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ABSTRACT OF DISSERTATION

PHYSICAL STRUCTURE OF NORTHERN COLORADO RIVER BASIN CLOUD SYSTEMS

This paper descrites the physical structure and temporal evolution
of wintertime cloud systems over the Yampa River Basin, one of the eight
major subbasins supplying water to the Colorado River. The primary pur-
pose of this work was to provide a firm foundation for the evaluation of
precipitation augmentation potential of these cloud systems. The infor-
mation presented in this paper is based on data collected during two
wintertime field programs conducted near Colorado's Park Range. Data
from a wide variety of cloud systems were analyzed to determine the tem-
poral variation, physical distribution, and microphysical structure of
supercooled liquid water. Ice phase characteristics were studied in-
cluding crystal concentrations and habits, nucleation, secondary ice
particle production, and growth by deposition, accretion and aggrega-
tion. The following are the major conclusions of this analysis:

(1) The shallow orographic cloud system with cloud top temperature warm-
er than about -20°C was identified as the system with the largest poten-
tial for precipitation augmentation. This type of cloud system was
found to have persistent and significant liquid water contents in three
regions: (1) near cloud top, (2) between cloud base and approximately
the -12°C level, and (3) in regions of strong orographic forcing. Nu-
cleation observed near cloud top occurred by the condensation-freezing

mecﬁanism upwind of the mountain crest. The primary habits of crystals
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produced by these cloud systems were dendritic. Aggregation, fragmenta-
tion and accretion were all active processes in these cloud systems.
(2) Deep cloud systems with tops colder than -20°C generally were found
to have less potential for precipitaticon augmentation based on their re-
duced liquid water contents and frequent larger precipitation rates.
Liquid water contents.in deep stratiform cloud systems were generally
limited to the region near the mountain crest. Exceptions were cloud
systems where considerable decoupling between the upper and lower cloud
layers occurred. The data suggested that deposition or sorption nuclea-—
tion may predominate at cold temperatures in deep clouds. In general,
most particles arriving at the surface had irregular habits. Accretion
was negligible, except in cases where decoupling occurred. Aggregation
was generally limited to small combinations of cold temperature parti-
cles.
(3) Radiometric data suggested that organized convective regions ini-
tially contained significant supercooled water, but in a short time,
convert to the ice phase. Particles falling from such clouds were fre-
quently rimed and aggregated. Many crystal habits were observed, sug-
gesting complex growth processes.

Three hypotheses for precipitation augmentation are formulated
based on the physical distribution of liquid water and evolution of pre-
cipitation processes observed in Park Range clouds. Field experiments

to test each of the individual hypotheses are described.

Robert M. Rauber

Atmospheric Science Department
Colorado State University

Fort Collins, Colorado 80523
Fall, 1985
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CHAPTER I INTRODUCTION

The primary source of water in the southwest United States is the
Colorado River. During the recent past, this area has experienced
substantial increases in population, agricultural development and energy
usage, yet the supply of water to the region has remained unchanged. As
demands on the water supply increase, fluctuations in the flow of the
Colorado River due to drought will seriously impact the economy of the
region as well as the nation. The water dilemma is at hand; the demand
on the Colorado River already exceeds the average supply of water
available., Fortunately, the water crisis in the Colorado River Basin
has been alleviated by a recent series of abnormally wet years.
Climatologically, such conditions will not persist.

The Colorado River drains an area of 635,000 kmz, one—twelfth the
area of the United States excluding Alaska. However, 77% of the total
runoff to the basin is supplied from 13% of the basin area (Klazura,
1984). Nearly all of this runoff results from winter precipitation.

The small area supplying the bulk of the water to the basin consists of
eight mountainous regions in Colorado, Utah and Wyoming. Figure 1, from
Klazura (1984), shows the locations of these mountain ranges.

Few methods exist to alleviate the impact of a major drought in the
Colorado River basin. The best method, conservation, has been utilized
extensively throughout the basin through construction of reservoirs and
enforcement of regulations concerning water usage and water rights.

