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ABSTRACT

Two new primary ice-nucleation parameterizations are examined in the Regional Atmospheric Modeling
System (RAMS) cloud model via sensitivity tests on a wintertime precipitation event in the Sierra Nevada
region. A model combining the effects of deposition and condensation-freezing nucleation is formulated based
on data obtained from continuous-flow diffusion chambers. The data indicate an exponential variation of ice-
nuclei concentrations with ice supersaturation reasonably independent of temperatures between —7° and —20°C.
Predicted ice concentrations from these measurements exceed values predicted by the widely used temperature-
dependent Fletcher approximation by as much as one order of magnitude at temperatures warmer than —20°C.
A contact-freezing nucleation model is aiso formulated based on laboratory data gathered by various authors
using techniques that isolated this nucleation mode. Predicted contact nuclei concentrations based on the newer
measurements are as much as three orders of magnitude less than values estimated by Young’s model, which
has been widely used for predicted schemes.

Simulations of the orographic precipitation event over the Sierra Nevada indicate that the pristine ice fields
are very sensitive to the changes in the ice-nucleation formulation, with the pristine ice field resulting from the
new formulation comparing much better to the observed magnitudes and structure from the case study. De-
position-condensation-freezing nucleation dominates contact-freezing nucleation in the new scheme, except in
the downward branch of the mountain wave, where contact freezing dominates in the evaporating cloud. Sec-
ondary ice production is more dominant at warm temperatures in the new scheme, producing more pristine
ice crystals over the barrier. The old contact-freezing nucleation scheme overpredicts pristine ice-crystal con-
centrations, which depletes cloud water available for secondary ice production. The effect of the new parame-
terizations on the precipitating hydrometeors is substantial with nearly a 10% increase in precipitation across
the domain. Graupel precipitation increased dramatically due to more cloud water available with the new
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scheme.

1. Introduction

Meyers and Cotton (1992) applied the Regional At-
mospheric Modeling System (RAMS) developed at
Colorado State University (CSU) to simulate a win-
tertime orographic cloud system that occurred on 12
February 1986 over the Sierra Nevada (Fig. 1). The
Sierra Cooperative Pilot Project (SCPP) (Reynolds and
Dennis 1986) database documents the microphysical
and precipitation evolution of this storm quite well. A
detailed observational description of the case is given
in Rauber (1992). The simulated resuilts were com-
pared to the observed kinematic structure, microphys-
ical structure, and surface precipitation. The model
predicted most of these parameters quite well, with the
notable exception of pristine ice concentrations that
were overpredicted by an order of magnitude in some
regions. The microphysical model (Cotton et al. 1986)
currently has three nucleation modes (or mechanisms)
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to predict pristine ice concentrations: 1) a routine to
estimate the combined contributions of deposition and
condensation-freezing nucleation based on a modified
Fletcher approximation, 2) contact freezing based on
Young’s (1974a) formulation, and 3) secondary ice
production based on the Hallett-Mossop (Hallett and
Mossop 1974) ice-multiplication process. This paper
describes new parameterizations for the combined ef-
fects of deposition and condensation-freezing nucle-
ation and for contact-freezing nucleation. Examination
of the cloud model’s response to the new predictive
schemes is conducted and compared to the old
schemes’ results and to the observations. The 12 Feb-
ruary 1986 case study is used to evaluate the sensitivity
of the microphysical and precipitation structure to the
choice of schemes.

2. Background

Regardiess of the ultimate influence on predicted
precipitation, it is at least aesthetically desirable to ac-
curately predict initial ice concentrations when simu-
lating clouds numerically. In some cases accurate ini-
tiation of primary and secondary ice processes are crit-
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FIG. 1. Topographic map of the SCPP area (adapted from Rauber 1992), with a state map shown in the inset in
the upper left, and a horizontal slice of topography used in simulation shown in the inset in the lower right.
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ical to simulating precipitation and fields of water spe-
cies (liquid water, graupel, aggregates), as well as the
radiative properties of clouds. Knight (1990 ) describes
a Lagrangian modehing simulation of an isolated cu-
mulus first-echo case in which the specification of the
ice-nucleus spectrum is one of the most critical ele-
ments. The prediction of primary ice-crystal concen-
trations in numerical cloud models is a difficult task
since ice-nucleation activity in real clouds can be re-
alized by way of various nucleation modes, which are
still poorly understood. These modes are deposition
nucleation, condensation freezing, contact freezing,
and immersion freezing. The majority of measure-
ments of ice-nucleus concentrations have been made
with a variety of instruments for which the modes
measured were not always well defined, and the tem-
poral and spatial scatter of observed values is large.
One approach when predicting ice-crystal concentra-
tions has been to use a temperature-dependent function
(i.e., Fletcher 1962) to predict concentrations based
on the compilation of measured ice-nucleus concen-
trations (by all techniques). This method frequently
underestimates potential ice-crystal concentrations
compared to observations at warmer temperatures.
Years of study of natural ice-crystal concentration
measurements have been summarized by various au-
thors (see, for example, Vali 1985a). Ice-concentration
measurements in clouds where secondary ice-forma-
tion processes were believed to be unimportant exceed

averages of various ice-nucleus measurements by as
much as one order of magnitude or more at temper-
atures warmer than about —20°C (Hobbs 1969; Koenig
1962; Mossop and Ono 1969; and Mossop et al. 1970,
1972). If the Fletcher formulation is extrapolated to
temperatures below those for which it is valid (about
—25°C), overprediction of ice-crystal concentration
may occur, This makes the use of this formulation un-
satisfactory for numerical cloud modeling. However,
other data on ice-nucleation concentrations have be-
come available that can be directly attributed to a single
ice-nucleation mechanism, or a combination of these,
and these newer data appear more consistent with ice-
crystal concentrations attributable to primary ice-nu-
cleation processes in many clouds.

