for the
development of these schemes are from classical heteroge-
neous nucleation theory [Khvorostyanov and Curry, 2000,
2004], laboratory studies of droplet freezing [Diehl and
Wurzler, 2004], and field studies constrained by laboratory
cloud chamber studies [Phillips et al., 2008]. The equations
pertaining to each parameterization are listed in Appendix B.

[11] The Khvorostyanov and Curry [2004] scheme (here-
after called KC04) computes the theoretical ice nucleation
rate (or rate of heterogeneous germ formation) for aqueous
solution drops. It is assumed that the solution drop was
formed from a mixed particle containing soluble and insol-
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uble material, and that the insoluble material acts as an
IN. This nucleation scheme accounts for condensation and
immersion freezing, and KC04 adopted the term “deliquescent-
heterogeneous freezing” to separately distinguish freezing
of deliquesced particles at subsaturated conditions relative
to water [DeMott, 2002]. The explicit treatment of KC04
appears to reconcile classical theory with the effective freez-
ing temperature [e.g., DeMott et al., 1997] and water-activity-
dependent freezing [Koop et al., 2000] parameterizations that
capture “nonideal” impacts of dissolved solute on freezing.
The KC04 scheme gives the ice nucleation rate as a function
of both temperature and water supersaturation. In addition,
the nucleation rate is also dependent on the size and surface
properties of the insoluble material. The surface properties
are accounted for by the contact angle (), relative area of
active sites (), and elastic strain (¢). The idea of a relative
area of active sites was first introduced in the classical
heterogeneous nucleation theory by Fletcher [1969] and is
defined as a relative area where 6 = 0. The effect of elastic
strain, which is produced by crystallographic misfit between
ice and the nucleating substrate and therefore decreases
the nucleability of the insoluble surface, was introduced by
Turnbull and Vonnegut [1952]. Different types of IN and their
freezing abilities are assumed in KC04 by varying these
surface properties. For example, lower contact angles imply
freezing at warmer temperatures. Measurements suggest that
quartz particles have contact angles of 43—50°, surface soil:
65—-69° [Pruppacher and Klett, 1997, Table 5.2] and soot:
55-63° [Kdrcher et al., 1996]. The KC04 scheme has been
used in cloud resolving modeling studies by Khvorostyanov
et al. [2006], Morrison and Pinto [2006] and Sassen and
Khvorostyanov [2007], among others.

[12] Diehl and Wurzler [2004] (hereafter called DW04)
proposed a parameterization for heterogeneous ice nucleation
through the immersion freezing mode. This parameterization
assumes the singular or deterministic freezing hypothesis:
that nucleation of an individual particle takes place at or
below a defined critical temperature [Langham and Mason,
1958; Vali, 1994]. The singular hypothesis assumes that
freezing is time-independent. Several observations seem to
support the singular hypotheses [Cooper and Vali, 1981;
DeMott, 1990; Marcolli et al., 2007; Mohler et al., 2006;
Shaw et al., 2005; Vali, 1994] or modified singular hypoth-
eses [Vali, 2008]. The DW04 parameterization gives a semi-
empirical equation for the freezing of drops in the immersion
mode based on laboratory freezing experiments of 7 different
IN types (soot particles from kerosene; three mineral particle
types: kaolinite, montmorillonite and illite; and three biolog-
ical particles: pollen, leaf litter and bacteria). The freezing of
a drop containing a specific insoluble particle type is based on
the median freezing temperature of an observed monodis-
perse drop population. As Diehl and Wurzler note, a dis-
advantage of using the median freezing temperature is that
early onset freezing of a few droplets is not captured, which in
some cases can be important. For example, the first freezing
events may prevent the occurrence of additional freezing
nucleation when considering the impact of the Wegener-
Bergeron-Findeisen (WBF) process [Bergeron, 1935;
Findeisen, 1938; Wegener, 1911] or negative feedback on
ice supersaturation [Khvorostyanov and Curry, 2005]. From
the median freezing temperature of the seven specific com-
pounds included in their study, DW04 defined a constant that
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represents the efficiency of ice nucleation in the immersion
mode per unit volume of liquid, where the liquid has an
insoluble particle immersed in it. It is assumed that the drop
freezing is independent of the cooling rate and of the number
density of insoluble particles in the droplets. A freezing point
depression due to salts in the droplets is also accounted for
empirically. Thus the freezing of droplets according to DW04
is a function of composition of insoluble material type, drop-
let volume, and concentration of soluble material, but it is not
a function of the size of the particle that can serve as IN. The
DWO04 parameterization has been used in parcel model
sensitivity studies by Diehl et al. [2006, 2007], and in global
climate modeling simulations by Lohmann and Diehl [2006]
and Lohmann et al. [2007].

[13] The parameterization developed by Phillips et al.
[2008] (hereafter called PDAO0S) is empirical and based on
field measurements of aerosol and IN from the Ice Nuclei
Spectroscopy (INSPECT) campaigns [DeMott et al., 2003a;
Richardson et al., 2007], but constrained by laboratory mea-
surements (see references within). As for the DW04 param-
eterization, the singular hypothesis is also assumed for the
PDAOS parameterization and it predicts the total number of
IN as a small subpopulation of the aerosol population at a
given temperature and ice supersaturation. It uses the
observation that there is a relationship between total sur-
face area of a given distribution of particles larger than
~0.10 pym in diameter, and the number of IN in the same
sample, as also expected on the basis of classical theory.
Therefore the number of IN predicted with the PDAOS
parameterization is a strong function of the number con-
centration of particles >0.1 pum. Further, the number frac-
tion of aerosol active as IN is “predetermined” in the
parameterization itself through temperature and supersatu-
ration control (see Appendix B). Variations in the number
concentrations, or total surface area, in the population that
can serve as IN are scaled or otherwise constrained accord-
ing to the field measurements, thus allowing for high IN
concentration in high aerosol loadings and the opposite for
low aerosol loadings. Three different IN types are included
in the PDAO8 parameterization, dust, soot and organic
carbon, each with different activation properties. The
PDAOS parameterization is assumed to account for depo-
sition, condensation freezing and immersion freezing since
the ice nucleation data are nonspecific to these particular
mechanisms.

4. Heterogeneous Ice Nucleation Simulations
in the Immersion- and Condensation-Freezing
Modes in Mixed Phased Regime

[14] We used the parcel model to compare the three
abovementioned heterogeneous ice nucleation parameteriza-
tions. In doing so, we must acknowledge that parcel models
are in many cases too simple for real cloud modeling studies.
There are no dynamical or radiative feedbacks included, and
precipitation and sedimentation are difficult to account for.
Only for cloud systems where precipitation and mixing can
be assumed to be negligible, such as for example the initiation
of ice formation in lenticular clouds of limited vertical extent,
can parcel models be used to attempt to model a cloud
system. However, parcel models are appropriate when the
focus of the study is microphysical processes or sensitivity
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studies. Further, most modern measurements of atmospheric
ice nucleation do not possess the same limitations imposed by
real clouds processes, in particular, the detection of IN is not
limited by depletion of supersaturation in the instrument.
Therefore the robustness of parameterizations against field
measurements is best checked in a framework that allows for
clear resolution of the impacts of nucleation itself versus
processes that generate and deplete water vapor.

[15] Our first sets of simulations are for initial temper-
atures too warm to support homogeneous nucleation, and
examine the differences in ice crystal number concentra-
tions produced by the three selected parameterizations under
these conditions. The simulations were initialized with two
different temperatures (10 and —14°C). In the 10°C simu-
lations, constant updraft velocities of 50 and 500 cm s~
were assumed, while in the —14°C simulations updraft
velocities of 5 and 50 cm s~ ' were assumed. The initial
pressure is always 800 hPa. We follow several published
parcel model sensitivity studies by assuming the IN to be
contained in an aerosol that is an internal mixture of soluble
and insoluble material [e.g., DeMott et al., 1997; DeMott et
al., 1998; Diehl et al., 2006; Khvorostyanov and Curry,
2005]. We assume the volume fraction of soluble material
in each particle is 10%. We conducted a few test simu-
lations with volume fraction of 50%, but for the purpose of
this paper, the difference was negligible.