Snow management techniques have been proposed to limit evaporation of
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the snowpack at high elevations. Other methods, such as importation and
ocean water desalinization, are too costly to implement. One method to
inerease natural supplies is through application of weather modification
technology.

Weather modification research and operation programs have been
active in the western United States since the 1950's. Progress in
research has been slow. Conflicting evidence has resulted, partially
due to the variability of the storm systems affecting the western United
States and partially due to the lack of adequate instrumentation to
conduct the investigations. Since the mid-1970's, advances in
instrumentation have been substantial. With these new measurement
techniques, it is now possible to examine more quantitatively the cloud
properties and weather modification potential of these important cloud
systems. This dissertation is one contribution toward the re-evaluation
of the role of weather modification in the development of the future
water resources of this region.

In 1979, Colorado State University began a cloud physics research
program to determine the physical structure and weather modification
potential of wintertime cloud systems occurring over the Park Range, one
of the eight major subbasins supplying the Colorado River. The major
thrust of the cloud physics research occurred during two field programs,
the first during November and December of 1979 and the second during
December and January of the 1981-82 winter. The emphasis of these
experiments was to determine the natural physical structure of these
cloud systems so that a strong foundation for a weather modification

hypothesis could be established.



The purpose of this dissertation is to describe the physical structure
and temporal evolution of the wintertime cloud systems which occur over
the Northern Colorado River Basin. The specific objectives of this
research are to: (1) relate the physical structure of the cloud systems
over the region to the large scale enviromment in which they form; (2)
determine the physical distribution, temporal variation, microphysical
structure and climatological frequency of supercooled water; (3) examine
the physical processes associated with the development of the ice phase,
specifically, primary nucleation, ice multiplication, vapor deposition,
accretion and aggregation; (4) develop a coherent physical model of the
natural precipitation process in these clouds and (5) assess,
qualitatively, the potential of weather modification to augment
precipitation in this region.

This document is of considerable length. Chapter II contains a
discussion of instrumentation. Chapters III and IV contain analyses of
liquid and ice phase processes respectively. Chapter V presents a
summary of the material in the previous two chapters. For those readers
not wishing to examine the detailed analyses, Chapter V is a concise
synopsis of this material in this thesis. Chapter VI contains a
discussion of precipitation augmentation hypotheses and experiments and
Chapter VII summarizes the major conclusions.

1. Background

Weather modification research programs utilize three methods to
evaluate the results of experiments. The first method, statistical
analysis, uses randomization procedures over a sufficient data sample to
insure that a change in precipitation, if it exists, can be recognized

as a statistically significant effect. The precipitation data are then



evaluated using statistical techniques to determine the probability that
a seeding effect occurred during the experiment. The data are normally
stratified according to meteorological partitions which hopefully relate
to some physical process associated with cloud system structure.

Control stations and covariates are often utilized to strengthen the
statistical analyses. Examples of statistical experiments which have
been conducted in the western United States include the Climax
experiments (Mielke et al., 1971, 1981), the Colorado River Basin Pilot
Project (Elliott et al., 1978), and the Bridger Range experiment (Super
and Heimbach, 1983).

The second method of analysis is through direct measurement of
physical parameters. This method is logistically very difficult,
especially in mountainous regions, particularly if one attempts to
follow the complete process from nucleation to precipitation. 1In this
method, case studies are developed and eventually generalized into a
conceptual model of the chain of events which lead to the change in
precipitation. Examples of such programs include the Park Range
Atmospheric Water Resources Program (Rhea et al., 1969), the Cascade
Atmospheric Water Resources Program (Hobbs, 1975b), and the Sierra
Cooperative Pilot Project (Reynolds, 1984).

The third method of analysis and interpretation is to utilize
numerical models of the cloud system. If properly modeled, this
technique can be used to evaluate the relative roles of many of the
physical processes leading to the development of natural and
artificially induced precipitation. The words ‘’'properly modeled’’

carry heavy weight. Examples of such modelling attempts include the work



of Fraser et al. (1973), Hobbs et al. (1973), Young (1974b,c), and
Plooster and Fukuta (1975).