This paper initiates an effort to systematically de-
velop and implement new routines for ice-crystal for-
mation by primary nucleation modes in the RAMS,
based on what are subjectively deemed the most ap-
propriate data available. This paper examines explicit
nucleation by deposition and condensation freezing, a
combined description of two mechanisms that are fre-
quently grouped together due to their sensitivity to va-
por concentration and contact-freezing nucleation.

a. Deposition and condensation-freezing nucleation

Deposition nucleation is defined as the “formation
of ice in a (supersaturated ) vapor environment” (Vali
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1985b). This ice-formation process may hypothetically
occur for any conditions exceeding ice saturation at
freezing temperatures. Condensation-freezing nucle-
ation is “the sequence of events whereby a CCN ini-
tiates freezing of the condensate” (Vali 1985b) by act-
ing also as an ice nucleus. This suggests that conden-
sation freezing requires conditions mostly exceeding
water supersaturation at freezing temperatures. For
these conditions, deposition nucleation may also occur.
Without special experiments it is not possible in prac-
tice to distinguish the separate contributions of depo-
sition and condensation freezing when a cloud parcel
is supersaturated with respect to water. In this section
we briefly review available measurements that have
distinguished concentrations of natural deposition and
condensation-freezing nuclei, and we propose the use
of a single parameterization of ice forration to describe
the combined contributions of these mechanisms in
RAMS.

Various instruments that attempt to establish a
known vapor concentration about particles either col-
lected from air and supported on fiber filters or freely
suspended in air have been used to estimate natural
concentrations of deposition and condensation-freezing
nuclei. In many filter processing devices (i.e., Gagin
and Arroyo 1969) an ice surface over the filter provides
a vapor source at a temperature warmer than the filter,
and the saturation conditions at the filter surface can
be calculated. The potential weaknesses and uncer-
tainties of the filter method, primarily relating to rapid
vapor depletion by collected cloud condensation nuclei
(CCN) aerosols and growing ice crystals, are well doc-
umented (i.e., Huffman and Vali 1973; Zamurs et al.
1977). Ice-nuclei concentrations detected by the filter
method are highly variable, and average values (7T
> —-20°C) are much lower than ice-crystal concentra-
tions attributable to primary ice nucleation in clouds.
Measured values typically follow Fletcher’s (1962)
formula (see, e.g., Fig. 2) representing a composite of
ice-nuclei measurements made with various devices
that were nonspecific with regard to the ice-nucleation
mechanism.