[16] For all simulations, we assume the aerosol distribu-
tion is bimodal, with one mode containing only soluble
material and the other containing the internal mixture
described above. The mode containing only soluble mate-
rial is assumed to be ammonium sulfate with hygroscopic-
ity kg = 0.6 [Petters and Kreidenweis, 2007], geometric
median radius p, = 0.02 pm, and geometric standard
deviation 0,=2.3. In the following simulations, the number
concentration in the soluble-only mode is assumed to be
200 cm* which is a reasonable choice for representing
either the marine boundary layer environment or the free
troposphere.

[17] The second mode contains the internally mixed
aerosols that can act as both IN and CCN, and we assume
these particles to be larger than those in the soluble-only
mode, as ice crystal and snow residuals indicate that the IN
sizes are typically larger than 0.1 pum [e.g., Prenni et al.,
2007a; Pruppacher and Klett, 1997], We also chose differ-
ent size distributions depending on the type of insoluble
material, as suggested by Phillips et al. [2008]: for dust, ji, =
0.4 um, o, = 2.0 (note that we omit the coarse mode dust
distribution by Phillips et al. [2008] as the number con-
centration is very low, a fraction of 1/2000 of the accumula-
tion mode); for soot/black carbon; ji = 0.135 um, o, = 1.6.
We note that Khvorostyanov and Curry [2004, 2005]
assumed that IN mixed with soluble material resided in the
nucleation mode, with a typical median radius of 0.02 um.
However, they only considered a monomodal aerosol
distribution and acknowledged that further studies of ice
nucleation should include larger sized particles that can
serve as IN.

[18] We based our choice of the hygroscopicity parameter
of dust, x4 on the work of Koehler [2007] and Koehler et
al. [2007]. They measured the CCN and IN activity of dust
samples from several different locations around the world,
and determined that typical x, values ranged between 0.01
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and 0.08. We have therefore adopted the value of 0.04 for
dust particles. In an internal mixture of these dust particles
with a 0.1 volume fraction of ammonium sulfate, the total
hygroscopicity parameter, kg5 1s 0.096. For pure soot, or
black carbon, it is reasonable to assume that r;. = 0 [Dusek
et al., 2006; Popovicheva et al., 2004], and with a
0.1 volume fraction of soluble material associated with
them k. s = 0.06.

[19] The total number concentration is assumed to be
0.5 cm > for dust particles and 1 cm™> for soot particles.
The dust concentration assumed in these simulations is
based on measured average aerosol concentrations of large
particles during INSPECT 1 [DeMott et al., 2003a] and
INSPECT 1I [Richardson et al., 2007]. The INSPECT
studies were conducted at Storm Peak Laboratory in
Colorado, USA, which is located at midlatitudes at an
altitude of 3210 meters above mean sea level. We therefore
assume that these dust concentrations are typical for the free
troposphere at these latitudes. The concentrations of par-
ticles >1 pm measured during INSPECT I and II were in
the range of about 0.1 to 3 cm™> [DeMott et al., 2003a;
Richardson et al., 2007]. We note that the PDA08 param-
eterization is based in part on the IN measurements during
INSPECT I and scales predicted IN concentrations based
on the measured aerosol loading and surface area during
that project, and thus the choice of initial conditions in the
parcel model simulations presented here favors the PDA08
parameterization.

[20] Biological particles or organic carbon acting as IN
are not included in these studies even though DW04 and
PDAOS include them in their parameterizations. Specific
knowledge about these types of IN is still limited, and the
assumptions of dust and soot in our simulations will in any
case point out any significant similarities or differences in
the parameterizations compared here.

[21] Figure 1 shows ice crystal and droplet concentra-
tions, ice and water mixing ratios, and saturation ratios as
a function of height and temperature in simulations with
an initial temperature of 10°C and updraft velocities of
(1) 50 cm s~ " and (2) 500 cm s~ '. By starting at 10°C,
activation of cloud droplets is completed (i.e., supersatu-
ration with respect to water peaks and begins to decay)
before ice crystal nucleation occurs, in all parameteriza-
tions. The parcel is lifted to just after the point where
homogeneous freezing nucleation starts, which is between
6500 and 7000 m (depending on updraft velocity and
parameterization). Note that ice crystal and droplet con-
centrations are corrected to initial temperature and pres-
sure, i.e., air density effects as the parcel rises and expands
are not included in the figures.

[22] The conditions at which the onset of freezing occurs
vary greatly between the three different parameterizations.
With the KC04 scheme, ice nucleation starts close to —11°C
for the dust case (6 = 50°) and close to —15°C for the soot
case (# = 60°). The main differences between the two types
of insoluble aerosols acting as IN are the assumed contact
angles and the size distributions. While there is a dependence
of the freezing rate on size (larger particles may freeze earlier
since freezing rate is proportional to the square of insoluble
particle radius (see Appendix B, equation (B4)), in these
simulations the difference in contact angle is the main reason
for the different onset freezing temperature. The nucleation
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Figure 1.

Temperature (°C)

Parcel simulations with an initial temperature of 283 K and a pressure of 800 hPa. Blue

curves represent PDAOS, red curves represent KC04, and green curves represent DWO04. Solid curves are

for dust as IN and dashed curves are for soot as IN. The Figure lax is for an updraft of 50 cm s~

Figure 1bx is for an updraft of 500 cm s~ '.

rate is large at the onset of freezing and ice crystal concen-
trations of 500 L~ for dust and 1000 L™ for soot are quickly
reached for both updraft velocities, i.e., all insoluble particles
activate ice formation.

[23] In applying KC04, we have assumed that o = 0, thus
the particles do not have any active sites for which the contact

' and

angle is 0°. The elastic strain is also assumed to be zero.
These values are the same as those assumed in baseline runs
in a few modeling studies using KC04 [Khvorostyanov and
Curry, 2005; Khvorostyanov et al., 2006]. By including
active sites the onset of freezing would occur earlier because
of more efficient freezing. Further, if assuming a misfit strain
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of ¢ = 1%, the freezing temperature would decrease an
additional 2°C, while € = 2% decreases the freezing temper-
ature by about 6°C [Turnbull and Vonnegut, 1952].

[24] Compared to parcel model simulations in Khvorostyanov
and Curry [2005] (hereafter called KCO05) the freezing rate
here is generally steeper since the particles that contribute to
IN are larger and therefore more efficient in freezing. Also,
we note that sensitivity studies in KC04 and KCO05 only
include freezing of haze particles (or residual interstitial
diluted particles after drop activation, termed deliquescence
heterogeneous freezing). Here we also include immersion
freezing (i.e., freezing of activated droplets) in the simula-
tions since activated droplets can contain potential ice nuclei,
and there are no reasons for assuming that only nonactivated
haze droplets freeze in clouds.

[25] Shortly after the initiation of ice nucleation, droplets
start to evaporate in the 50-cm s~ ' simulation since ice
crystals grow at the expense of water droplets because of the
lower vapor pressure over ice than over water (WBF pro-
cesses). In the KCO04 case, the ice crystal concentration is so
high that loss of vapor to the growing ice crystals largely
overpowers the ice supersaturation generation in the updraft.
A complete glaciation effect is therefore seen as all droplets
quickly evaporate. The decrease in supersaturation is not
evident until the very end of the 500-cm s~ ' simulation, since
supersaturation generation is strong enough to sustain both
ice crystals and droplets. Homogeneous nucleation is initiated
near the end of the 500-cm s ! simulation, because the water
saturation ratio is high enough and temperature low enough to
support homogeneous freezing. However, the supersatura-
tion quickly decreases after the initiation of homogeneous
nucleation.

[26] Using the PDAO8 parameterization (blue curves),
ice nucleation starts at —2°C for both soot and dust. The
increase of ice crystals with height is slow for both types of
aerosols, as the PDA0O8 parameterization has a “built in”
control of the maximum fraction of a population of insol-
uble particles that may act as IN at a given temperature and
ice supersaturation. The numbers of IN never equal the total
number of particles in the larger aerosol mode. Thus more
time spent at these temperatures and ice supersaturations
would not nucleate more ice crystals, in agreement with the
singular hypothesis. As the parcel rises, more ice crystals
continue to form, but a level of ice activation and growth for
which the WBF process and negative ice saturation feed-
backs halts further ice crystal nucleation is not reached.
Homogeneous nucleation is predicted at the end of the sim-
ulation for all IN and updraft cases. Prior to the onset of
homogeneous freezing nucleation, the predicted ice crystal
concentrations using the PDAOS scheme are close to two
(three) orders of magnitude less than predicted with the KC04
scheme for dust (soot).

