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ABSTRACT

An effort to improve descriptions of ice initiation processes of relevance to cirrus clouds for use in regional-
scale numerical cloud models with bulk microphysical schemes is described. This is approached by deriving
practical parameterizations of the process of ice initiation by homogeneous freezing of cloud and haze (CCN)
particles in the atmosphere. The homogeneous freezing formulations may be used with generalized distributions
of cloud water and CCN (pure ammonium sulfate assumed). Numerical cloud model sensitivity experiments
were made using a microphysical parcel model and a mesoscale clond model to investigate the impact of the
homogeneous freezing process and heterogeneous ice nucleation processes on the formation and makeup of
cirrus clouds. These studies point out the critical nature of assumptions made regarding the abundance and
character of heterogeneous ice nuclei (IN) present in the upper troposphere. Conclusions regarding the sources
of ice crystals in cirrus clouds and the potential impact of human activities on these populations must await
further measurements of CCN and particularly IN in upper-tropospheric and lower-stratospheric regions.

1. Introduction

Cirrus clouds occur over wide areas and with high
frequency in the atmosphere (Hobbs and Deepak
1981). They also play an important role in the earth’s
radiation balance (e.g., Cox 1971). Their radiative
properties depend to a large extent on the sizes, shapes,
concentrations, and phase of cloud particles (e.g., Ste-
phens et al. 1990). The particle size distribution in
cirrus clouds is regulated by both cloud dynamics (i.e.,
ascent, turbulence, and radiative cooling) and the
aerosol content of the atmosphere. The link to cloud-
active aerosols is through two fundamentally different
nucleation processes for ice formation at cold temper-
atures. Namely, ice crystals may form in cirrus clouds
as a result of homogeneous freezing of cloud droplets
and haze particles (Sassen and Dodd 1988, 1989;
Heymisfield and Sabin 1989; DeMott and Rogers 1990)
and heterogeneous nucleation on ice nuclei (IN).

While a number of mesoscale and regional-scale
cloud models exist with detailed dynamical frameworks
and some include parameterizations of the radiative
effects of water and ice phases, few if any contain de-
tailed parameterizations to represent all of the ice ini-
tiation processes of relevance to cirrus clouds. One rea-
son for this has been the lack of relevant measurements
of cloud condensation nuclei (CCN) and IN. Despite
the dearth of measurements, we present herein a
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framework for parameterizing ice formation in cirrus
clouds within mesoscale models. We also investigate,
using the best available knowledge, the importance and
role of the different ice formation processes using sen-
sitivity simulations with a microphysical parcel model
and with a mesoscale cloud model. It is shown that the
predicted concentrations, sizes, and spatial distribution
of ice crystals depend critically on the assumptions
made regarding the abundance of heterogeneous ice
nuclei in the upper troposphere, as well as the sizes
and supersaturation spectra of CCN.

2. Basis for parameterizing homogeneous
freezing nucleation

For this study, cloud water and unactivated particles
are treated as separate populations. In reality the CCN
concentrations, sizes, and compositions will determine
the populations of both cloud droplets and haze par-
ticles for given atmospheric conditions. Our current
treatment is satisfactory for most cloud models using
bulk microphysics because cloud droplet activation is
not typically treated in detail. This is the current status
of the model we are using separately for simulating
specific cirrus cloud cases.

a. Homogeneous freezing of supercooled liguid water

The total concentration of cloud droplets freezing
in time step At may be formulated as

Nf=f0 (1 —exp(=JViAt)n(DYdD (1)



78 JOURNAL OF THE ATMOSPHERIC SCIENCES

with
Jls = JI.)O
and
xD?
O

"The concentration of droplets freezing is determined
by the spectral density function of cloud droplets n(D),
the volume of the drops ¥V}, and a formulation for the
nucleation rate of pure water Jyp. Since J is primarily
a function of droplet temperature (7;) and is not a
function of droplet diameter D, (1) may be easily in-
tegrated for a generalized distribution of cloud droplets.

There are a number of approaches to obtaining Ji.
One method is to use a classical theoretical calculation.
Assuming equilibrium conditions of a spherical ice
embryo in water and using the steady-state approxi-
mation of the number of embryos passing critical size
(see, for example, Pruppacher and Klett 1978),

Jio = A exp{B[In(T,T7")1*},
pwkT; 0,!./‘3 —AF,
A =
2NC( pilt )( th) exp( KT, )

B = ~16poi,,
3kT(Lrpi)*”