Several authors have improved the filter method by
using a steady-state flow of air of controlled humidity
above or directed at filters (e.g., Langer and Rodgers
1975; Saunders and Al-Juboory 1988), or by prevent-
ing aerosol exposure while steady-state supersaturation
is established (Berezinskiy and Stepanov 1986). These
improvements were meant to eliminate transient tem-
perature and humidity-depletion effects. The improved
filter methods have produced inconsistent results.
Nevertheless, some of these measurements have indi-
cated the existence of ice-nuclei concentrations an order
of magnitude cr more higher than the static method
(i.e., approaching 10 17! at —20°C). Using such a de-
vice, Rosinski and Morgan ( 1988) also demonstrated
that, although a slight water supersaturation causes the
nucleation of higher concentrations of ice at any tem-
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perature than one observes at water saturation or sub-
saturation, higher values of supersaturation do not ap-
pear to cause the nucleation of additional ice crystals.
Their results were obtained for maritime aerosols.
Methods that provide for measurement of the sen-
sitivity of ice nucleation from the vapor to ice or water
supersaturation or both without the use of a supporting
substrate should lead to the least ambiguous results.
Schaller and Fukuta (1979) presented results from
a wedge-shaped thermal-diffusion-chamber device,
which allowed freely suspended aerosols to be exposed
to a range of humidity conditions between ice satura-
tion and water supersaturation at any chosen temper-
ature. An important finding was the strong rise in nu-
cleation activity with finite water supersaturations for
known ice-nucleating substances, which they attributed
to condensation-freezing nucleation. However, Schaller
and Fukuta did not test natural aerosols.
Continuous-flow diffusion-chamber devices (Tom-
linson and Fukuta 1985; Hussain and Saunders 1984,
Rogers 1982, 1988) also measure ice nucleation with-
out a supporting substrate. In these devices particles
are forced to follow a flow channel between two tem-
perature-controlled parallel or concentric cylindrical
plates, so that they are exposed to the same humidity
conditions (water subsaturated or water supersatu-
rated) for a finite time. The flow design permits the
processing of large sample volumes (implies higher
sensitivity for measuring low ice-nuclei concentrations)
and helps to ensure that ice-crystal and cloud-droplet
growth do not deplete humidity significantly as mea-
surements are made. Measurements of natural ice-nu-
clei concentrations with such devices are sparse. Nev-
ertheless, a consistent feature of the measurements is
that ice-nucleus concentrations are of a magnitude suf-
ficient to explain ice-crystal concentrations in many
types of atmospheric clouds, particularly at tempera-
tures greater than —20°C. An example is given in Fig,
2. This figure compares the results from various mech-
anistic studies of ice-nuclei concentrations to the
Fletcher curve and to measurements of ice in Elk
Mountain (Wyoming) cap clouds in conditions for
which primary nucleation was deemed the only poten-
tial source for ice crystals. Continuous-flow-device
measurements of ice nuclei (R) appear to set an upper
limit for the ice-crystal concentrations observed. The
continuous-flow-device data of Rogers (1982) and Al-
Naimi and Saunders (1985) are shown plotted as a
function of ice supersaturation in Fig. 3. The data of
Rogers show little temperature dependence to ice-nu-
clei concentration beyond that inherent with the range
of ice supersaturations tested at any temperature. The
data of Al-Naimi and Saunders show a direct relation-
ship with absolute temperature for sub—water-saturated
conditions. It is not clear if this is a characteristic of
the air masses measured or an instrumental difference.
On the whole, however, the strongest feature of the two
datasets is the direct relationship between ice-nucleus
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FiG. 2. Summary of ice-crystal concentration measurements in
Elk Mountain cap clouds. Each aircraft data point (circle) represents
a cloud penetration average (30 clouds on 26 days). Geometric means
and standard deviations of ice-nucleus data are from (H) Huffman’s
(1973) membrane filter measurements, from (V) Vali’s (1974 and
1976) and (D) Deshler’s (1982) contact-freezing nucleus measure-
ments, and from (R) Rogers (1982) continuous-flow diffusion
chamber measurements. Fletcher’s (1962 ) ice-nucleus curve is also
shown for reference (- - -). The figure is adapted from Rogers (1982).

concentration on ice supersaturation, independent of
whether or not the air is subsaturated or supersaturated
with respect to water. Another strong feature, which
also supports the filter method results of Rosinski and
Morgan (1988), is the lack of strong sensitivity of nu-
cleation to the level of water supersaturation.
Concerned by the tendency of the Fletcher (1962)
ice-nuclei formula to overpredict ice-crystal concen-
trations in very cold clouds, and with the lack of sen-
sitivity of this formula to saturation conditions, Cotton
et al. (1986) combined the Fletcher temperature-de-
pendent formulation
Nid= NO exP(aTsup): (2'1)
with the Huffman (1973a,b) equation for the relative

supersaturation dependence of ice nucleation (by the
static filter method)

Nig=[(S; = 1)(So— 1)7']* (2.2)
to obtain the hybrid equation
Nig = No[(Si — 1)(So — 1) '] exp(aTip). (2.3)

In this equation, a = 0.6°C™}, b = 4.5, Ny = 107°17},
T, is the degree of supercooling, S; — 1 is the fractional
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ice supersaturation, and Sy — 1 is the fractional ice
supersaturation at water saturation (at T,,). Ice-crystal
concentrations given by (2.3) at temperatures of —10°,
—15°, and —20°C and for a variety of ice supersatu-
rations are shown in Fig. 3. The values predicted mostly
represent the state of knowledge of natural ice-nuclei
dependence on temperature and saturation ratio based
on measurements other than continuous-flow-device
measurements. Comparison to the continuous-flow
measurements shows the potential inadequacy of such
a treatment. For this study we choose to formulate a
single expression for deposition and condensation-
freezing nucleation using the results from the contin-
uous-flow chamber studies. We do so because of the
apparent advantages of the technique for accurately
measuring concentrations of natural ice nuclei, and
because the results representing the contributions of
both mechanisms can be parameterized with little error
as a simple function of ice supersaturation. Rogers
(1982) noted this fact in his study. While Rogers dem-
onstrated statistically that the ice-crystal concentrations
nucleated at water subsaturations and those nucleated
at water supersaturations were primarily from separate
populations, a regression that treated the two popula-
tions together resulted in a correlation nearly as good
as treating the populations separately. The potential
weaknesses of this approach are that the number, tem-

T T 17 71 T 1 11 L B B 1T T T T 177
100 ?T I I T I T ]
L 4
10 3
o [ ]
3 L ]
S
Wi -
Q
[ =
-0
Al —
o ’_-l i L 1 141 1 L J l 1 1 i 1 l L4 1 1 I S |
0 5 10 15 20 25

ICE SUPERSATURATION (%)