[27] The DWO04 parameterization allows for freezing to
start at 0°C. However, the initial ice crystal number con-
centration generated is low and the DW04 parameterization
predicts a later freezing onset than the other parameter-
izations. The change in ice crystal concentration with height
is slower than in the KC04 scheme, but for the most part
steeper than the PDAO8 parameterization. Therefore there
is a large difference in ice crystal concentrations at a given
height between the different parameterizations. As in the
KC04 simulation, the DW04 parameterization also allows
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all insoluble particles to freeze if the parcel is lifted high
enough.

[28] The simulations with 50 cm s~ ' updraft span several
hours. In a realistic case, mixing, entrainment, sedimentation
and possible radiative effects would change the characteristic
of the parcel over this timescale, and the low updraft would
probably not be maintained for this long of a period. Thus
although the KC04 and DWO04 parameterizations predict a
final freezing fraction of one (all insoluble particles act as IN)
in the simulations shown in Figure 1, limiting the parcel rise
to a lower altitude could lead to very different ice crystal
concentrations predicted by the two parameterizations. If a
temperature profile (or stability) were used as the driving
force for uplift (as done for example by Diehl et al. [2006,
2007]), the differences in latent heat release between some of
the parameterizations could lead to differences in buoyancy
and cloud thickness.

[20] In the cold cases (Figure 2) the simulations start
at —14°C and the updraft velocities assumed are 5 and
50 cm s~ '. The onset of freezing with dust as IN for both
the PDAO8 and KC04 parameterizations starts at water
subsaturated conditions, although close to water saturation.
This is due to the deliquescence freezing mechanism in the
KCO04 framework, and from an enhancement term for ice
formation via immersion and condensation freezing included
in the PDAOS parameterization. Again, the predicted ice
crystal number concentrations are very different between
the different parameterizations. This also leads to large dif-
ferences in the temporal (vertical) profile of cloud droplet
concentrations. The KC04 scheme does not allow for any
droplets to form at any updraft velocity in the case with dust
as IN; the saturation ratio quickly decreases after the onset of
ice formation in these cases and the water saturation ratio
never reaches unity. Droplets (mixed-phase cloud conditions)
are predicted for a short time period in the 50-cm s ™' updraft
that assumes the IN are soot. With the PDA0S parameteriza-
tion, cloud droplets are predicted to form in all cases, but only
a few droplets are activated at low updraft velocities in the
dust case before they are quickly evaporated because of the
WBEF process. In the simulations with the DW04 parameter-
ization water supersaturation is reached in all cases and peak
water supersaturations are reached. Only after further uplift to
about 1.2 km do droplets start evaporating in the low updraft
dust case, and even later in the remaining cases.

[30] The predicted final ice crystal concentrations are
lower for all parameterizations in the 5-cm s~ ' updraft case
than in the 50-cm s~ case. This is due to slower supersat-
uration generation rates but similar supersaturation deple-
tion rates from droplet and ice crystal growth (in the initial
part of the simulation the ice crystal concentrations are the
same in both cases), causing supersaturation to peak earlier
than at higher updraft velocities. Decreasing supersaturation
stops further ice crystal formation. Through this effect, ice
crystal nucleation is basically limited, and all parameter-
izations (except the soot case using PDAO0S) predict a low
fraction of aerosol particles forming ice crystals. The ice
crystal concentration predicted from soot IN using PDA08
is small enough that growth of ice crystals does not deplete
the vapor. On the basis of the frequent negative feedback
of ice nucleation via supersaturation depletion that they
observed in their simulations, KC05 suggested that the
generally lower concentrations of ice crystals in clouds
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Figure 2. Same as Figure 1 but for an initial temperature of 259 K and assumed updraft velocities of

(ax) 5 cm s ' and (bx) 50 cm s~

compared to droplets might not be due to much lower number
concentrations of IN compared to CCN, but might instead be
due to slow ice nucleation combined with fast ice crystal
growth, that is, the number concentration of ice is limited by
the depletion of supersaturation by rapid growth (a “negative
feedback™ on ice nucleation at certain updraft speeds). In
contrast, droplets activate quickly and grow slowly, such that

depletion of supersaturation in liquid clouds is only rapid
enough to compete with supersaturation generation if high
number concentrations of activated droplets are generated.
[31] To further investigate the effect of the negative feed-
back on ice nucleation with the different parameterizations,
we conducted a series of simulations with several different
updraft velocities (0.5 to 500 cm s~ ') and initial dust number
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Figure 3. (left) Contours (L") of predicted ice crystal concentrations as functions of updraft velocity
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nonsmooth line for a frozen fraction of 1 is due to the maximum limitation of dust concentration in the

simulations.

concentrations (0.1 to 10 cm ). The initial conditions are the
same as for Figure 2 (T}, = —14°C and P;,,;,; = 800 hPa)
and the parcel was lifted to 3000 m. Only heterogeneous
nucleation was allowed. Figure 3 (left) shows the predicted
contours of ice crystal number concentration as functions of
updraft velocity and initial dust particle number concentration.
The top plots represent the PDA04 parameterization, middle
plots the DW04 parameterization and the lower plots repre-
sent the KC04 scheme. Figure 3 (right) shows contours of the
predicted frozen fraction from the initial dust concentration.

[32] The vertical contour regions in the ice crystal con-
centration plots indicate where the predicted ice crystal
number concentration is independent of the initial number
concentration of dust, and only controlled by the updraft.
However, the three parameterizations still differ from each
other in predicted ice crystal number concentrations in these
regions because of different predicted onset of freezing
conditions and freezing rates. For example, below updraft
velocities of about 3 cm s~', PDA08 and DW04 predict
about the same ice crystal concentration, while KC04
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predicts almost an order of magnitude higher concentra-
tions. As the updraft velocity increases, the parcel can
support higher number concentrations of ice crystals and
the final ice crystal concentrations are controlled by the
amount of dust, represented by regions of horizontal curves.
Note that we have assumed that the ice crystals are spherical
in the growth calculations and that the deposition coefficient
has a value equal to 1. Different assumptions will move the
contours, but the qualitative conclusions will not change.
[33] All these simulations indicate that, in convective
systems, we can expect the different parameterizations to
predict much different ice crystal number concentrations
because of heterogeneous ice nucleation. In Arctic strati-
form clouds where effective updraft velocities can be less
than 1 cm s~', one could expect the parameterizations to
predict similar ice crystal concentrations because of the
negative feedback processes. However, the updraft veloc-
ities might exceed 50 cm s~ because of turbulent motion,
and in such cases, the ice crystal concentrations predicted
by the different parameterizations can be rather different.

5. Susceptibility of Cirrus Cloud Properties
to Heterogeneous Nucleation

[34] Cirrus clouds forming in-situ (as distinguished from
convective anvil clouds) are typically formed by homoge-
neous nucleation of haze particles at T < 40°C [e.g.,
Heymsfield and Miloshevich, 1993; Sassen and Dodd,
1988]. However, heterogeneous nucleation on insoluble
particles can initiate ice formation at warmer temperatures
and lower ice supersaturations than required for homoge-
neous nucleation. The onset of heterogeneous nucleation
earlier in a rising parcel might inhibit homogeneous nucle-
ation at colder temperatures because of the depletion of
vapor by the growing ice crystals. If this occurs, the num-
ber concentration of ice crystals can be suppressed (the
“negative Twomey effect” for cirrus clouds [Kdrcher and
Lohmann, 2003]) and the ice crystals can grow to larger
sizes, changing the radiative characteristics of the cirrus
cloud. In addition, large ice crystals sediment more effec-
tively, thus there are potential effects on cloud lifetime and
on the humidity in the upper troposphere and stratosphere
[Jensen et al., 2001].