With any method, it is paramount that the natural physical
structure and natural variability asscociated with the cloud system to be
modified is understood. Without such background, the tremendous
variability of the structure of the atmosphere, the complications of
scale interaction, and the certainty of the ’''bad draw’’ will ultimately
plunge the scientific results into controversy. This has been the fate
of many otherwise carefully planned and executed programs (e.g. Braham
et al., 1971, Hobbs and Rangno, 1979; Rangno and Hobbs, 1980; Smith and
Miller, 1984).

Weather modification research programs have been carried out in the
western United States for over 25 years. The immediate emphasis of the
majority of these programs has been to determine the effects of cloud
seeding on precipitation. Prior to 1977, little emphasis has been
placed on studying the natural physical structure of the cloud systems
to be modified. Two notable exceptions have been the Cascade Program
(Hobbs, 1975a) and the Colorado River Basin Pilot Project (Cooper and
Marwitz, 1980). In the latter case, the majority of the measurements of
the natural physical structure of the clouds were made at the end of the
project. After 1977, the emphasis in weather modification research
turned to physical evaluation. A much stronger emphasis was placed on
studying natural cloud conditions. Two factors influenced this change.
The first was that physical results such as Hobbs (1975a) and Ccoper and
Marwitz (1980) conflicted with the conceptual models of cloud system
structure that formed the basis of the hypothesis of the earlier

experiments. The second and major factor was that new instrumentation



became available to acquire the large quantities of data needed to
determine the structure of the natural cloud systems. The purpose of
this section is to review what has been learned about the physical
structure and evolution of natural cloud systems occurring over the
mountains of the western United States. These cloud systems can be
divided into two broad groups, coastal mountain ranges (Sierras and
Cascades) and inland mountain ranges (Wasatch and Rockies).

A, Coastal mountain ranges

Operational and research programs to augment precipitation along
the west coast of the United States have had a long history. Yet few
research programs until recently have emphasized the study of the
natural cloud systems which effect the region. Six significant weather
modification research programs have been conducted in the coastal
regions since the late 1950's. These include two in Santa Barbara County
(Neyman et al., 1960; Elliott et al., 1971), three in the central Sierra
(the Pyramid Lake Program (Squires, 1977), the Central Sierra Research
Program (CENSARE) (Rowland et al., 1973), and the Sierra Cooperative
Pilot Prcject (SCPP) (Reynolds, 1984)), and a program in the Cascades of
Washington (Cascade Atmospheric Water Resources Program (CAWRP) (Hobbs
et al., 1975b). Of these programs, three (CENSARE, CAWRP, SCPP) have
attempted to characterize some aspects of the natural state of the cloud
systems. Two (CAWRP, SCPP) have made this a major component of the
program.

(1) CENSARE

The CENSARE program utilized randomization to determine

statistically the effects of cloud seeding in the central Sierra.

Significant efforts were made to classify storms based on their synoptic



and mesoscale characteristics. The major component of the cloud physics
research associated with natural and seeded storms during CENSARE was an
empirical assessment of accretion microphysics by Reinking (1973). This
work was later summarized by Reinking (1975, 1979). Reinking found that
heavy rime and graupel formation were common to all stages of Sierra
storms, accounting for at least half the mass of the total
precipitation. In cases where deep, cold clouds were present (based on
rawinsonde analysis), few crystals observed by Reinking had the bulk of
their diffusional growth occur at temperatures colder than -20°c.
Reinking determined that clouds must have non—uniform liquid water
contents and that the bulk of the supercooled water was located at
temperatures warmer than —10°C. In his habit classification, needles
and sheaths account for half the total precipitation sample.
Concentrations of crystals nucleated at temperatures warmer than -20%%
were substantially greater than the natural nuclei spectra would
suggest, with crystal concentrations increasing toward warmer
temperatures. Crystal concentrations were found to exceed natural
nuclei by 3 to 4 orders of magnitude. However, some uncertainty was
introduced in the Reinking study concerning the origin of these crystals
since 8 of the 9 storms examined by Reinking were seeded. Reinking
provided an extensive climatology of the accretion process in Sierra
storms. His results are discussed in Chapter 4.
(2) CAWRP