F1G. 3. Continuous-flow diffusion-chamber ice-nucleus concen-
tration measurements versus ice supersaturation from (open square)
Rogers (1982), and from (filled square) Al-Naimi and Saunders
(1985). Constant-temperature measurement series are indicated and
the regression given in (2.4) is shown. Also presented are constant
temperature values predicted by the deposition~condensation-freezing
nucleation model formulated by Cotton et al. (1986).
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perature range, and locations (surface based only) of
available measurements made with continuous-flow
devices are limited and may not be wholly represen-
tative of the atmosphere. In fairness, however, no tech-
nique has yet provided a thorough mapping of accurate
ice-nucleus concentrations spatially and temporally in
the atmosphere. This stated, a parameterization of the
measured ice-nucleus concentrations on ice supersat-
uration is given by

Ny = exp{a+ b[100(S; — 1)]} (2.4)
where Nj; (17!) is the number of pristine ice crystals
predicted due to deposition-condensation freezing, a
= —0.639, b = 0.1296. The square of the correlation
coefficient for this fit is .82. The fit is shown by the
solid line through the data in Fig. 3. The equation may
be strictly applied over the temperature and supersat-
uration ranges of the data, which are from —7° to
—20°C, from 2% to 25% ice supersaturation, and from
—5% to +4.5% water supersaturation. We use (2.4) in
this study outside of these environmental ranges, but
make note of the influence of this extrapolation in the
results. Warm temperature nucleation is arbitrarily
prevented at warmer than —5°C.

Recently, Hobbs and Rangno (1990) and Rangno
and Hobbs (1991); (hereafter referred to as HR and
RH, respectively) have hypothesized, based on mea-
surements of ice-crystal concentration evolution made
in a large number of maritime cumulus clouds, that
conditions that produce higher than average conditions
of water supersaturation in clouds lead to the sponta-
neous primary nucleation of ice crystals (on aerosol
particles) in concentrations greater than 100 17! at
cloud temperatures warmer than —12°C. The condi-
tion leading to water supersaturations of as much as
10%-15% is the onset of coalescence, as proposed and
demonstrated numerically by Young (1974b). Using
a one-dimensional microphysical model, Hall (1980)
found similar results in a two-dimensional (2D)
framework. The possibility of enhanced ice nucleation
resulting from these transient high supersaturations by
HR and RH has also been suggested by Cotton and
Anthes (1989). This newer hypothesis replaces the
suggestion by Hobbs and Rangno (1985) that ther-
mophoretically enhanced contact-freezing nucleation
in strong evaporation zones near cloud top might be
the primary process responsible for the onset of rapid
ice formation observed when substantial numbers of
cloud droplets begin to exceed ~20 um in diameter.

The data represented by (2.4) is relevant to the HR
and RH hypothesis, so it is interesting to compare pre-
dicted values to their measurements. It is found that a
water supersaturation of 27.5% is necessary to nucleate
100 17! ice crystals at —10°C. This value exceeds the
estimates of transient water supersaturations that might
occur during coalescence in supercooled clouds. How-
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ever, measurements of spatial and temporal variations
of ice-nuclei concentrations versus water supersatu-
ration have not been made. Actual values may differ
from and even exceed the few values measured at the
surface using continuous-flow chambers. We must also
note that, although (2.4) predicts higher ice-nuclei
concentrations on extrapolation outside the measure-
ment range for which it was derived (8 17! and 1617
at 10% and 15% water supersaturation, respectively, at
—10°C), the RAMS physics is not able to simulate the
transient supersaturation effects proposed by HR and
RH, since cloud-droplet concentration is not a pre-
dicted variable. This is a problem for future research.

b. Contact-freezing nucleation

There are not many measurements available that
have attempted to specifically isolate contact-freezing
nuclei concentrations. However, there are substantially
more so than when Young (1974a) made his estimates
of contact-freezing nuclei concentrations based on
Blanchard’s (1957) experiments. More recent relevant
measurements are those of Vali (1974, 1976), Cooper
(1980), and Deshler (1982).

Vali used an electrostatic precipitator to impact
aerosols onto pure, supercooled water droplets. Since
aerosol charging is strongly size dependent, Vali’s in-
strument has good sampling efficiency for particles
>0.1 pm, but not for particles <0.01 um. His values
given (V) in Fig. 2 and in Fig. 4 range from 0.4 to 3.2
17! at temperatures from —12° to —20°C.

Deshler’s technique relied on Brownian diffusion
and phoretic forces to transport aerosols to the surface
of pure supercooled water drops. The sampling rates
of aerosols by this method are size dependent in the
opposite sense to Vali’s method, decreasing by a factor
of 10 from 0.01 to 0.1 um. Assuming diameters of
0.01, 0.05, and 0.1 um, Deshler estimated concentra-
tions in the range from 0.4 to 20 17! at —15° and
—18°C. These measurements (D) are shown in Fig. 2
(largest size is highest concentration). In Fig. 4 only
the 0.1-um concentrations values are shown. If the nu-
clei collected were larger, concentrations must have
been higher.

Cooper collected particles onto membrane filters ex-
posed to temperatures between —10° and —20°C and
let supercooled droplets (~70 um in diameter) fall on
them. His method should be mostly independent of
aerosol size. He reported concentrations between about
117" at —10°C and 10 17! at —20°C. His results are
given (C) in Fig. 4.