[35] Several papers reporting the effects of heterogeneous
ice nucleation on cirrus clouds have been published
[DeMott et al., 1997, 1998; Gierens, 2003; Kdircher and
Lohmann, 2003; Kdrcher et al., 2006, 2007; Khvorostyanov
and Curry, 2005; Liu and Penner, 2005]. Gierens [2003],
Liu and Penner [2005], and Kdrcher et al. [2006] developed
parameterizations for the competition between homogeneous
and heterogeneous nucleation for use in global- or large-scale
models. Liu and Penner [2005] developed parameterizations
for the critical initial soot concentration in the immersion
mode for which heterogeneous nucleation dominates over
homogeneous nucleation, and for the transition regime where
homogeneous and heterogeneous nucleation occur simulta-
neously. Heterogeneous nucleation in their model is based on
the classical heterogeneous ice nucleation theory. Gierens
[2003], on the other hand, developed a parameterization for
the critical ice crystal number concentrations nucleated from
soot particles following the ice nucleation parameterization
of DeMott et al. [1997] for freezing by the soot particles.
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However, this parameterization does not account for the
transition regime. The parameterization developed by
Kdrcher et al. [2006] is based upon a modification of
homogeneous freezing theory and simulates the competition
between heterogeneous and homogeneous freezing with a
parameterized nucleation rate. It allows for varying the
freezing efficiency of different particle types by assuming a
critical supersaturation for which heterogeneous freezing
occurs that is lower than for homogeneous nucleation. The
number of'ice crystals that can be formed from heterogeneous
nucleation must be assumed beforehand. Thus there is no
predictive/empirical link between the aerosol number con-
centration/size distribution and IN concentrations in this
parameterization.

[36] Here we present results from simulations of compe-
tition between heterogeneous and homogeneous nucleation,
similar to previous studies. However, we focus on dust rather
than on soot when comparing the three different heteroge-
neous ice nucleation parameterizations. An in-depth consid-
eration of the state of knowledge of how soot may affect
cirrus clouds has been published by Kdrcher et al. [2007],
and indicates that the role of soot as IN is less understood
than is the role of dust. To study the competition between
homogeneous and heterogeneous nucleation, 400 simula-
tions were conducted, varying updraft velocity and initial
dust number concentrations (Np), as in the simulations for
Figure 3. Nj, was varied from 10™* to 10 cm ™ while the
velocities were varied from 0.5 to 50 cm s~ '. The lower
velocities characterize synoptic forcing of cirrus while the
higher velocities are typical of mesoscale vertical winds
during cirrus cloud conditions [e.g., Haag and Kdrcher,
2004]. The same size distributions as described in section 4
were used here, and homogeneous and heterogeneous nucle-
ation were allowed to proceed simultaneously. We chose the
same initial condition for warm cirrus as used by Lin et al.
[2002] with initial temperature, pressure and relative humid-
ity with respect to ice set to —40°C, 340 hPa and 100%
respectively.

[37] Figure 4 (left) shows contours with predicted ice
crystal number concentrations using PDA08, DW04, and
KCO04, for the selected ranges of vertical velocity and initial
dust number concentrations. Figure 4 (middle) shows the
percent differences in the number of nucleated ice crystals
between a simulation where only homogeneous nucleation
is allowed (N;pon) and simulations where both heteroge-
neous and homogeneous nucleation are allowed (N; o+ ner)-
Figure 4 (right) shows the dominant nucleation process for
the different updraft velocities and initial Np,.

[38] For the initial conditions considered here, Figure 4
indicates that a negative Twomey effect is generally seen
where heterogeneous nucleation is the dominant control on
ice particle number concentrations. There is, however, the
transition regime between control by heterogeneous nucle-
ation and control by homogeneous nucleation. In this
regime, some ice crystals are formed heterogencously, but
the concentration is not large enough to suppress supersat-
uration, thus homogeneous nucleation takes place when the
parcel reaches the right conditions. This can be seen in
Figure 5, which shows ice crystal concentration, ice super-
saturation and ice water content as a function of height.
Figure Sc, specifically, shows a simulation in the PDAOS
transition regime, where updraft velocity is 24 cm s~ ' and
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initial dust concentration is 0.078 cm . The black curve
represents the simulation where only homogeneous freezing
is allowed, while the blue curve represents the PDA08 sim-
ulation. In the PDAOS transition regime, only a few ice
crystals are formed heterogeneously early in the simulation
before homogeneously produced ice crystals are formed.
The total ice crystal number concentration is slightly lower
than for the case of homogeneous nucleation alone, and the
maximum supersaturation is almost the same in both cases.
Figure 5d, on the other hand, shows a case for the PDA0S
parameterization where the ice crystals are all formed het-
erogeneously and maximum supersaturation is about 20%
lower than for a pure homogeneous case. Figures 5a and 5b
show PDAO8 simulations where homogeneous nucleation is
not affected by early heterogeneous nucleation.

[39] The PDAO8 simulation predicts that heterogeneous
nucleation controls the number concentrations of ice crystals
for low dust concentrations only at very low updraft veloc-
ities. At higher updraft velocities, heterogeneous nucleation
is dominant for initial Np greater than about 0.1—1 cm >
(depending on updraft velocities). For the simulations with
the DW04 parameterization the heterogeneous nucleation
dominated regime is extended toward lower initial dust
concentrations (see Figure 4). Also, the negative Twomey
effect is not as strong as in the PDAOS simulation since the

DWO04 parameterization tends to predict higher ice crystal
concentrations. As can be seen in Figure 5 (green curves), the
heterogeneous formation of ice does not initiate much earlier
than does homogeneous nucleation. The reason is that freez-
ing in DW04 is based on measured median freezing temper-
atures, and early onset freezing is not captured. Thus even if
all ice crystals are formed heterogeneously (Figures 5¢ and
5d), the difference in supersaturation from a pure homoge-
neous case is not as large as predicted with the PDA08
parameterization.

[40] The simulation with the KC04 scheme shows a
distinctly different result for the Twomey effect. Only for
very low dust concentrations is homogeneous nucleation
dominant (see Figure 5). This simulation also shows a
positive Twomey effect for the initial conditions considered.
In high dust loadings, more ice crystals can be formed
heterogeneously than homogeneously, using this parame-
terization. As a consequence the supersaturation in most
cases considered here is about 20—30% lower than in the
cases with only homogeneous nucleation.

[41] We note that heterogeneous ice nucleation from each
individual parameterization at all updrafts starts at about the
same time (same height and ice saturation ratio). Further,
the KC04 and PDAOS8 parameterizations are also compara-
ble with each other in the starting point of heterogeneous ice
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for each different simulation.

nucleation. However, this is a coincidence for this specific
case. The KC04 parameterization takes water activity into
account, while PDAOS is only a function of temperature
and ice saturation ratio. For example, in the same type of
simulations above, but with initial starting temperature of
—60°C, heterogeneous ice nucleation in PDAOS starts at
lower ice saturation ratio than at warmer temperatures,
irrespective of solute concentration of the mixed CCN. On
the other hand, heterogeneous ice nucleation with the KC04
parameterization starts at higher ice saturation ratio than for
the —40°C simulations, since solute concentration is higher
in the cold case [Lin et al., 2002, Figure 6], and KC04 takes
water activity into account (simulations not shown here).

6. Critical Discussion of Heterogeneous Ice
Nucleation Parameterizations in Relation
to Observations of IN

[42] Atmospheric measurements should be the standard
against which parameterizations are compared. Here we
present a comparison between model simulations and mea-
surements of IN from field campaigns using the Colorado
State University Continuous Flow Diffusion Chamber

(CFDC). The primary data chosen for comparison are the
measurements from the INSPECT campaigns, since these
data were used to constrain the PDAOS parameterization
and because the baseline aerosol size distribution used for
earlier simulations is based on an average one measured
during these programs.