The Cascade Program was the only large weather modification program
prior to 1977 that emphasized study of the natural cloud structure prior
to any attempts at modification. It was also the only program which had

no statistical component. A detailed review of the program is contained



in Hobbs et al. (1975b). More concise reviews are available in several
publications which include theoretical studies of airflow, microphysical
processes and trajectories of ice crystals in natural and seeded clouds
(Fraser et al., 1973; Hobbs et al., 1973), studies of natural cloud
system structure and precipitation characteristics (Hobbs, 1975a;
Locatelli and Hobbs, 1974; Hobbs et al., 1974), instrumentation and
analysis techniques (Weiss and Hobbs, 1975; Hobbs and Radke, 1975; Radke
and Hobbs, 1969; Turner and Radke, 1973), and evaluation of seeding
effects (Hobbs and Radke, 1975; Hobbs, 1975b).

With regard to natural cloud system structure, observations during
the program indicated that in prefrontal conditions, ice particles
dominate over water droplets at temperatures colder than —10°C. The
ratio of ice to water was lower in post frontal conditions. Hobbs
(1975a) found that the passage of an occluded or warm front was
accompanied by a sharp lowering of the diffusional growth layers. As a
consequence, particles reaching the ground were converted from unrimed
to rimed crystals. Hobbs also found that the maximum ice particle
concentrations in the clouds were often several orders of magnitude
greater than measurements of ice nuclei. Results of the study also
indicated that the growth of precipitation particles by riming and
aggregation is particularly rapid in the last kilometer of fall and that
snow particles reaching the ground originate 10 tc 100 km upwind.

During the program, particular emphasis was placed on the competing
processes of riming and aggregation. Case studies presented by Hobbs
(1975b) showed that seeding typically resulted in a marked decrease in
riming and an increase in aggregation of particles arriving at the

surface. A significant amount of information was compiled concerning
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the physical structure of clouds and precipitation including crystal
concentrations, habits, sizes, fallspeeds, and characteristics of rime
and aggregation. Information relative to this study will be discussed in
more detail in Chapter 4.
(3) Scpp

The SCPP is an ongoing weather modification research program
conducted by the Bureau of Reclamaticn since 1976 in the central Sierra.
A large number of reports and publications have been generated by the
program concerning natural cloud conditions., These include aircraft
cbservations (Marwitz et al., 1978, 1979; Stewart, 1979; Stewart and
Marwitz, 1980; Marwitz and Stewart, 1979; Gordon and Marwitz, 1981;
Bradford et al., 1981; Heggli et al., 1983), ground observations
(Vardiman and Humphries, 1979; Humphries and Moore, 1981) and radar
observations (Johnston, 1981; Huggins, 1981). Studies of the
microphysical effects of seeding and dispersion of seeding material have
also been reported (Marwitz and Stewart, 1981; Stewart and Marwitz,
1982a,b; Rodi, 1984; Huggins, 1984, Martner, 1984; Humphries, 1984},

Cloud systems affecting the central Sierra in winter are extremely
complex at all scales. Marwitz and Stewart (1979) classified the cloud
systems into three distinct groups which included stable orographic,
bands and unstable orographic. Huggins (1981} expanded this description
to seven groups based on precipitation echo types. Aircraft
observations in most cases indicated that ice crystal concentrations
were one to several orders of magnitude higher than expected, based on
standard ice nuclei spectra. Studies such as Stewart (1879), and
Vardiman and Humphries (1979) have indicated that the ice multiplication

process described by Hallett and Mossop (1974) is frequently active in
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the clouds. GCround observations of Humphries and Moore (1981) indicate
that irregular crystals account for half of the precipitation,
indicating that crystal fracturing (Vardiman, 1978) also occurs. Warm
rain processes have also been identified (Stewart, 1979).