(2)

where

and

In using this approach, one is faced with selecting values
for quantities, the true values of which are uncertain,
but the impact of which on the calculation can be large.
Most critical is the value chosen for the interfacial sur-
face tensions at the ice-water interface (o;_,,). The pri-
mary recourse for determining this value has been to
use actual experimental data on the freezing of pure
water or highly dilute solution droplets. DeMott and
Rogers (1990) found a value of o, = 27 erg cm ™2 to
characterize their data on the freezing of droplets nu-
cleated and freely grown on three types of CCN. Con-
stant values for the latent heat of fusion (L,) and the
activation energy for self diffusion of water (AF,y), as
given by Taborek (1985), were used to obtain this
value. Values of N, and p; were taken from Pruppacher
and Klett (1978). Values of Jy as given by this result
are compared with the experimental data in Fig. 1.
Also shown in Fig. 1 are the Sassen and Dodd (1988)
estimates for J;,o made by combining numerical cal-
culations with aircraft measurements in high-altitude
clouds. They suggested that values for Ji versus tem-
perature were well described as being about 10° times
the theoretical values given by Pruppacher and Klett
(1978). Such a curve is in good agreement with the
curve suggested by DeMott and Rogers. In a theoretical
study of homogeneous freezing nucleation and its effect
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FiG. 1. Homogeneous freezing nucleation rate of pure water Jyg
(cm~> s7!) versus temperature. Various estimates shown include ex-
perimental data from DeMott and Rogers (1990) {crosses ) and Hagen
et al. (1981) (bars), field data from Sassen and Dodd (1988) (solid
circles), and theoretical approximations from DeMott and Rogers
(1990) (solid line) and Heymsfield and Sabin (1989) (dashed).

on cirrus ice crystal formation, Heymsfield and Sabin
(1989) used the temperature dependence for Jiq given
by Eadie’s ( 1971) statistical thermodynamic model for
water. This could be approximated as (Heymsfield and
Milosevich 1993)

J1w= lOy, (3)

where
¥y = —606.3952 — (52.6611T¢c) ~ (1.7439T¢?)
~(0.0265T¢3) — (1.536 X 1074Tc*)

for T, (=T, — 273) < —50°C. This function is shown
by the dashed line in Fig. 1. This result is also in ex-
cellent agreement with DeMott and Rogers (1990) and
Sassen and Dodd (1988) over the temperature range
of their measurements, and lends support to these.
However, Eadie’s curve diverges to higher values than
the others at temperatures below —45°C., In this sense,
it is in better agreement with the rapid expansion ex-
periments quantified by Hagen et al. (1981), which
provide data for pure water droplets below —40°C. For
these reasons and for its simplicity, (3) is used for pure
water in the numerical part of this study.

b. Homogeneous freezing of CCN solution droplets

In many cases, cirrus ice crystals may form at tem-
peratures below —38°C and below water saturation
where freezing can occur on solution droplets or haze
particles. In this case, Jj, replaces J; in (1), where Jj;
is now a function of both dry particle size (Ds) and
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the water vapor saturation ratio {Sw) with respect to
water, in addition to temperature. Also, V; is now
xDa?/6, where Da is the solution droplet diameter
(replacing D).

The theoretical approach to calculating Jj; is
straightforward, but is repeated here for discussion
purposes. Following Pruppacher and Klett (1978),

Jis = A exp {B[In(T, T aFfTa/MEON 21 (4)
where
a,, = exp(—0.001v¢, M, M).

In this formulation, any solution effects on the preex-
ponential factor 4, o;_,, in particular, are ignored. This
equation differs from (2) only by the factor including
water activity a,,. Water activity will always be less
than 1, so the effect of the solution is a depression of
the melting point temperature.

This purely theoretical approach is not entirely sat-
isfactory for developing a parameterization because the
effects of the solution concentrations on homogeneous
freezing rates are underpredicted. Due to nonideal tonic
interactions between the solute and condensed water,
the freezing point is depressed an amount in addition
to the amount obtained by considering curvature
(Kelvin) and equilibrium solution (Raoult) effects (i.e.,
Pruppacher and Klett 1978, 280-281). Sassen and
Dodd (1988) therefore formulated an effective freezing
temperature as

T* = T+ (L.7AT ). (5)

This equation was based on Rassmussen’s (1982) ob-
servations of the relationship between the depression
of nucleation temperature and the melting point
depression for a variety of salt solutions. This point is
reemphasized here because the neglect of such a rela-
tionship could lead to very large overestimates of ho-
mogeneous freezing nucleation rates of solution drop-
lets.

Table 1 gives some values of J;; from —40° to —50°C
at 95% relative humidity for four mass categories of
pure ammonium sulfate CCN as calculated with (4)
and as calculated by substituting (5) in (3). In a pro-
cedure similar to that used by Heymsfield and Sabin
(1989), we evaluated AT,, for ammonium sulfate
[(NH4),S0,] based on Weast (1981) as

AT,, = 0.102453 + (3.48484)M, (6)

valid from M = 0.038 t0 3.716 (% = 0.9996 ). Molality
is evaluated as

1000m,
M(zDp[)/6 ~ m]’

M= (7)
where p/ is solution density and #, the dry solute mass.

Unique values for D,, M, and p/ were obtained by
solving the well-known Kohler equation,
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TaBLE 1. Freezing nucleation rate for ideal and
nonideal solution effects at S, = 0.95.