[43] We first address any possible instrumental issues that
might impact the IN measurements. It should be recognized
that a CFDC measures ice nuclei activation and ice crystal
growth over a wide dynamic range without the influence of
water vapor competition. This was a key aspect of the con-
tinuous flow instrument design as described by Rogers
[1998]. Thus the instrument has been shown to observe
nucleation of up to 100 cm ™ ice crystals within the homo-
geneous freezing nucleation regime [DeMott et al., 2003a].
These are much higher number concentrations than would be
expected or have ever been measured from heterogeneous
nucleation, so it is reasonable to assume that the CFDC is
capable of detecting the maximum number concentration of
IN available for activation (in the condensation, immersion,
deposition and deliquescence mode) in the atmosphere for
the same ambient temperature and relative humidity as the
processing temperature and humidity. Full validation of this
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Figure 6. Ice nuclei number concentration (at standard temperature and pressure) measured with the
CFDC from several different field campaigns in the free troposphere. Filled symbols represent
measurements from INSPECT I (grey [DeMott et al., 2003a]) and INSPECT II (black [Richardson et al.,
2007]) binned into 3°C temperature intervals, on which we base the initial insoluble aerosol con-
centrations in the parcel model simulations. Selected 1-min average concentrations from 3 days during
PACDEX [Stith et al., 2009] are from over the north Pacific, in and out of intense Asian dust layers.
CRYSTAL-FACE (Cirrus Regional Study of Tropical Anvils and Cirrus Layers-Florida Area Cirrus
Experiment) measurements are from directly within the Saharan Aerosol Layer near Florida [DeMott et
al., 2003b; Prenni et al., 2007a]. WISP (Winter Icing in Storms Project) data from the winter—spring
transition period in Colorado are adapted from the study of Mohler et al. [2007]. MPACE measurements
are obtained in Arctic Fall [Prenni et al., 2007b]. Curves represent ice crystal concentrations predicted in
the parcel model with an updraft of 500 cm s~ and the background aerosol size distribution. The solid
curve shows predictions with the KC04 scheme, dashed curve with the DW04 parameterization, and

dotted curve with the PDAOS parameterization.

assumption must await proof that time dependence is not a
strong factor in nucleation by the noted ice formation
mechanisms, and publication of results from recent ““closure”
studies in which IN number concentrations were compared
directly to ice crystal concentrations in clouds [DeMott et al.,
2008].

[44] The CFDC has an upper aerosol size limit of about
1.5 pm for detecting IN. Since the concentration of such
large particles is typically very low and only a small fraction
of even 1 micron dust particles are active as IN in the mixed-
phase cloud regime [Field et al., 2006], the undercounting of
IN due to ignoring supermicron particles is expected to be
low. Nevertheless, this remains as an uncertainty in circum-
stances with elevated supermicron loadings.

[45] Real-time IN measurements such as the CFDC also
allow less than 10 s for ice nucleation to proceed. Neverthe-
less, new evidence for the deterministic nature of mecha-
nisms besides contact freezing support the validity of “fast”
IN measurement methods [DeMott et al., 2008]. In these
studies, IN concentrations measured by the CFDC and other
continuous flow IN instruments predicted within a factor of
~3 the number concentrations of mineral dust and bacterial
IN activating in few minute duration expansion cloud for-
mation experiments in the AIDA (Aerosol Interactions and
Dynamics in the Atmosphere) cloud chamber [e.g., Mohler
et al., 2006].

[46] The comparisons of ice nuclei number concentra-
tions versus predicted ice crystal number concentrations of
heterogeneous ice nucleation need to be made for the max-
imum ice crystal concentrations possible for a given set of
thermodynamic conditions, thus the simulations should not
allow for insufficient vapor (or negative feedback) to be a
factor. Figure 6 shows IN number concentration as a function
of temperature measured with the CFDC from the INSPECT
campaigns (solid circles). Also shown are measured IN
concentrations from several other field campaigns (see cap-
tion). There are large variations of IN concentrations between
the different field campaigns, corresponding to large varia-
tions of aerosol concentrations (not shown here). For exam-
ple, the CRYSTAL-FACE and some of the PACDEX
measurements were obtained from within airborne Saharan
and Asian mineral dust plumes with mass concentrations up
to 80 pug m°. Differences in processing water relative
humidity (RH,,) are also reflected to some degree. Neverthe-
less, most of the measurements at temperatures warmer than
—35°C have been obtained for RH,, values in excess of 100%
and so can be viewed as the highest expected number con-
centration of IN available at these temperatures. Also shown
in Figure 6 are the predicted ice crystal concentrations for the
dust cases from the simulation in Figure 1 at 500 cms™'. In
this particular simulation, there were no negative vapor
feedbacks for any of the runs using the three parameter-
izations. The initial dust concentration (0.95 pg m > mass
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concentration for diameter <2.5 pm) for parcel simulations
in Figure 1 (and Figure 2) is based on the INSPECT mea-
surements. Therefore we should expect the simulations to
compare best with the INSPECT measurements.

[47] The PDAO8 parameterization is expected to compare
best with the INSPECT measurements, since those measure-
ments were used in the development of the parameterization
and since measured surface areas are used as inputs to the
parameterization. The PDAO8 parameterization predicts ice
crystal concentrations closest to, though slightly higher than
measurements (by a factor of 2 or 3). The main reason for
the difference arises from the input dust loading. PDA08
based the “reference” or baseline dust mode concentration
in their parameterization on aerosol mass and surface area
concentration data collected in the INSPECT I campaign.
However, the measured IN number concentrations from
INSPECT I are lower by less than a factor of 2 for equiv-
alent sampling conditions compared to INSPECT II, while
the aerosol loading during INSPECT I is lower by a factor
of at least 7 compared to INSPECT II. We have used as
input to the model runs the average dust concentration from
both INSPECT I and INSPECT II. The KC04 and DW04
parameterizations overestimate ice crystal concentrations
by orders of magnitude compared to the IN measurements.
The measurements that show IN concentrations closer to
those predicted by DW04 and KC04 (i.e., IN concentrations
over 100 L") are from the CRYSTAL-FACE (squares) and
PACDEX (triangles) field campaigns. However, in both
of these campaigns, the measurements were obtained in air
masses with high dust mass and particle number loading,
originating from the Saharan desert (CRYSTAL-FACE
[DeMott et al., 2003b; Sassen et al., 2003] and from
major dust sources (Taklamakan and Gobi deserts) in Asia
(PACDEX) [Stith et al., 2009]).

[48] As a simple test of the robustness of the conclusions
made on the basis of the INSPECT measurements that favor
the PDAO8 parameterization, we performed simulations
(not shown) using aerosol size distribution data from the
PACDEX dust layer vertical profile presented in Figure 2
of Stith et al. [2009]. In these measurements, number
concentrations of particles larger than 0.5 pum peaked at
about 5 cm > and CFDC IN measurements at —32°C
reached 40 L™, In this case, the PDAO8 parameterization
predicted ice crystal concentration of 100 L™', while the
DWO04 and KC04 parameterizations predicted 9 cm™> (the
entire dust particle population) activating ice formation.

[49] Since DW04 and KC04 do not have direct con-
straints on the maximum predicted ice crystal concentration
in relation to the insoluble particle concentration, the use of
these parameterizations can potentially lead to large over-
prediction of ice crystal concentrations. Although these
parameterizations may predict realistic ice crystal concen-
trations in some cases, this is likely driven by negative
feedbacks and not by accurate prediction of ice nucleation.
Thus assertions made using these parameterizations that
high concentrations of ice forming in some cloud con-
ditions may explain previously unresolved ice formation
mechanisms must be regarded as a likely artifact of the
parameterizations. For example Khvorostyanov and Curry
[2005] argued that they could quantitatively predict, using
the deliquescence freezing theory of mixed CCN, the
rapid ice crystal nucleation in warm maritime polar clouds

EIDHAMMER ET AL.: ICE NUCLEATION PARAMETERIZATIONS

D06202

(=5 to —10°C) as observed by Hobbs and Rangno [1990]
and Rangno and Hobbs [1991]. The rapid increase of ice
crystal concentrations from less than 1 L™ to 300—1100 L ™"
at —5 to —10°C has not otherwise been explained to this
point by known ice formation processes, including secondary
ice formation by the Hallett-Mossop riming splintering pro-
cesses. However, we note here that measurements do not
indicate that such high IN concentration exists very often in
the atmosphere and never at the temperatures where the rapid
increase in ice crystal concentration occurred. Therefore
we must question arguments that observations by Hobbs
and Rangno [1990] and Rangno and Hobbs [1991] can be
explained by deliquescence freezing of mixed CCN, or any
other presently known or quantified heterogeneous freez-
ing mechanisms.