Evidence presented by Humphries and Moore (1979) confirm the
earlier work of Reinking (1975) at CENSARE that accretion is a dominant
growth process in the Sierras and that the liquid water in the cloud is
generally in the low cloud levels. Summaries of the SCPP aircraft
observations of liquid water and ice crystal distributions by Heggli et
al. (1983) for the seven cloud types identified by Huggins (1981) have
indicated that, at aircraft aititudes, convective clouds have the
highest concentration of supercooled water, particularly 40-50 km upwind
of the crest and at temperatures warmer than -10°¢C. The liquid
water/ice crystal concentration ratio was largest 7-10 hours after 700
mb trough passage. Largest liquid water contents were generally between
0°C and -SOC. Wide~area and banded cloud systems were found to contain
high ice crystal concentrations and low liquid water contents.

B. Inland mountain ranges

During the last 30 years, wintertime cloud physics and weather
modification research programs have been conducted in nine regions of
the intermountain west. These include the Park Range area of Nortﬁern
Colorado (Rhea et al., 1969 and present study), the Climax region of
central Colorado (Mielke et al., 1971, 1981), the San Juan mountains of
southern Colorado (Grant and Elliott, 1974; Elliott et al., 1978), the
Bridger Range of Montana {(Super and Heimbach, 1983), Elk Mountain of
Wyoming (Politovich and Vali, 1983), the Jemez mountains of New Mexico

(Keyes et al., 1973), the Wasatch of northern Utah (Hill, 1979), the
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Wasatch of southern Utah (Long, 1984) and the mountains near Elko
County, Nevada (Grant and Elliott, 1974).

Of the thirteen previously reported programs, three (Elko, Jemez,
Wolf Creek Pass Experiments) had only a statistical component and will
not be reviewed here. Of the remaining ten, six reported limited
measurements of natural cloud physical structure and four had more
comprehensive measurements. These programs are reviewed below.

(1) Climax I and II

The Climax experiments (Mielke et al., 1981) were primarily
statistical experiments. However, extensive physical observations of
surface ice nuclei (Grant and Mielke,1967) and limited studies of ice
crystal concentrations (Hindman, 1967; Chappell, 1967), precipitation
characteristics (Grant, 1965; Hindman, 1967; Chappell, 1970}, and radar
echo characteristics (Furman, 1967) were collected during certain
seasons of the experiment. Additional work was carried out by Chappell
(1970) to establish the conditions where the rate of condemsate supply
balanced the rate of diffusional growth in clouds, but physical data to
support the theoretical work was unavailable at the time.

Grant and Mielke (1967) reported the results of extensive nuclei
measurements during the five years of the Climax I experiment. The data
base consisted of surface ice nuclei measurements over a broad
temperature range. The measurements were repeated twice a day on most
days of the experiment from two sites. With the exception of one
anomalous year, they found that ice nuclei concentrations seldom
exceeded 10 l'-1 at —20°C and were generally less than 1 1-1 on unseeded

days. On seeded days, substantially higher concentrations were recorded.
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Surface observations of ice nuclei concentrations at Climax were also
reported by Hindman (1967). Hindman investigated the relationship
between ice nuclei concentrations at the Climax High Altitude
Observatory and ice crystal concentrations in snowfall during two seeded
and two non-seeded storm events. After making several assumptions
concerning the large scale and microstructure of the storms analyzed, he
cencluded that concentrations of ice nuclei and ice crystals were
similar in the non-seeded cases but differed by an order of magnitude in
the seeded cases (ice nuclei higher). Hindman also presented limited
data on the crystal types and accretion characteristics of precipitation
during these two storm events, More detailed summaries of crystal
habits, sizes and accretion characteristics as well as ice nuclei
observations during the Climax experiments were presented by Grant
(1965), Chappell (1967), and Chappell (1970) and Vardiman (1972).
Vardiman (1972, 1978) also discussed fragmentation as a possible means
of crystal concentration enhancement in Climax cloud systems.