For comparison in Fig. 4, Young’s (1974a) values,
which were used previously in RAMS, are shown (Y).
The experiments by Blanchard in which these values
are based were performed in a wind tunnel. The mea-
surements relied on the same physical processes as in
Deshler’s technique. These potential contact-freezing
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nuclei concentrations were parameterized by Young
(1974b) in the form
Nic = N,o(270.16 — T)'?3 (2.5)

where 7, is the cloud-droplet temperature and N,
=2.0 X 10% 17" at sea level. Young assumed N, de-
creased linearly with height to 1017} at 5000 m MSL
in numerical simulations of wintertime orographic
clouds. Cotton et al. (1986) assumed N,y = 2.0 X 102
17! at all levels. In making his estimates Young pre-
sumed that the nuclei must be large (~1 um in di-
ameter). Collection rates were thus very small and
concentrations had to be very high. The results ob-
tained by Vali and Cooper appear to invalidate Young’s
assumption. High concentrations of large contact-
freezing nuclei do not appear to exist in their data.

We therefore choose to quantify contact-freezing
nuclei concentrations by fitting a function to the mea-
surements of Vali (1974, 1976), Cooper (1980), and
the values given by Deshler (1982), assuming aerosols
are 0.1 um in diameter. The choice of the functional
fit to these data is probably not critical due to the spread
in the data and the probable natural temporal and spa-
tial variability in the concentrations. Therefore, an ex-
ponential of the form
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Nic = expla + b(273.15 — T,)], (2.6)

where a = —2.80 and b = 0.262, is used [units of N,
are inverse liters (17!)]. The square of the correlation
coefficient is .52 for the fit of @ and b, as presented
in Fig. 4. Ice is not permitted to form by this mode of
nucleation at temperatures warmer than —2°C. This
function sets the upper limit to the potential ice-crystal
concentration, which can be realized at any tempera-
ture by contact freezing. Collection rates determine the
actual numbers nucleated. Collection occurs by
Brownian, thermophoretic, and diffusiophoretic forc-
ing following Young (1974a,b) with simplifications
described in Cotton et al. (1986). A contact-freezing
nuclei size of 0.1-um radius is assumed.

3. Case study

The microphysical and kinematic structures of this
case study are described in detail by Rauber (1992).
The cloud system that affected central California on
12 February 1986 originated over the south-central
Pacific and was characterized by warmer than normal
temperatures ( Tsqomp = —16°C). The flow was pre-
dominantly southwesterly, with 500-mb winds from
250° at 25 m s~', and 700-mb winds slightly backing
10 225° at 20 m s~'. A 25 m s™! barrier jet (Parish
1982) was observed in the lowest kilometer. A series
of short waves were embedded in the southwesterly
flow, with the focus of the numerical experiment being
initiated after the passage of a weak trough at 1500
UTC. Precipitation was observed over the length of the
Sierra barrier and extended westward to the coast.
Maximum precipitation amounts were observed 40 km
upwind of the Sierra Nevada crest. A conceptual model
of the precipitation processes observed in this case study
is shown in Fig. 5. The schematic shows a moist fetch
of cloud water being advected up the barrier in the
lowest 2 km. Pristine ice crystals that are nucleated at
colder temperatures advect downstream toward the
barrier. The pristine ice crystals intersect a region of
supercooled liquid water halfway up the barrier where
rimed particles were observed. It is inferred from ob-
servations that secondary ice production due to rime
splintering may have occurred in this region. Dendritic
aggregates and dendritic-needle aggregates were ob-
served near the top of the barrier up to an altitude of
4 km MSL and extended upstream toward the Central
Valley. The top of the orographic cloud was observed
at 5.5 km MSL, but an upper cloud deck was present
at a higher altitude (estimated at 8 km MSL) based on
rawinsonde and satellite data.

4. Experimental design

a. RAMS features used

The numerical model used in this study is a version
of the RAMS cloud model developed at CSU (Tripoli
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and Cotton 1982; Cotton et al. 1982, 1986). RAMS is
configured similar to Meyers and Cotion (1992) using
the nonhydrostatic, fully compressible momentum
equations, a thermodynamic energy equation, and
equations for liquid- and ice-phase precipitation pro-
cesses. The predicted variables include the three ve-
locity components, the Exner function , the ice-liquid
water potential temperature 8; (Tripoli and Cotton
1981), pristine ice-crystal concentrations, and mixing
ratio of total water, rainwater, pristine ice crystals,
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 flow diagram of the microphysical processes
used in the model is given in Fig. 6. A comprehensive
overview of the microphysics model is given in Flatau
et al. (1989). Horizontal and vertical turbulence are
parameterized using an eddy-viscosity closure scheme,
as described by Tripoli and Cotton (1982). The equa-
tions are integrated numerically by a time-splitting
procedure for a nonhydrostatic, compressible system
(Tripoli and Cotton 1982) with a large time step of 5
s and a small time step of 2.5 s. Since mountain waves
play an important role in determining the flow fields
in orographic clouds, the Klemp and Durran ( 1983)
radiative-type top boundary condition was used. The
lateral boundary conditions employed were the Klemp

and Wilhelmson (1978) radiative type, together with
a mesoscale compensation region outside the simula-
tion domain ( Tripoli and Cotton 1982). A terrain-fol-
lowing sigma-z vertical coordinate system is used fol-
lowing Gal-Chen and Somerville (1975a,b).