T7(°0) m, (g) Jy(em™s™) Jip (T*)
—40.0 1.0 X 107% 5.3 6.0 X 1073
1.0 X 107" 3.3 X 10* 8.3 X 1072

1.0 X 1071 6.4 X 10° 28X 1078

10X 10712 2.1 X 10° 3.4 x 107

—45.0 1.0 X 1076 1.7 X 10® 1.1 x 107

1.0 X 10713 5.7 X 101° 4.2 X 10?

1.0 X 1074 43 X 10" 6.3 X 10°

1.0 x 10713 9.5 x 10" 8.8 X 10°

~50.0 1.0 X 10776 1.4 x 107 2.4 X 10°
1.0 X 1078 8.7 x 10" 2.2 X 10

1.0 X 1074 3.5 x 10" 2.0 X 1012

1.0 X 1071 6.2 X 10 1.2 X 10"

4Mw‘71‘a

InS, = ———— — Ina, 8
¥ RTp.D, “ ®)

which expresses equilibrium growth conditions for a
dry solute particle at a given S,,. Both the interfacial
surface tension of the solution-air interface o,, and
p{ depend on molality and the particular salt. Empirical
relationships for these quantities with ammonium sul-
fate as the soluble component were obtained from
Pruppacher and Klett (1978) and Weast (1981), re-
spectively, as

61q = 76.10 — 0.155(7, — 273.15) + 217 M
pl = 1.0054 + 0.062075 M.

9
(10)

Based on the results summarized in Table 1, we will
use the effective freezing temperature approach as a
basis for formulating the solution droplet freezing pa-
rameterization. Nevertheless, we must note that no one
has yet directly verified freezing rates of haze solution
droplets in a laboratory setting.

To circumvent the need to implicitly solve (8), it is
possible to develop approximate relations for D, and
M to substitute into the equations for explicitly eval-
uating (1) for haze particles. What is sought for a me-
soscale model parameterization, however, is a simple
relation describing the formation of ice directly from
a distribution of CCN. Therefore, the system of equa-
tions (1), (3), and (5) through (10) were solved for
unit mass particles in order to seek a parameterization
of N;. If the haze particles are mixtures of specific sol-
uble and insoluble components, the equations are easily
modified by replacing m; with ¢,,m,, where ¢, is the
soluble mass fraction and m1, is the mixed particle mass.
We assume pure ammonium sulfate CCN.

The solid curves in Fig. 2 show the logarithm of the
computed fractions freezing F(s™') of haze particles
containing given masses m;, of dry CCN at three tem-
peratures. The results shown in Fig. 2 are consistent
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FIG. 2. Logarithms of the fractions of unit mass (10~'2 to 107"
g), pure ammonium sulfate aerosols nucleating ice as a function of
saturation ratio at —50°C (a), —45°C (b), and —40°C (c). Solid
lines are exact and dotted lines parameterized results.
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with Sassen and Dodd’s (1989) estimated minimum
saturation ratio required for ice initiation. A point not
clearly made in previous studies of this type is that
curves of constant dry CCN mass (g) appear approx-
imately linear over a wide range of logF,,. They
asymptotically approach Fjs= 0, however, at low hu-
midity and F,,= 1 at high humidity. This observation
guided the form of the approximation chosen. The
equation derived to approximate the equilibrium be-
havior of Fjras a function of S, spherical dry solute
diameter D, and 7T is

Fyr=1— exp(—aD?) (11)

with

6
b=6.

Here c1 and ¢2 are functions of solution droplet tem-
perature given by ¢1 = —14.65 — [1.045(T; ~ 273.16)],
and ¢c2 = —492.35 — [8.34(T, — 273.16)] — [0.06 1(T;
~ 273.16)*]. The solute density (p,) for ammonium
sulfate is 1.769 g cm ™3, The results thus parameterized
are plotted as dashed curves in Fig. 2. Although exact
agreement could not be obtained for all sets of con-
ditions, (11) satisfactorily describes homogeneous
freezing nucleation by a distribution of CCN. Equation
(11)is valid to —700°C, the limit of calculations made.
It is also valid for SW = (.82 t0 0.999.

One factor not considered in this parameterization
is that only the smaller nuclei for cloud condensation
achieve their equilibrium radii as relative humidity ap-
proaches 100% (e.g., Mordy 1959). It is clear upon
considering typical cirrus cloud vertical velocities that
nonequilibrium considerations are important for sol-
uble particles with mass larger than about 1073 g, Ig-
noring this effect in the parameterization may lead to
some overestimate of nucleation rates. We hope to in-
clude nonequilibrium effects in future treatments based
on empirically relating haze particle growth in an ex-
plicit cloud model to updraft velocity and solute di-
ameter D;.

The results given by (11) are in a form that may be
integrated over a generalized CCN size distribution.
The exponential form of the gamma distribution
(Marshall-Palmer) was used to represent dry CCN in
this paper. Geometric mean diameter was selected to
crudely approximate a background dry CCN particle
size distribution in the upper troposphere based on past
measurements of CCN supersaturation spectra. This
distribution is shown in Fig. 3. The distribution given
by Heymsfield and Sabin (1989) is shown for com-
parison. The third distribution shown in Fig. 3.is dis-
cussed later. In all distributions, we have assumed a
largest mass category of 10~'? g, which equates to a
maximum particle diameter Dp,,. of 1.02 um. For an
assumed exponential CCN distribution, the total

2
( WpS) X 10 +op(1—Sw)
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FiG. 3. Soluble particle size spectra assumed to represent natural
cirrus cloud background (dashed), and a volcanically perturbed con-
dition (dotted) for this study. The solid line represents the dry particle
sizes inferred from the CCN spectra used by Heymsfield and Sabin
(1989).

number concentration of haze particles freezing Nyin
time step Af may be written as

Ymax b Dn b
Ny= Nmf exp(—y){l - exp[—y (D—) ”dy,
(1] m
(12)
where
y = D/D,.