[s50] The DWO04 parameterization has been used in several
global-scale modeling sensitivity studies [e.g., Lohmann and
Diehl, 2006; Lohmann et al., 2007; Storelvmo et al., 2008].
These sensitivity studies have partly focused on the importance
of dust IN on modifying the anthropogenic indirect effects of
assumed black carbon ice nuclei. In the application of the
DWO04 parameterization, all dust particles in the accumulation
mode can potentially serve as IN in the immersion freezing
mode. However, as shown in simulations above, if there are no
constraints on the maximum predicted ice crystal concentration
in relation to the insoluble particle concentration, the DW04
parameterization can overpredict ice crystal concentrations by
several orders of magnitude, especially at temperatures warmer
than —35°C. Absent realistic quantitative links between insol-
uble particle number concentrations and ice crystal number
concentrations, confidence in accurately simulating the indi-
rect forcing of different classes of IN in present studies must be
regarded as very low, even for sensitivity studies. Further, since
updraft velocities play an important part in controlling ice
crystal concentration, it is important that subgrid vertical
velocities are also well characterized in aerosol — ice — cloud
studies.

7. Constraining Parameterizations

[s1] Existing and new data relating ice nuclei to aerosol
properties could provide the necessary constraints to correct
the noted weaknesses of the KC04 and DW04 parameter-
izations. For the KC04 simulations we have assumed that all
IN have similar surface properties, i.e., that the contact
angle, active sites and misfit strain are the same for all dust
or soot particles. However, a more realistic representation of
heterogeneous freezing would be to introduce a variability
of freezing efficiency within each type of particle (singularity
assumption). For example, Marcolli et al. [2007] showed that
heterogeneous freezing measurements of emulsified aqueous
suspensions of dust are reproduced correctly in a classical ice
nucleation model only when all dust particles are assumed to
have different surface properties. By assuming a lognormal
distribution of contact angles (geometric mean contact angle
of 76° and geometric standard deviation of 1.083) Marcolli et
al. [2007] could reproduce their measurements reasonably
well. Nevertheless, they achieved even better agreement
when it was assumed that each particle can have an active
site area distribution as a function of contact angle. Thus the
different dust particles can be active at different temperatures,
and each individual particle can have a range of surface
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Figure 7. Predicted ice crystal concentrations for the 500-cm s~ ' case in Figure 1 and both updraft
velocities in Figure 2 (blue curves are with PDAOS, red curves with KC04, and green curves with
DWO04). Included here are simulations using approaches described by Marcolli et al. [2007] imple-
mented in the KC04 scheme. Simulations assuming lognormal contact angle distributions are rep-
resented with solid black curves and those using active site distributions are represented with dashed
black curves. The orange curves show simulations assuming a broad normal contact angle distribution

given by equation (1).

properties. Note that the active sites in the study of Marcolli
et al. [2007] are assumed to be areas with different values
of contact angle, while Fletcher [1969] defined the active site
to be an area with 6 =0°.

[52] We conducted simulations with the KC04 scheme,
using both contact angle distribution and active site
approaches described by Marcolli et al. [2007]. For the
active site distribution approach, Marcolli et al. [2007]
included some randomness of ice nucleation for each
individual particle, depending on the critical embryo size
(here calculated with equation (B6) in Appendix B) and the
active site distribution (see the work of Marcolli et al.
[2007] for details). We assume here that each particle in
each size bin is equal in properties, but the randomness
is different between sizes.

[s3] Figure 7 shows the predicted ice crystal number
concentrations for the same simulations as in Figures 1
and 2 (excluding the 10°C, 50-cm s~ ' simulation). The solid
black curve shows the simulation with KC04 assuming the
lognormal contact angle distribution. The onset of freezing
for the 10°C simulation occurs later than when using a
constant contact angle of 50°. This is expected since the
geometric mean contact angle from Marcolli et al. [2007]
is 76° and the standard deviation is rather narrow (without
the distribution, freezing would start close to —22°C for a
contact angle of 76°). The rate of change in ice crystal
concentration with temperature is also less than when
assuming a constant contact angle, which comes from the
assumption of a distribution of contact angles. However,
in the high updraft case, the contact angle distribution
approach still allows for almost all particles in the dust
mode of the aerosol distribution to act as IN. In the lower
updraft cases, the predicted ice crystal concentrations are
lower than in the case of constant contact angle because
of the negative feedback effect and a slower freezing rate.
The dotted black curves show simulations using the active
site distribution. Because of the randomness of this
approach, we show four simulations. Predicted ice crystal

concentrations are lower than when assuming a lognormal
contact angle distribution for all cases in the 500- and
50-cm s~ ! simulations, while there is some more variation
in the lowest updraft case. However, overall the predicted
crystal number concentrations are still much higher than for
the PDAOS parameterization.

[s4] To reduce the nucleated ice crystal concentrations
further to attempt to align them with the INSPECT measure-
ments, we follow the idea of contact angle distributions but
use a different probability function. This approach is taken
to see what contact angle distribution can be assumed to
better describe measurements using classical nucleation
theory. We assume that each individual particle has only
one single contact angle over the entire particle, but each
size bin is characterized with a distribution of particles with
different contact angles. This normalized probability func-
tion P for the contact angles is assumed to be

P(9)=2~N(/L,U)7 (1)

where N is the normal distribution, the median ;. = 180°,
standard deviation o = 37 and 0° < # < 180°. Note that this
probability function was constructed to attempt to match
the INSPECT IN measurements. The solid orange curve in
Figure 7 shows the predicted ice crystal concentration using
equation (1). The use of this probability function in the
KCO04 scheme clearly reduces the nucleation rate. However,
this exercise only demonstrates what possible contact angle
distributions might be assumed for classical nucleation theory
to compare with IN measurements. Specific measurements
must be conducted to determine a more realistic probability
function for the contact angle for dust. Note that we have not
taken account of active sites for which the contact angle is 0°,
or the misfit strain, which are surface parameters in the KC04
scheme that can be varied. An inherent difficulty with using
the classical theory for heterogeneous nucleation or varia-
tions of it is the strong dependence on such surface property
parameters that are not known a priori [Pruppacher and
Klett, 1997].
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[s55] The DW04 parameterization also produces large dif-
ferences between predicted ice crystal concentrations and
measured IN concentrations. Assuming that all individual
dust or soot particles have the same value for the constant that
represents the efficiency of ice nucleation in the immersion
mode is probably not realistic. The DW04 scheme could
potentially be improved by applying a distribution of freezing
efficiencies to better reflect laboratory data on the tempera-
ture dependence of the freezing fractions of real dust particle
size distributions [Field et al., 2006], as well as applying
further empirical constraints obtained from field data.

8. Summary and Conclusions

[s6] A warm cloud parcel model was modified to include
a new parameterization for the treatment of hygroscopicity
[Petters and Kreidenweis, 2007], and to include ice nuclea-
tion and crystal growth in addition to nucleation and growth
of liquid droplets. Homogeneous nucleation was simulated
using the parameterization by Koop et al. [2000]. Three
different heterogeneous ice nucleation parameterizations,
which take aerosol composition and number concentration
into account, were implemented into the parcel model. Pre-
dictions from these parameterizations were compared for
parcels rising adiabatically with a constant updraft velocity,
over a range of different initial conditions for temperature,
updraft velocity, and insoluble aerosol number concentra-
tions. The simulations revealed differences of several order
of magnitudes in predicted ice crystal concentration between
the parameterizations. This was true when assuming either
dust or soot as IN. The PDAOS8 parameterization predicted
the lowest ice crystal concentrations, while KC04 and DW04
were comparable in final concentrations. However, the
DWO04 parameterization predicts a slower freezing rate than
the KC04, which can have a large impact on the predicted
phase state (liquid, mixed or ice) of clouds in cases where
the height of the air parcel rise is lower than assumed here.
Further, the various freezing rates produce different latent
heat release rates, modifying parcel buoyancy. Therefore
when these parameterizations are used in cloud resolving
models, the cloud thickness, amount of precipitation pre-
dicted and cloud lifetime in these models can be rather
different. Other factors we have not simulated, including
ice crystal riming, aggregation, and sedimentation, as well
as mixing processes, will complicate IN-cloud interactions,
but we still expect the IN parameterizations to have poten-
tial to strongly modify cloud model results.