Fadar observations of cloud systems during the Climax experiment
were reported by Furman (1967). Furman examined the echo
characteristics of four spring storms with horizontally and vertically
scanning 3 cm radars. He determined that mean cloud tops over the
Climax region during these storms varied from 450-550 mb, although cloud
tops occasionally reached the 350 mb level. Furman‘s analysis implied
that the most intense precipitation (strongest echoes) were consistently
located in the vicinity of ridgetop and that propagation of the echo
pattern closely followed the 500 mb velocity vector. His work primarily
emphasized convective periods which could be most readily observed with

the available radar.
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Additional work emphasizing the transport and dispersion of silver
iodide in the Climax region was conducted by Reid (1976) and Orgill
(1971) . Reid studied the dispersion of silver iodide with aircraft and
surface measurements. Orgill (1971) simulated the transport of seeding
material using a physical model of the Climax region in a wind tunnel,

(2) Park Range Atmospheric Water Resources Program (PRP)

The PRP was the first major wintertime weather modification field
effort to conduct an extensive physical evaluation of the effects of
cloud seeding to augment precipitation (Rhea et al., 1969). Analysis of
the physical data was supported by the use of a steady-state numerical
model of orographic precipitation developed at EGG Inc. (Willis, 1970).
A significant number of transport and dispersion studies were also
conducted. The majority of the physical results of the experiment were
based on data collected during the 1968-69 field season. The analysis
of the 1968-69 data set incorporated both the case study approach as
well as statistical analyses of the precipitation data. Unfortunately,
only limited data were presented concerning natural cloud system
structure. The majority of the data were associated with identification
of seeding signatures. This was primarily through analysis of ice
crystal replicas, measurements of ice nuclei and silver in snow during
pulsed seeding events.

The major results of the PRP based on five winter seasons of
operation are summarized by Rhea et al. (1969). During the program,
significant amounts of seeding material were found in target area
precipitation, in timing and location with calculated occurrence of
seeding effects. In several case studies, a positive seeding effect was

clearly evident. During the seeding period, small hexagonal plates were
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frequently observed in replica samples, although ice nuclei
identification indicated that some material had reached the dendritie
growth region,

Regafding natural cloud system structure, Rhea et al. made three
important observations regarding mesoscale cloud system structure which
have been confirmed in the present study (Chapter 3). These are:

a. '""The highest precipitation rates (frequently exceeding 0.1 in hr_l)
usually oecuf in the first 3 to 6 hours following the surface passage of
maritime polar fronts. This time period frequently coincides with the
existence of 240° to 270° flow above 12000 ft M.S.L. but 280° to 310°

flow at lower levels.'

b. ’’Longer periods of lighter (0.003 to 0.050 in hrul), mainly
orographic precipitation usually continue after passage of the frontal
convergence area with cloud tops lowering to between 15000 ft M.S.L.

and 11500 ft M.S.L."

c. '"There is usually a convective precipitation component, which is
reflected in the unsteady precipitation rates observed. Convective band
passages at 2.5 to 4 hour intervals are quite commonly observed.'’

Rhea (1967) concluded that the first two components mentioned above
account for about 80% of the Park Range winter precipitation.

The PRP also made extensive measurements of ice crystal habit.
They found that dendritic crystals accounted for 50% of the snowfall.
Less than 6% were of columnar or needle habit. This is one very
significant difference between the Park Range region and coastal regions

discussed in the previous section,
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(3) Utah I and II

The two Utah weather modification programs reported by Hill (1979)
were statistical experiments. They are mentioned briefly here because
of the novei use of aircraft icing reports in the statistical analyses
as an indicator of supercooled cloud liquid water content. Hill (1982a)
expanded this idea in a second paper. Based on icing observations
during 243 events, he concluded that the magnitude of the supercooled
liquid water content is primarily related to the cross—barrier wind
speed. The critical cloud top temperature below which liquid water
would be insignificant was also related to the cross-barrier wind speed.
Although this type of analysis is extremely subjective, it does provide
a means of developing a cloud climatology with data available from
standard pilot reports.

(4) Bridger Range Experiments

The Bridger Range experiments had two strong components, a
statistical program (Super and Heimbach, 1983) and a program to
determine the transport and dispersion of seeding material. However,
limited physical measurements of cloud characteristics were collected on
some days.