In this equation, D, is the scaling diameter, equal to
7.5 X 107% ¢m here, and D,, is defined such that a
= D,®; N,is the total CCN concentration taken here
to be the same as the concentration parameter of the
CCN spectrum (200 cm™3). Although an analytical
solution is probably possible, we chose to numerically
integrate ( 12) for the model sensitivity studies which
follow. A table was thereby created to express N versus
temperature and relative humidity for use in the me-
soscale cloud model. A relationship between Ny and
the ratio (D,/D,,) also results from integration. This
could readily be approximated by a combination of
two polynomials with high confidence for use in the
parcel model simulations. Freezing nucleation was only
permitted above the deliquescence point (82% relative
humidity).
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3. Numerical model sensitivity studies

In order to demonstrate some implications of the
homogeneous freezing nucleation parameterization
and to investigate interactions with heterogeneous nu-
cleation processes, some sensitivity simulations were
performed using a detailed microphysical parcel model.
We also present a 2D sensitivity simulation with a re-
gional-scale cloud model, initialized with a horizontally
homogeneous sounding.

a. Parcel model
1) DESCRIPTION

The parcel model used is a modified version of the
model described by Rokicki and Young (1978), a de-
rivative of the 2D microphysical model described in
detail by Young (1974a). This model permits an anal-
ysis of the performance of the parameterization versus
the more explicit calculations, and it gives insight into
the competitive nature of the homogeneous and het-
erogeneous ice formation processes in cirrus clouds.

Key features of the parcel model in regard to this
study are that particle temperatures are calculated ex-
plicitly, precipitation does not occur from the parcel,
and, except for a specification of vertical motion, cloud
dynamics is not considered. The model is thus most
appropriate simply for studies of the initiation of ice
and precipitation. The natural nucleation routines have
been greatly modified for this and recent other studies,
as now described.

Condensation nucleation is predicted based on
specified CCN spectral concentration (C) and power
(K) coefhicients. In this study the same coefficients were
used for droplet activation as were used to determine
the dry hygroscopic particle size spectrum used for
computing haze particle freezing rates. These were C
= 200 cm™ and K = 1.5. New droplets enter as 2.1-
pm radius particles and are transferred during growth
through 48 size categories up to several millimeters.

Heterogeneous ice formation follows from three
schemes that quantify four ice formation mechanisms.
The deposition /condensation freezing model of Mey-
ers et al. (1992) is used to describe nucleation from
the vapor state below and above water saturation. This
model is based on data from continuous flow diffusion
chambers relevant to both deposition nucleation and
the sorption form of condensation~freezing. Ice crystal
concentrations are specified as a function of the ice
supersaturation. In the parcel model, new ice is formed
by this mechanism only when the supersaturation ex-
ceeds the highest value from previous time steps.

A natural immersion freezing routine was not used
in this study. There is reason to believe that the activity
of this natural IN population is already accounted for
within the Meyers et al. (1992) deposition and con-
densation freezing nucleation parameterization. Also,
calculations of expected ice crystal concentrations nu-
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F1G. 4. Temperature, water supersaturation, and ice crystal concentration formed by homogeneous freezing as parameterized
(dashed) and as calculated more explicitly (solid line) in 5 ¢cm s™! updraft simulations with the parcel model. Initial temperature

is ~42°C in (a) and —38°C in (b).

cleated by the heterogeneous droplet freezing mecha-
nism for cirrus cloud conditions showed this process
to be of minor importance compared to the homoge-
neous freezing process and other heterogeneous mech-
anisms. This is because the rate of the homogeneous
freezing process is much faster for haze-sized drops and
because cloud droplets stay very small when they are
formed at cirrus temperatures.

Contact freezing nucleation activity in the parcel
model is from Meyers et al. (1992), based on an ac-
cumulation of various laboratory data for natural
aerosols. The fraction of the activity realized in any
time step is determined by the collection rates of ice
nuclei by cloud droplets due to the combined effects
of Brownian collection, thermophoresis, diffusiopho-
resis, and aerodynamic capture. Calculations of col-
lection rates follow the equations from Young (1974b)
and a specification of the natural particle size distri-
bution ( 15 bins). Freezing occurs at the droplet tem-
perature.

Ice crystals nucleated from the vapor enter as 1.6-
wum particles, while ice formed by freezing enters at the
frozen droplet size. Ice crystals grow isometrically until
a semiaxis of 20 um is exceeded. Relative axial growth

rates and densities for larger crystal sizes are determined
by temperature and vapor density based on empirical
data.