[57] The ice crystal number concentrations predicted for
modest to high updraft velocities depend on temperature, on
peak supersaturations, and on the number concentration of
available IN (Figure 3). For weak updraft velocities, the ice
crystal concentrations are controlled by a negative feedback
process [Khvorostyanov and Curry, 2005] where rapid
growth of ice crystals depletes water and ice supersaturation
and halts ice nucleation. Thus lower ice crystal concentra-
tions are predicted at low updraft velocities than for updraft
velocities that support high ice supersaturations. The KC04
and DWO04 parameterizations could potentially predict ice
concentrations in reasonable comparison to PDA0O8 and to
ice concentrations measured in clouds under low updraft
velocity conditions.
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[s8] Predicted ice crystal concentrations in reasonable
agreement with the INSPECT IN measurements could be
achieved with the KC04 scheme when assuming a normal
distribution of dust contact angles but with a rather large
standard deviation. This distribution was not based on
measurements, but was adjusted to align the predicted
ice crystal concentrations with the IN measurements.
However, in situ [DeMott et al., 2003a] and laboratory
measurements [Koehler et al., 2007] indicate that not all dust
or soot particles initiate freezing. Thus not all particles will
have active sites with contact angles that can initiate freezing
at atmospheric temperatures and supersaturations, and it is
reasonable to assume that particles should have a contact
angle distribution. It is uncertain what this distribution might
be in reality.

[s9] We argue that parameterizations must also predict
reasonable ice crystal concentrations over a range of updraft
velocities, as well as for cases where there are no vapor lim-
itations (or negative feedbacks), in order to be of robust
predictive use in models. We therefore conducted a compar-
ison between a parcel model simulation with high updraft
velocity (representative of no negative feedback) and IN
measurements. The IN measurements were obtained with a
CFDC, which operates at a constant ice supersaturation and
thus has no vapor limitations in its ability to detect IN. Results
from the comparison show that the PDAOS8 parameterization
predicts ice crystal number concentrations closest to mea-
surements. The DW04 and KC04 parameterizations, which
are not constrained by field measurements and in this case are
not limited by vapor depletion, overpredict ice crystal num-
ber concentrations by orders of magnitude compared to the
measurements. While this test case compared the predictions
from the PDAOS parameterization against data that were used
to derive it,, we demonstrate that similar conclusions are
expected in a more perturbed (dust layer) aerosol scenario.
Additional data sets are needed to fully test parameterizations
for conditions that they were not explicitly designed for.
Nevertheless, our main point is unalterable: a prerequisite for
a robust parameterization is that it must limit the maximum
predicted drop or crystal number concentrations by the
maximum available number concentrations of nucleating
particles. Ice nuclei measurements already exist for use in
improving model parameterizations and the number and
quality of these measurements worldwide will likely be
increasing.

Appendix A: Coupled Differential Equations
for Adiabatic Air Parcel Modeling

Al. Governing Differential Equations

[60] Here we describe the set of governing differential
equations in the adiabatic parcel model. We mainly
follow Pruppacher and Klett [1997] for a closed parcel
(no entrainment). To solve the main set of coupled
ordinary differential equations as the parcel is lifted
adiabatically we use the Variable-coefficient Ordinary
Differential Equation (VODE) procedure by Brown et al.
[1989]. VODE solves for, as a function of time, the change
in the environmental temperature, 7, pressure, P, and liquid
and ice water content through the liquid diffusional and ice
depositional growth equations, respectively.
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[61] The diffusional droplet growth for droplets, in each
size bin k, is calculated following equations (13.28) of
Pruppacher and Klett [1997]:

dD; _ 4 Sy — S(Dy)

dr Dy 0., TR* N ( Lep,, (LeMw - 1)) ‘
DD )Myesarns(T) ' \Tk(Di) \ TR*

(A1)

Here D is the diameter of the droplets, S,,,, the environmental
saturation ratio, S(D;) the saturation ratio over an aqueous
solution drop, and p,, the density of water. The universal gas
constant is represented by R*, M,, is the molecular weight of
water, and D*, and k*, are the modified diffusivity and
thermal conductivity, respectively (equations (13.14) and
(13.20) of Pruppacher and Klett [1997]). Finally, L, is the
latent heat of evaporation. The revised treatment of water
activity of solution drop follows Petters and Kreidenweis
[2007], who suggested that particle hygroscopicity can be
described using a single parameter x, and that water activity,
a,,, can be calculation from:

Vs
-1 s
-1 s

a, + K v

(A2)
where Vg is the volume of the dry particle and V,, is the
associated volume of water. Insoluble, nonhygroscopic par-
ticles are represented by x = 0, and ammonium sulfate
aqueous solutions can be represented by = 0.6 (see the work
of Petters and Kreidenweis [2007] for additional tabulated
values). The s of complex internally mixed particles is
computed from the sum of the volume-weighted individual
component hygroscopicity parameters, assuming that the
Zdanovskii, Stokes and Robinson relationship [Stokes
and Robinson, 1966] applies. Thus the use of x allows for
straightforward implementation in the model of internally
or externally mixed, aerosols. Thus the saturation ratio of a
solution drop is expressed as:

ZMVUS‘/ZI
S(Dy) = ay exp | o le
( k) a,, €Xp (R*T[)W,Dk
3 3
_ Dk - Dk,dry exp( 4MWU,\'/11 ) (A3)
Dl?é - Dl%’,dry(l - KJ) R*prDk

where oy, is the surface tension between the solution droplet
and air and D, is the dry diameter of the aerosol particle. The
term before the exponential represents the water activity,
while the exponential represents the curvature (“Kelvin™)
effect on vapor pressure over a solution drop. In our
simulations we assume ~ values that are based on measure-
ments or computations at temperature 7 = 298.15 K and
0ya = 0.072 J m 2. Therefore all calculations involving
equation (A3) in the parcel framework are used with these
values of temperature and surface tension.

[62] For depositional growth for ice crystals in each size
bin j, we follow equations (13.76) of Pruppacher and Klett
[1997]:

dm; 4mp,Ci(Siy — 1)

~

dt ToR* + Ly (LA'MW _ 1) 7
D¥ (D) Myewri(To)  \ Tockit (D) \ TR
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where m is the mass of the ice crystals, S;, is the saturation
ratio over ice, L, is the specific latent heat of sublimation, p;
the density of ice and C; is the capacitance of the crystals.
In the parcel model we assume that the crystals are spherical,
thus C; = D;/2 and the change in ice crystal diameter is

A —7. AS
dt  mpD} dt (A5)

[63] The total change in liquid or ice water content (here
both are described by WC) in the parcel is given by summing
the water mass change over all liquid (k) and ice () size bins:

dWC d dm,, dn(m,,)
7 - 7 %mwn(mw) - j/zk |:n(mw) dl + myy, dt ]

(A6)

where m,, is the water mass n(m,,) is the number con-
centration of liquid or ice particles in cm™> having water
mass m,,. The first term in the bracket in equation (A6) is
given as

D? dD

dm,,
= "(mW)ﬂ'pw/i o

dt

n(m,,) (A7)
where dD/dt is given by equations (A1) or (A4). The density
Pw.i 18 the water (w) or ice (i) density. In the parcel frame-
work, the number of particles per gram of air is constant,
while the volume of the parcel changes. Therefore the second
term in equation (A6) must take changes in air density into
account, and is calculated as

, dp, 1
my, = }’l*(mw) W gﬂ-low/i <D3 - D;ry) . (A8)

Here n*(m,,) is the particle concentration per gram of air and
Pq 18 the air density at the ambient temperature and pressure.
The dry diameter of the aerosol particle, Dy, is subtracted
from the cloud particle diameter to only account for the water
mass. The air density differential in equation (A8) is dependent
on changes in temperature and pressure and is given as

dp, 1 (TdP Pdr)

a R\ ar T dr

(A9)
where R, is the gas constant for dry air.