Radar characteristics of cloud systems over Montana’s Bridger Range
in both natural and seeded situations were reported by Super et al.,
(1972). They found that rapid temporal and spatial variations in
precipitation intensity were common in all cloud systems, suggesting
that wintertime orographic precipitation, even in simple airflow
situations, is not a quasi-steady process. These rapid variations also

made detection of seeding effects difficult with radar. However, in
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some experiments, particularly with aircraft seeding, high reflectivity
regions associated with AgI plumes were identified.

Super et al. (1972) also provided a radar derived cloud top
climatology for the region based on one winter season which indicated
that mean precipitation tops were at 14400 ft M.S.L. Precipitation tops
exceeded 16000 ft M.S.L. in only 7% of the cases. Tracking radar
studies of airflow over the Bridger Range based on pibal releases
indicated that air approaching the barrier accelerated significantly
near the crest, particularly at low levels.

During the 1971-72 season, several days were set aside for physical
experiments designed to directly detect the effects of cloud seeding.
Twelve case studies developed from these experiments were reported by
Super et al., (1972). In many cases, changes in the precipitation
characteristics observed were attributed to seeding. However, these
studies provided little information concerning natural cloud system
structure since all were seeded events.

(5) The Colorado River Basin Pilot Project

The Colorado River Basin Pilot Project was conducted in the San
Juan Mountains of southwest Colorado during the five winter seasons
ending in 1974-75 (Elliott et al., 1978). Physical studies of cloud
systems occurring over the San Juan Massif during this period were
conducted by the University of Wyoming (Marwitz (1980); Cooper and
Saunders (1980); Cooper and Marwitz (1980)) and the University of
Washington (Hobbs et al., 1975a). Results of these studies indicate
that most storms in the San Juans evolve through four stages related to
thermodynamic instability. These were a stable stage, followed by

neutral, unstable and dissipation stages.
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The stable stage was characterized by blocked flow. During the
stable stage, precipitation developed primarily by diffusicnal growth
and liquid water was rarely observed. The neutral stage typically was
characterized by deep cloud systems. Liquid water was observed
primarily over the barrier during this stage. During the late storm
stage, convection was frequently observed. Liquid water was found in
three regions: (1) slightly upwind of the barrier; (2) 15-20 km upwind
of the barrier associated with the release of convective instability;
and (3) 60-70 km upwind of the range associated with an initial rise in
the topography. Cooper and Marwitz (1980) stressed the importance of
the zone of convergence 15-20 km upwind as a mechanism to transport
seeding material to cold cloud levels.

During storm events, ice crystal concentrations far exceeded
natural ice nuclei concentrations. According to Cooper and Saunders
(1980), no known ice multiplication mechanism could be attributed to
these high ice crystal concentrations. Hobbs et al. (1975a) also found
high ice crystal concentrations but attributed them to ice
multiplication. No mechanism was proposed.

Cooper and Saunders discussed microphysical aspects of the liquid
water and ice crystal distributions during San Juan storms. These
observations will be discussed more fully later.

(6) Elk Mountain Experiments

Elk Mountain, an isolated peak in south—central Wyoming, has been
the site of a cloud physics observatory operated by the University of
Wyoming for over 15 years. Numerous reports and publications have
resulted from studies of orographic clouds which occur over this peak.

Two summary papers concerning Elk Mountain cap clouds have been
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presented recently by Cooper and Vali (1981) and Politovich and Vali
(1983).

Cooper and Vali discuss the origin of ice in mountain cap clouds.
Their study indicated that ice particles originate in association with
the initial condensation process at the upwind edge of the cloud and
that ice particle production is limited to this region. They determined
that contact nucleation or the condensation freezing process must be the
nechanism of nucleation of these crystals. No evidence of secondary
multiplication processes was observed and nucleation was observed to
exhibit a clear temperature trend. Their study indicated that cloud top
was composed almost entirely of supercooled water.