2) RESULTS

Numerous simulations were performed with the
parcel model. A 1-s time step was used for all parcel
model simulations reported herein. Heterogeneous ice
formation mechanisms were deactivated for initial
comparative ssimulations of explicit and parameterized
results, and for demonstrating the character of pre-
dicted ice formation for a range of cirrus cloud con-
ditions due only to the homogeneous process. Figure
4 compares the evolution of various cloud properties
using the parameterization and the full equations, re-
spectively, for a 5 cm s ™! updraft initiated at the CCN
deliquescence point (82% relative humidity) at —42°C
and 312 mb (Fig. 4a). Plotted versus pressure are tem-
perature, water supersaturation, and ice crystal con-
centration. While initial ice formation occurs 0.1°C
warmer in the parameterized simulation, no significant
differences compared to the explicit results are noted.
In particular, the maximum ice crystal concentrations
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achieved in the two parcels are equivalent at near 100
L~!. Simulations at a 5 cm s~! ascent rate, but at an
imitial temperature of —38°C and a pressure of 412
mb, show similar excellent agreement between ice ini-
tiation by homogeneous freezing as parameterized and
calculated more explicitly (Fig. 4b). These results also
demonstrate the expected lower maximum humidity
achieved as temperature decreases. Excellent agreement
between the two methods was obtained for both lower
and higher parcel ascent rates and for different tem-
perature regimes.

The simulation results also show that maximum ice
crystal concentration by homogeneous freezing alone
is most dependent on vertical velocity, and is relatively
independent of temperature. Figure 5 summarizes the
maximum ice crystal concentration nucleated and
maximum saturation ratio achieved with respect to
water as a function of five vertical velocities in a series
of simulations assuming only homogeneous freezing
nucleation as an ice initiation process. Symbols denote
initial simulation temperatures of ~38° ([1J), —42° (X),
and —46°C (@). The lines in Fig. 5 simply connect
constant updraft simulations and are not meant to be
exact fits. The nature and magnitude of these results
agree with those of previous studies [ for example, Sas-
sen and Dodd (1989) and Heymsfield and Sabin
(1989)].

One final simulation including only the homoge-
neous freezing process is shown in Fig. 6 to demonstrate
a situation that manifests itself in wave clouds and some
deep cyclonic cloud systems. This is the production of
supercooled water at temperatures at which the water
will freeze homogeneously. A 3 m s~! ascent simulation
was initiated at —34°C. Ice forms as cloud forms at
—35°C and increases in concentration as the cloud
cools further. Cloud completely glaciates at just below
—37°C. Concentrations of ice particles formed reaches
approximately 70 cm™ and the average particle di-
ameter never exceeds 20 um during the simulation
time.

Ice crystals present and continuously nucleated het-
erogeneously at cirrus cloud levels could have a pro-
found effect on the importance of homogeneous freez-
ing nucleation. This has been addressed in a cursory
manner by both Heymsfield and Sabin (1989) and
Sassen and Dodd (1989). The most important natural
process of concern is the deposition nucleation process,
due to the large potential response to high ice super-
saturations present at cold temperatures. If heteroge-
neous deposition IN are present at cirrus altitudes in
the abundance measured in the lower troposphere and
with the same dependence on humidity, then the ho-
mogeneous freezing process could be irrelevant.

One must consider, however, if it is appropriate to
maintain a uniform profile of potential natural ice nu-
clei in the vertical for cirrus cloud simulations. To in-
vestigate scenarios of the interplay between heteroge-
neous and homogeneous ice formation processes, par-
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velocity in parcel model simulations including only homogeneous
freezing nucleation. Initial temperatures of —38° (open squares),
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cel model simulations were performed in which the
profile of potential heterogeneous ice nuclei were pre-
sumed to be either constant or to decrease with altitude.
A relative decrease is expected based on the relative
decrease of total aerosol concentrations with altitude
in the free troposphere and based on past studies which
measured vertical IN profiles (e.g., McPartland and
Super 1977). In generalizing such a result, we utilize
the fact that while few studies have found a relationship
between total aerosol concentration and IN concen-
tration, some past IN observations have indicated a
strong relationship between IN concentration active
for one set of conditions and the large mode of the
total aerosol size distribution (Georgii and Kleinjung
1967; Berezinskiy et al. 1986 ). The relationship is very
nearly linear, and we will assume it to be so. Vertical
profiles of large aerosols (D, > 0.6 um) in the tropo-
sphere are not available in abundance, but typical
background measurements over continental regions
(Pruppacher and Klett 1978; Hofman 1988) show a
decay of large aerosols from about 10 cm™ at the sur-
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phases.

face to <0.1 cm™ at the tropopause. The decrease is
nearly log linear in height, except as modified by
boundary-layer mixing, inversion layers, and natural
or man-made events such as volcanic eruptions and
large-scale fires. Here we assume a mixed boundary
layer 2-km deep with 10 cm™3 large aerosols and pro-
pose a decay of tenfold per 5 km in a standard atmo-
sphere. We then relate the fraction of ice nuclei avail-
able at any height with respect to the number available
at ground level to standard air density for use in mod-
eling instances that deviate from the standard atmo-
sphere. The polynomial expression fit to this result is
given by :

Fin = —215.736 + 1.529 X 10%p,

—~ 3.455 X 10%, + 2.857 X 10'%p,, (13)

where p, is air density. We believe this formulation to
be preferable to a simple temperature-dependent func-
tion. Figure 7 compares the concentration of ice nuclei
at 95% relative humidity as a function of standard
height and temperature as given by the Meyers et al.
'(1992) deposition/condensation freezing nuclei for-
mula (A), and as given by the Meyers et al. formula

after imposition of the height dependence inherent in
(13)(B).