The model domain is 450 km long and 14.5 km in
the vertical (Fig. 1). The horizontal grid resolution is
1.5 km and the vertical grid resolution is 0.25 km in
the lowest levels up to the barrier crest and stretched
to a constant vertical resolution of 0.5 km above 10
km. In order to adjust the flow over the mountain bar-
rier, the model is dynamically initialized by adding the
winds incrementally during the first 30 min as described
by Tripoli and Cotton (1989). The model is then al-
lowed to adjust to these winds for a 2.5-h period during
which time all microphysical tendencies are deacti-
vated. Cloud water, however, is allowed to form when
saturation occurs. At 3.0 h the full microphysics mod-
ule is activated.

b. Numerical experiments

To isolate the sensitivity of the model to the specific
modes of primary nucleation, individual tests are run
to 4 h. The simulations, as described briefly in Table
1, are run with one mode of primary ice nucleation
activated (deposition-condensation freezing or con-
tact-freezing nucleation) and allow comparisons be-
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tween the old and new parameterizations based on
(2.3)-(2.6). Following the preliminary simulations are
two production experiments run to 6 h comparing the
old to the new physics. These production simulations
include activation of the three modes of ice nucleation
in RAMS: 1) deposition—condensation freezing, 2)
contact freezing, and 3) secondary ice production. Ex-
amination of other microphysical fields and precipi-
tation distributions are conducted in these production
runs.

5. Results

a. Individual tests

In the following numerical experiments only one
mode of ice nucleation is activated to examine the sen-

sitivity of the model to each specific mode of nucle-
ation. Comparisons of both deposition—condensation
freezing and contact-freezing nucleation modes are

TABLE 1. Short description of experiments.

Deposition— Deposition—
condensation-  condensation-
freezing scheme freezing scheme

Contact-freezing Contact-freezing
scheme based scheme based

based on (2.3)  based on (2.4) on (2.5) on (2.6)
EXP1 [ ]
EXP2 [ ]
EXP3 [ ]
EXP4 ®
EXP5 [ ] [ ]
EXP6 [ ] [ ]
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FIG. 7. Predicted pristine ice concentration at 4 h for preliminary tests including deposition-condensation freezing with (a) new scheme,
maximum value is 76 17'; (b) old scheme, maximum value is 900 17}, Contour interval is 10.0 17!, Values greater than 20 17" are light
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discussed with ernphasis on the impact on the pristine
ice concentration and structure.

1) COMPARISON OF DEPOSITION-CONDENSATION-
FREEZING SCHEMES

The pristine ice concentrations from the individual
tests at 4 h with deposition—condensation freezing as
the only nucleation process activated are shown in Fig.
7. The most dramatic difference is that pristine ice
concentration values near 8 km MSL are predicted as
high as 900 17! with EXP2 (old physics), while pre-
dicted pristine ice concentrations with EXP1 (new
physics) are less than 10017! (peak values 7417!). The

“high values predicted in EXP2, located near the —35°C
isotherm, are due to the strong dependence on super-
cooling of the modified Fletcher equation, shown in
(2.3). It is worth restating that the modified Fletcher
formulation is based on measurements that are not
mode specific, but represents a questionable extrapo-
lation of data for temperatures below —25°C, so it
probably overpredicts deposition—condensation freez-
ing at colder temperatures. Another region of interest
that is more important for precipitation processes is in
lower altitudes where higher quantities are predicted
with the new scheme. In EXP1 concentrations of 2-
10 17! are evident between 3 and 5 km MSL, which is
well correlated to the values predicted by the data in
Fig. 3 for temperatures between —5° and —20°C. Pris-
tine ice concentrations predicted with the old scheme
are much less at these warmer temperatures with values
less than 217! at 4 km MSL. Another contrasting region
between the two schemes is over the Coast Range where
pristine ice concentrations up to 6 17! are predicted by
the new scheme with none predicted by the old scheme.
The effects of the dry midtroposphere between 5 and
6 km MSL are predicted more realistically with the

new scheme. Concentrations with the old scheme at
5.5 km MSL are nearly twice those predicted in EXP1,
consistent with a more pronounced sensitivity to ice
supersaturation with the new scheme.