[64] To calculate the environmental changes it is assumed
that the environment is in static equilibrium and the pressure
differential equation is given as

dP

T = T P.EW,

- (A10)

where g is the gravitational acceleration and w is the updraft
velocity. The environmental temperature differential equa-
tion is expressed as

ar _ 1 I dwvrd+dwv‘,- n

dt ¢, \°\ dt dt &)
Here ¢, is the specific heat of water at constant pressure.
The terms dw, /dt and dw, /dt are the rates of change in

(A11)
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vapor mixing ratio due to liquid droplet growth (subscript d)
and ice growth (subscript i) respectively. These terms are
proportional to the change in liquid and ice water content,
given in equation (A6). Since the vapor mixing ratio is
calculated with the unit of gyaer/Zair, While WC is given as
gwater/cmiir, the change of air pressure must be accounted
for when calculating dw,/dt (the equation is valid for changes
in both liquid and ice droplet content and we have omitted the
subscript of ice and droplets here):

y W 1
dw:_%< C):_dWC_E% (A12)

dt Pa pg At pi dt

[65] A change in this parcel model version, compared to
earlier versions, is the elimination of the saturation ratio
differential equation (dS,,,/df). As long as the parcel is a
closed system where entrainment or precipitation is not
included, the total water mixing ratio is constant in the
parcel. Therefore the differential equation set is overde-
termined if dS,,,/dt is calculated within VODE. While
the differential equation solver was able to find adequate
solutions for the overdetermined system for liquid clouds,
we found that the low vapor pressures over ice in cold
clouds led to solutions for which the total water mass was
not constant to within the desired accuracy. In this version
the saturation ratio is calculated in each internal VODE time
step as

e
esat,w(T) ’

Sy = (A13)

where e, ,(7) is the saturation vapor pressure over water
and e is the vapor pressure, calculated from

(A14)

Here R, is the gas constant for water vapor and w, is the
vapor mixing ratio calculated as

LWC IWC
Wy =Wy — - B
Pa Pa

(A15)

where w,,¢ is the total mixing ratio in the parcel and LWC
and IWC are the liquid and ice water content, respectively.

A2. Binning Method for Ice Crystals

[66] The hybrid Lagrangian/Eulerian framework used to
create and track drop and ice crystal bins is based on prin-
ciples described by Cooper et al. [1997]. The parcel is ini-
tiated with a specified number of ice crystal bins, but with
no sizes assigned to the bins. In the first time step that ice
crystals are nucleated, their number concentrations and
initial sizes are assigned to a size bin (equal to the size of
the haze/droplet that freezes) in the hybrid framework and
then grown in subsequent time steps. Ice particles created
in subsequent time steps are either assigned to an existing
crystal bin or to a new crystal bin if the newly created ice
particles are not within 50% of the size of an existing crystal
bin. To maintain mass balance when new ice crystals are
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added to an existing crystal bin, the size associated with the
existing crystal bin is redefined on the basis of the average
mass of all crystals in that bin. To minimize needed bins,
two bins that are close in size are merged if the sizes are less
than 5% apart. A new crystal bin is also defined if the two
neighboring sizes are more than 100% apart [Cooper et al.,
1997]. The size value assigned to the empty bins grows in
time along with the bins that already have ice crystals in
them.

Appendix B: Heterogeneous Ice Nucleation
Parameterizations

[67] Here we include the main equations to calculate
heterogeneous ice nucleation with the parameterizations used
in this study. The DW04 parameterization assumes the freez-
ing rate (dN/dt) of pure water droplets containing insoluble
species can be computed from

dNy  dN, dr
- = = N,aB,,;V, —a(273.15-1T))—
di d aby, aexp(—a(27 ) dt

(BI)

for the immersion mode. Here N,, is the number of unfrozen
droplets, V, the droplet volume and @ = 1°C is a constant.
The parameter B),; is the ice-nucleating efficiency in the
immersion mode, and is unique for the different types of
insoluble particles serving as IN (see DW04 for the values).
For droplets containing soluble material, a freezing point
depression is accounted for through the parameterization by
Koop et al. [2000] (see DWO04 for details).

[68] According to the PDA08 parameterization, the num-
ber of IN (in units of number of IN per kg of air) capable of
forming ice crystals (n;y y) as a function of temperature and
ice saturation ratio in the immersion, condensation and
deposition modes can be empirically expressed as

b an
= 1 - — iy (Dx,Si, T dlog Dy,
mx = [ (1= explony(Dr. 5 ) oo dlog D
log[0.1um]
(B2)

where j1y, the average activated IN per aerosol of size Dy,
is defined as

dQx

(B3

b = i (S, T)E(T) (#)

x.1.%

The number of ice crystals nucleated for a given tempera-
ture and ice saturation ratio is scaled to a reference particle
surface area {2y ; +. The value for the surface area is cal-
culated for particles with diameter between 0.1 and 1 pm
from measurements during INSPECT I [DeMott et al.,2003a;
Richardson et al.,2007] and is given by Phillips et al. [2008].
The term €2, is the surface area for all particles >0.1 pm from
the input size distribution in the simulations and d$2,/dny ~
7D%. The reference particle surface area (Q x.7,%) ensures that
if €, > Qy %, more IN are active than measured during
INSPECT 1, and vice versa if €2, < Qy; x. The index X
indicates the type of IN (i.e., dust, soot or bacteria). The term
npy. 1. %(T, S;,) is the number of IN smaller than 1 ym, as a
function of temperature and ice saturation ratio, and is fitted to
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the INSPECT data sets. The prefactor £ ensures that no droplets
freeze above —2°C. Above —2°C, £ = 0, while between —2
and —5°C, £ goes from 0 to unity with a cubic interpolation.
The factor Hy ensures that only a fraction of the available
IN can activate at water subsaturated conditions (based on
laboratory observations), depending on temperature and ice
supersaturation, while Hy = 1 at water saturation. Finally, cy
is the fractional contribution from aerosol group X to the
measured IN concentration. The equations for the individual
terms in equations (B2) and (B3) and more detailed
descriptions can be found in the work of Phillips et al. [2008].

[69] The KCO04 scheme is based on classical heteroge-
neous nucleation theory, but with allowance for deliques-
cent CCN to freeze. The germ rate formation of particles,
per unit time, follows Pruppacher and Klett [1997] as

AF, act AF, cr
kT kT |

Jip(Try) = ]%Tc/_ﬂwrf\, exp [f (B4)
Here AF,, is the activation energy at the solution-ice in-
terface, AF,, the critical germ formation, k is the Boltzmann’s
constant, / is the Planck’s constant, 7y the radius of the
insoluble particle and c¢;, is the concentration of water
molecules adsorbed on 1 cm ™2 of a surface. The critical free
energy of germ formation is given as

AF, = gﬂ'o’i/srgnf(mi/m TIN rcr) - arjzv(l - miS)Ui/s- (BS)
Here oy is the surface tension of the interface between the
solution and ice. The function f(m,, x) represents a
geometric factor which takes into account the geometry
of'a spherical cap on a spherical particle, where m;; = cos(6).
See KCO04 or the work of Pruppacher and Klett [1997]
for the form of f{(m;,, x). Finally, r,. is the critical radius of an
ice germ and follows KCO04:

20’1‘/x

- To\  RIp, 20y’
pLd (T)In (7") + Mp i Hy — C.? — T;/

(B6)

Ter =

where, T, =273.15, LY is the effective average latent heat of
melting (see KCO04), ¢ is the elastic strain, C. is a constant
associated with the elastic strain and r; is the radius of the
droplet. The term H, is the logarithm of saturation ratio
over an aqueous solution and is given by Kd&hler theory.
Here we use the parameterization from equation (A3) to
calculate H_:

D} —D3, 40,/.M,,
H,=In(S) =1n z exp( s/a H) . (B7)
<D3 - Di,ry(l —K) RTp,.D

See KC04 for more detailed discussion of their parameterization.
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