Some results of using the modified IN profile in con-
junction with the homogeneous freezing parameteriza-
tion in parcel model simulations are shown in Fig. 8.
In Fig. 8a, a constant 5 cm s™! ascent is initialized at
—42°C, while in Fig. 8b, the same ascent is initialized
at —38°C. Initial relative humidity is 82% in both cases.
These results may be compared to Fig. 4, the simulations
with only homogeneous ice formation parameterized.
The additional plot in Fig. 8 shows average ice crystal
a-axis and c-axis radii. It is seen that the activation and
growth of just a few IN per liter is sufficient at —38°C
to deplete the water saturation ratio and prevent the
onset of ice initiation of solution droplets homoge-
neously. At the lower pressure and temperature, how-
ever, fewer IN are available and two distinct cloud re-
gions result. Lower in the cloud, a few large ice crystals
predominate, while higher up the homogeneous freezing
process is activated. Consequently, a bimodal ice crystal
spectra is formed, with a few large ice crystals and the
predominance of small newly formed crystals reflected
by the decrease of the average crystal semiaxes before
the humidity is rapidly driven toward ice saturation.
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A number of simulations, including both homoge-
neous ice formation and a modified vertical profile of
deposition ice nuclei, are summarized in Fig. 9. These
may be directly compared to Fig. 5, the simulations
using only homogeneous freezing ice formation. The
addition of small numbers of heterogeneously nu-
cleated ice crystals lowers both the maximum ice crystal
concentrations and the maximum humidities achieved.
These effects are particularly noted for vertical motions
less than about 10 cm s™!, which encompasses con-
ditions present in many cirrus cloud systems.

It is instructive to also look at the effects of expected
perturbations on background CCN and IN. One im-
portant perturbation process with regard to cirrus
clouds appears to be volcanic eruptions. Sassen and
Horel (1990) and Sassen (1992) have suggested that
volcanic injections of aerosols into the stratosphere
serve to enhance large-mode CCN aerosols in the upper
troposphere by way of both long-term and short-term
exchange processes. They and others (e.g., Jensen and
Toon 1992) have discussed the climatic implications
of volcanic CCN due to their microphysical effects on
cirrus clouds. The CCN spectra given by the dotted
curve in Fig, 3 are meant to emphasize the enhance-
ment of large CCN following volcanic eruptions. The
concentration of larger particles in this distribution is
based loosely on observations summarized by Hofman
(1988), but is quite similar to those presented by Jensen
and Toon (1992). While these large particles are known
predominately to be sulfuric acid, we will employ the
parameterization for ammonium sulfate to crudely es-
timate their homogeneous freezing behavior. There
may be some justification in doing so anyway because
the chemical nature of these particles is likely to trans-
form in the troposphere given the abundance of water
vapor and trace gases such as ammonia. The results of
simulations using the perturbed CCN spectra along
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with the vertically varying IN profile are summarized
in Fig. 10. The implication suggested by comparing
with Fig. 9 is that a large increase in the availability of
large CCN in cirrus clouds does not greatly affect N,
but permits the formation of cirrus clouds at lower
humidities (about 2% lower in this case).

The conclusion obtained in the previous paragraph
is much different if volcanoes, large fires, or other cat-
aclysmic or cumulative events result in the injection
of a large number of IN into the upper troposphere
and lower stratosphere. While some studies of the con-
tribution of volcanic aerosols to IN activity have given
results favoring enhancement, these are not conclusive
(Vali 1985). We will presume for the sake of argument
that the relationship between the concentrations of
large aerosols and IN concentration holds in the case
of volcanic aerosols. Jensen and Toon (1992) show a
size distribution of silicate-based particles that is nearly
two orders of magnitude higher for large aerosols during
a volcanic event than during background conditions.
This suggests that a worst case scenario could be rep-
resented by the description of IN without height de-
pendence (represented by curve A in Fig. 7). The re-
sults shown in Fig. 11 use this assumption regarding
available IN along with the parameterized homoge-
neous freezing process as sources of ice initiation. The
differences compared to other scenarios is dramatic.
Maximum ice crystal concentrations are lowered and
maximum humidity is lower over a wide range of typ-
ical cirrus cloud vertical motions. The homogeneous
process becomes irrelevant for clouds with vertical
motions less than about 30 cm s™!.