2) COMPARISON OF CONTACT-FREEZING SCHEMES

These simulations are run with contact-freezing nu-
cleation as the only mode of ice nucleation activated.
Pristine ice concentrations are shown in Fig. 8. Pristine
ice crystals produced by contact-freezing nucleation are
not as numerous as those predicted by deposition-
condensation freezing (Fig. 7). In EXP3 (new physics)
concentrations greater than 117! are confined between
4 and 8 km MSL over the extent of the barrier with
peak values of 7 17! near the —20°C isotherm. This
location is near the downward branch of the mountain
wave where evaporation is prevalent. EXP4 (old phys-
ics) exhibits dramatic differences from EXP3 with
pristine ice concentrations greater than 117! occurring
over a much broader area. The pristine ice-crystal field
is confined between 3 and 8 km MSL extending from
the Coast Range to the Sierra crest, with peak values
of 16 17! found between the —10° and —15°C iso-
therms. Note the location of the 10 17! contour from
EXP4 is displaced upstream from the 117! contour in
EXP3.

b. Comparison of production runs

In the individual tests the predicted pristine ice-crys-
tal concentrations were quite sensitive to the changes
in both the deposition-condensation-freezing and
contact-freezing modes of nucleation. The deposition—
condensation-freezing nucleation schemes dominated
pristine ice nucleation especially at the higher levels
(Fig. 7). At the middle and lower levels the deposition—
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condensation-freezing scheme dominated nucleation
in the new scheme (Fig. 7a), while contact-freezing
nucleation was dominant in the old scheme (Fig. 8b).
In the following experiments deposition—-condensation-
freezing nucleation, contact-freezing nucleation, and
secondary ice production are included, with the sim-
ulations run to 6 h. Predicted pristine ice concentra-
tions for both experiments are shown in Fig. 9. Above
6 km MSL the structure of the two runs is similar, but
EXP6 predicts three times as many ice crystals as
EXP5. Peak values of 150 17! (Fig. 9b) are found near
7 km MSL over the barrier crest. Pristine ice concen-
trations of 50 17! are found in the same region from
EXPS5 (Fig. 9a). The drastic reduction of the 8-km
MSL pristine ice maximum seen in EXP2 (peak value
of 900 17') as compared to EXP6 (peak value of 150
17!) is due to the increased competition for vapor when
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all three nucleation modes are activated in EXP6. Be-
low 5 km MSL (Fig. 9b) EXP6 exhibits higher values
of pristine ice concentrations, which extend farther up-
stream over the Coast Range than predicted in EXP3.
These higher values in EXP6 are due to the influence
of the old, and we believe erroneous, contact-freezing
nucleation scheme. Isolated peaks of pristine ice-crystal
concentrations (50 17!) are evident near the —5°C iso-
therm above the barrier in EXPS5, which are produced
by secondary ice production. This feature is not as ev-
ident in EXP6 (Fig. 9b) because the old contact-freez-
ing nucleation scheme tends to overnucleate at these
temperatures, removing the cloud water needed for
secondary ice production to occur. Measured pristine
ice concentrations from this case study (Rauber 1992)
range from 10 to 50 17!, which are predicted quite well
by EXP5. These higher observed values are located
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FIiG. 9. Predicted pristine ice concentration at 6 h for production runs with (a) new scheme, maximum value is 50 17!; (b) old scheme,
maximum value is 150 17!, Contour interval is 5.0 17!, Values greater than 40 17! are light shaded and values greater than 100 17! are dark
shaded. The abscissa and ordinate are in kilometers. Isotherms at 10°C are also shown (- - —). The abscissa and ordinate are in kilometers.
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FIG. 10. Simulated pristine ice-crystal mixing-ratio fields at 6 h for (a) new scheme, maximum value is 1.0 g kg™!; (b) old scheme,
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where secondary ice production was inferred and pre-
dicted to occur.

The effects of the different schemes on the pristine
ice mixing-ratio field are shown in Fig. 10. With the
new deposition--condensation-freezing parameteriza-
tion in EXPS5, fewer pristine ice crystals are predicted
(Fig. 9). The pristine ice mixing-ratio fields exhibit a
similar signature with much less pristine mass being
predicted in EXP5 (Fig. 10a). The old scheme predicts
higher amounts over a deeper layer and farther up-
stream than was observed. The observed structure (Fig.
5) shows pristine mass to concentrate in the region just
below the observed liquid cloud top, which is located
near the 3 km MSL level. This feature is predicted
quite well by EXPS5; however, EXP6 predicts significant
pristine ice-crystal mass (0.4 g kg™') near 2 km MSL,
nearly 1.0 km lower than the observed location. The
pristine ice-mass coverage is much more extensive in
EXP6, due mostly to the old contact-nucleation scheme
that predicted anomalously high amounts of pristine
ice crystals in this region. The midtropospheric struc-
ture of both EXPS and EXP6 are very similar to the
observed structure (Fig. 5), which shows pristine ice
crystals extending to top of the orographic cloud near
5.5 km MSL. An upper cloud deck is observed above
this lower cloud existing up to 8 km MSL. EXP6 (Fig.
10b) shows more pristine ice mass being advected into
the downward branch of the mountain wave, in a tra-
jectory that avoids precipitation processes lower in the
cloud. This characteristic of the pristine ice field may
be a result of the assumed monodispersed size spectrum
for pristine ice crystals (with respect to diameter) in
the model. For a given mass, if more pristine ice crystals
are predicted, the diagnosed mean diameter would be
drastically smaller. With small terminal velocities,
horizontal advection of pristine ice crystals is exagger-
ated, which allows advection of the ice crystals into

the downward branch of the mountain wave before
influencing precipitation processes on the windward
slope.