Cirrus clouds are known to extend to higher altitudes
and colder temperatures than we have made calcula-
tions for here. We chose not to extrapolate our results
to these conditions, but there is no reason that the pa-
rameterization could not be used at colder tempera-
tures. The essential conclusions would not change. It
can be expected that with fewer heterogeneous IN
available at colder temperatures assuming a vertically
varying profile, ice crystal concentrations would ap-
proach the apparent limit set by the homogeneous pro-
cess (Fig. 5). However, if higher numbers of deposition
IN exist at colder temperatures, the saturation ratio
will be driven toward the deliquescence point of pure
CCN, effectively shutting down the homogeneous pro-
cess. The parcel model simulations clearly indicate that
heterogeneous IN potentially exert a strong micro-
physical influence on cirrus clouds. Lack of knowledge
of background or perturbed vertical profiles of IN con-
centrations and their dependencies on temperature and
humidity will necessarily limit our ability to model the
microphysics of cirrus clouds now or for future climatic
periods.

b. Mesoscale model (RAMS) sensitivity study
1) DESCRIPTION

For the 2D simulations, the Regional Atmospheric
Modeling System (RAMS) was used. This model, de-
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scribed by Tripoli and Cotton (1982, 1989), Cram et
al. (1992}, Cotton et al. (1982), and Cotton et al.
(1986) was developed at Colorado State University
(CSU). The predicted vanables include the three ve-
locity components, the Exner function (II), the ice-
liquid water potential temperature (8;) (Tripoli and
Cotton 1981), pristine ice crystal concentrations, and
mixing ratio of total water, rainwater, pristine ice crys-
tals, graupel particles, and aggregates (Cotton et al.
1986). Potential temperature, temperature, cloud
droplet mixing ratio, water vapor mixing ratio, and
pressure are calculated diagnostically (Tripoli and
Cotton 1982). A comprehensive overview of the mi-
crophysics model is given in Flatau et al. (1989). Het-
erogeneous ice formation occurs in the model by de-
position, condensation freezing, and contact freezing
nucleation as parameterized by Cotton et al. (1986)
and modified by Meyers et al. (1992). The vertical
profile of deposition/condensation freezing ice nuclei
was modified following (13) and depicted as curve B
in Fig. 7. Homogeneous freezing ice formation for
cloud water was implemented following (1) and (3).
Hagze particle freezing follows from (12), as described

in section 2b. Ice crystals are nucleated at 5 pm di-
ameter.

A two-dimensional model domain 100 km long
and 15.8 km in the vertical was used for the specific
simulations presented here. The horizontal grid res-
olution was 1 km and the vertical grid resolution was
stretched from 500 m at the surface to 50 m near
400 mb and back to 600 m above cloud level. The
vertical grid increment was employed to resolve the
temperature and humidity profile through the cirrus
cloud layer. The model time step was 2 seconds. This
is probably a realistic upper limit for the homoge-
neous nucleation parameterization. Since the ho-
mogeneous nucleation parameterization is a rate,
there is a potential to overnucleate and deplete too
much vapor with a longer time step. Therefore, a
shorter time step is required.

The model was initialized with a generic sound-
ing for a case known to produce cirrus clouds. This
sounding is shown in Fig. (2. Two simulations
were performed with the 2D mesoscale model: a
control run that includes both heterogeneous and
homogeneous nucleation and a comparison run
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FIG. 9. As in Fig. 5 but for ice formation by homogeneous freezing
and a vertically decreasing profile of heterogeneous IN.

that activates
processes.

only heterogeneous nucleation

2) RESULTS

Figure 13 shows time series of pristine ice crystal
concentrations from the control run and the compar-
ison run. The control run produces much higher num-
bers of pristine ice crystals (peak values 170 L during
the first hour) than the comparison run (less than 10
L~1). Crystal concentrations greater than 1 L~! extend
between 7 and 9 km MSL after 15 min and between
5 and 9 km MSL by 120 min. The comparison run
shows a similar initial structure after 0.25 h, but by
120 min the ice crystal cloud is essentially contained
between 5 and 7 km MSL. The lowering of cloud base
in both runs is due to the fallout of the pristine ice
crystals. Pristine ice crystals produced by homogeneous
nucleation in the control run, however, outnumber the
crystals produced by heterogeneous processes in the
comparison run by over an order of magnitude near
the 8 km MSL level. In the control run, therefore, there
is more competition for vapor at this level. With small
terminal velocities due to limited growth, the residence
time of these crystals is greater, explaining why the
1 L™ contour extends above 8 km MSL throughout
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the simulation in the control run. The fewer hetero-
geneously produced crystals in the comparison run
grow more readily and fall faster than the homoge-
neously produced ice crystals. The higher layer is de-
humidified, effectively shutting off additional nucle-
ation. The pristine ice mixing ratio fields from both
runs (Fig. 14) shows more mass is predicted higher
and colder in the cloud in the control run, with values
greater than 0.1 g kg~! at 8 km MSL. As in the con-
centration fields, the pristine mixing ratio field from
the comparison run shifts to lower altitudes in time
due to lower initial nucleation rates and more efficient
ice crystal growth.

These results indicate that the nucleation physics
used within mesoscale models could be extremely im-
portant for accurately simulating cirrus cloud structure.
Both homogeneous and heterogeneous ice formation
processes should be included. Future comparison with
data from natural cirrus clouds may help determine
the dominant process.

4. Summary and conclusions

Descriptions of heterogeneous and homogeneous ice
formation processes relevant to the numerical simu-
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large CCN aerosols as given by the dotted distribution in Fig. 3.
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Fig. 7.

lation of cirrus cloud microphysics have been derived
for use in mesoscale cloud models. The parameteriza-~
tion for homogeneous freezing nucleation by haze par-
ticles includes essential dependencies on time, tem-
perature, humidity, and CCN characteristics. The sim-
ple equations may be used with specified distributions
and vertical profiles of pure CCN. Extensions of this
work to include consideration of variable soluble frac-
tion of CCN and differing CCN characteristics are
straightforward. Such investigations have been made,
but are not reported here because changes in these pa-
rameters do not change the conclusions regarding the
interplay of homogeneous and heterogeneous ice for-
mation processes in cirrus clouds. Parameterization of
the nonequilibrium growth of larger CCN in regional-
scale models is still needed.

Sensitivity experiments were performed to investi-
gate the impact of the homogeneous freezing process
on the formation and makeup of cirrus clouds. Parcel
model simulations were used to demonstrate the be-
havior of the homogeneous freezing process. The pa-
rameterized results were in good agreement with pre-
vious studies in predicting that ice crystal concentra-
tions nucleated below —38°C are a strong function of
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FiG. 12. Sounding used for 2D simulation.

updraft velocity. Temperature primarily affects the
maximum humidity achieved, these quantities being
directly related. Very high concentrations of ice crystals
are predicted to be formed in the strong vertical mo-
tions of orographic wave clouds, a point that has not
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mogeneous nucleation processes activated. Contour interval is 1 L™
with values greater than 80 L~ shaded.
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been previously emphasized. The parcel model sensi-
tivity studies also point out the critical nature of as-
sumptions made regarding the abundance and char-
acter of heterogeneous ice nuclei (IN) present in the
upper troposphere. While the existence of supercooled
water at temperatures of —30°C and colder suggests
the deficiency of IN at times in the atmosphere, this
cannot be taken as a general assumption. A vertical
profile of IN decreasing with height was proposed as a
standard background condition. Even a few back-
ground IN per liter of air were shown to greatly reduce
the ice crystal concentrations and distributions, and
the required humidity for cloud formation, in condi-
tions representative of cirrus clouds.

Further sensitivity studies examined the effect of
large increases of CCN and IN that can occur due to
events such as volcanic eruptions. It was predicted that
the introduction of additional large CCN does not affect
the concentrations of ice in cirrus so much as it affects
the ease with which clouds are formed. Large injections
of IN typically result in clouds that form more easily
and contain fewer and larger ice particles. It is clear
that firm conclusions regarding the sources of ice crys-
tals in cirrus clouds and the potential impact of nature’s
or of human activities on these populations must await
further measurements of CCN, and particularly IN, in
upper-tropospheric and lower-stratospheric regions.
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A mesoscale sensitivity simulation was performed
to demonstrate the implementation of parameteriza-
tions of ice formation processes in a mesoscale model
and to indicate critical factors of concern for simulating
microphysical and dynamic interactions in cirrus
clouds. For the conditions simulated, the existence of
a homogeneous freezing nucleation process led to the
production of many more pristine ice crystals than in
an atmosphere generally deficient in heterogeneous ice
nuclei. Ice crystals produced by homogeneous ice nu-
cleation consequently grew more slowly and had longer
residence times higher in the cloud than the hetero-
geneously produced ice crystals. One major problem
that must be faced in simulating such microphysical
details in mesoscale models is the typical inadequacy
of humidity profiles required for initialization. Ho-
mogeneous ice initiation is especially sensitive to small
changes in the humidity profile, which is poorly rep-
resented at higher altitudes. Small vertical grid spacing
may also be required to more adequately resolve hu-
midity and ice crystal structure in cirrus cloud levels.
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APPENDIX

Definition of Symbols

ay water activity
C CCN supersaturation spectra concentration
coefficient

water droplet diameter (cm)
D, sol droplet diameter (g)

Dy dry solute diameter (g)

F,, fraction of CCN aerosol freezing homoge-
neously s~

Fy Active fraction of deposition nuclei with respect
to ground-level concentrations

AF,, activation energy for self diffusion of water
(ergs)

h Planck’s constant

Jis freezing rate of solution (cm™ s™')

Ji0 freezing rate of pure water (cm™3s™!)

k Boltzmann’s constant

K CCN supersaturation spectra power coefficient

L, latent heat of fusion (erg g~')
M molality

gram molecular weight of water
gram molecular weight of solute
m; mass of dry solute (g)
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N, number of monomer molecules adjacent to
critical embryo

N, total concentration (cm™3) of cloud droplets
freezing in At

N.;  total concentration (cm™) of haze freezing
(s

n(D) droplet spectral density function

R universal gas constant per mole of dry air

Sy saturation ratio with respect to water

7 droplet temperature (K)

T, melting-point temperature (K)

Ty average of temperatures 7, and 7 (K)

T* effective freezing temperature (see text) (K)

ATm melting point (bulk freezing point) depression
(K)

At time step (s)

v droplet volume (cm?)

v dissociation constant for solute

o5 molal osmotic coefficient

ol solution droplet density (g cm™>)

pi average ice density between 7,, T; (g cm™)

Ow density of pure water (g cm™>)

0a air density

g interfacial surface tension at ice-water interface

Oia interfacial surface tension of solution against

ar
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