The structure of the simulated precipitation distri-
butions comparing the two experiments is shown in
Fig. 11. The total precipitation distributions (Fig. 11a)
appear to be quite similar, with the heaviest amounts
over the Sierra barrier decreasing to the lee of the bar-
rier. Maximum precipitation amounts from the sim-
ulations are located halfway up the barrier, which is
very similar to the observed distribution. EXPS, how-
ever, predicts 7% more precipitation on the windward
side of the Sierra barrier than EXP6. These differences
are significant considering that the previous study by
Meyers and Cotton (1991) showed that the precipi-
tation distribution was only slightly sensitive to mod-
ification of other microphysical parameters. Due to its
long, gradual windward slope, the Sierra barrier is so
efficient for precipitation processes that it is relatively
insensitive to changes in the microphysics. The per-
centage of frozen precipitation is 36% in the new
scheme, 6% greater than predicted in EXP6. Farther
upstream from the barrier, 17% more precipitation fell
in EXP5 than in EXP6. This difference can be attrib-
uted to the higher pristine ice mass produced by the
old scheme in EXP6 upstream of the barrier, which
depleted available cloud water from the precipitating
hydrometeors. The precipitation distributions for rain,
aggregates, and graupel are shown in Figs. 11b-d. The
rain precipitation distribution (Fig. 11b) shows 15%
more rain falling upstream of the Sierra barrier in EXPS
than in EXP6, with nearly equal amounts falling over
the barrier. The peak amounts for EXP6 are slightly
higher up the barrier than in EXP35. The aggregate pre-
cipitation distribution (Fig. 11c)is very similar between
the two simulations with slightly more aggregate pre-
cipitation predicted in EXP5 over the Sierra crest. The
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graupel precipitation distribution (Fig. 11d) shows the"

greatest differences between the two simulations with
30% more graupel precipitation falling over the barrier,
using the new nucleation scheme. In both EXPS and
EXP6, the peak graupel precipitation occurs lower on
the barrier than the aggregate precipitation, as also ob-
served (see Fig. 5).

6. Conclusions

This study has described the impact of new de-
position—condensation-freezing and contact-freezing
models of ice nucleation on a numerical simulation of
an orographic precipitation event. The new model of

deposition-condensation-freezing nucleation is based
on data obtained in continuous-flow diffusion-chamber
studies, where the combined contributions of deposi-
tion and condensation-freezing nucleation are consid-
ered. These studies have measured potential deposition
and condensation-freezing ice-nuclei (IN) concentra-
tions an order of magnitude or greater than those mea-
sured by previous methods at temperatures warmer
than —20°C. The new parameterization is compared
here with a modified Fletcher formulation, the basis
for the old deposition—-condensation-freezing scheme
in RAMS. The new model for contact-freezing nucle-
ation is based on recent direct measurements of natural
contact-freezing nuclei concentrations. These measured
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concentrations were unavailable to Young (1974a) and
are as much as several orders of magnitude less than
his estimates, which were the basis for the old contact-
freezing parameterization in RAMS.

Comparison of new and old nucleation schemes was
made in simulations with RAMS of the 12 February
1986 wintertime orographic precipitation event over
the Sierras. The predicted microphysical fields were
very sensitive to modifications of the two modes of
primary nucleation, The impact of changing from a
modified Fletcher approximation to the new deposi-
tion-condensation-freezing model of nucleation pro-
duced higher concentrations and more mass of pristine
ice at temperatures warmer than —20°C, this substan-
tially altered the ice—water budget of the precipitating
cloud. Predicted pristine ice concentrations at colder
temperatures (—35°C) were significantly reduced with
the new scheme. The new contact-freezing nucleation
model removed the anomalous widespread prediction
of pristine ice crystals produced by the old scheme at
warmer temperatures (—20°C). Contact-freezing nu-
cleation is now relegated to secondary importance. The
overall structure and magnitude of the pristine ice-
crystal field predicted by the new scheme compared
more favorably with the observations, With fewer pris-
tine ice crystals predicted at warmer temperatures with
the new contact-freezing nucleation scheme, more
cloud water was available enabling secondary ice mul-
tiplication to be an important mechanism near the
barrier as observed. Pristine ice concentrations up to
50 17! were predicted above the barrier similar to the
observed measurements. These changes in the pristine
ice structure significantly altered the precipitating hy-
drometeors resulting in nearly a 10% increase in total
precipitation across the domain. Graupel precipitation
showed the greatest sensitivity to the new scheme, in-
creasing by 30% over the barrier.

Future studies will examine the sensitivity of the new
schemes on a sharper, less efficient barrier, such as the
Colorado Rockies. Application to convective clouds
will also be studied. Other research will address sen-
sitivity to mechanisms, which may be particularly im-
portant in colder clouds such as cirrus. In particular,
a model for homogeneous freezing of cloud water is
being implemented. Because the results of this study
exhibit a strong sensitivity to ice-nuclei estimates at
supersaturations beyond the range of validity of the
measurements, we urge that measurements of IN with
new devices be obtained over a broader parameter
space than has been done thus far.
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