Politovich and Vali (1983) discussed the structure and evolution of
the supercooled water in these cloud systems. They found that droplet
concentrations were typically 250-300 cm—s, and that droplet spectra
were consistently very narrow. CCN concentrations were also found to be
low. This was attributed to the lack of anthropogenic sources and
wintertime snow cover inhibiting mechanical interaction with the
surface. Liquid water contents in the cloud were generally in the range
of 0.16 + 0.15 gm_3. Cloud droplet concentrations were found to
stabilize near cloud edge and were not a function of liquid water
content indicating smooth airflow and continuous condensate production
throughout the cloud. Increases in liquid water content were generally
associated with a shift in the droplet spectra as the cloud advected

across the mountain peak.

(7) Utah physical experiments

Measurements of supercooled cloud water, precipitation, vertical

air motion and cloud top temperature were made by Utah State University



20

(Hill, 1980) in the northern Wasatch Mountains of Utah during the late
1970's. Hill found that the presence of supercooled liquid water in
cloud systems over the northern Wasatch was primarily related to the
vertical velocity generated by flow deflection over the barrier. This
vertical velocity was found to be proportional to the cross-barrier wind
speed. The magnitude of the liquid water in the cloud was also modified
by the crystal concentrations present in the cloud, as indicated by the
precipitation rate. Higher precipitation rates were associated with
colder cloud top temperatures. Data presented by Hill also showed that
aircraft icing was approximately proportional to cross-barrier wind
speed. Using these results, Hill suggested a seeding hypothesis based on
cross—-barrier wind speed and cloud top temperature criteria.

Marwitz and Stewart (1978) reported the results of four aircraft
flights over the northern Wasatch and Uinta Ranges during the spring of
1978. They found that concentrations of supercooled water at flight
levels exceeded 0.2 gm_3 cnly in convective elements and that regions of
high liquid water concentrations contained few ice crystals. Clouds
over the Uinta Range during the study were found to be devoid of liquid
water. These clouds had significant amounts of ice crystals, mostly
unrinmed.

(8) Utah Federal-State Cooperative Project

The Utah Federal-State Program is an ongoing program of research
""piggy-backed’’ on an operational program in the southern Wasatch
Mountains of Utah. Preliminary results of this program are contained in
project reports by Hill (1982b) and Long (1984). The emphasis of theseg
programs has been the study of ice nuclei dispersion and supercooled

liquid water distributions, Studies in this program are not
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specifically focused on natural cloud systems, since seeding operations
associated with the operational program are routinely performed.

Hill (1982b) found that low level inversions were frequently
present over the valley west of the southern Wasatch, even during storm
periods. These inversions severely complicated the nuclei dispersion
characteristics. The distribution of supercooled water was found to be
closely associated with the topography. Liquid water contents were
naximum over the range and minimum over the valley. Few events occurred
where liquid water was observed during the two month study. However,
according to Hill, the period of observation was generally
uncharacteristic of storms which affect the area based on climatology.
Cloudsonde data reported by Hill indicated that the maximum liquid water
contents were at the elevation of the barrier crest. Observations of
rime on crystals at the radiometer site during the program generally
supported the radiometric measurements of liquid water described above.
Aircraft observations of ice particles during the experiment indicated
that ice particles grew rapidly in regions of high liquid water content,
that riming substantially steepened ice particle trajectories, and that
the maximum precipitation rate lags the maximum liquid water content
from 0-20 minutes.

Long (1984) confirmed the findings of Hill (1982b) concerning
nuclei entrapment by inversions. Long’s study of liquid water structure
using radiometric data also confirmed that liquid water contents were
greatest over higher topography. Long presented climatological values
of integrated liquid water content based on radiometric data. These
were categorized according to precipitation echo type based on C-band

radar operations. Rauber and Grant (1985) reported that shallow
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blanket—-type clouds contributed 50% of the total precipitation at high
altitudes for southern Utah storms during the 1983 program.
2. Summary

Despite the fact that a significant amount of information has been
assembled concerning the natural structure of cloud systems over the
mountains of the western United States, our knowledge of natural cloud
system processes is still fundamentally weak. This is particularly true
for clouds which develop over the Colorado River Basin. It is important
that the results of past, ongoing and future programs be incorporated
into a comprehensive model of natural precipitation formation and
development. With this background, the true potential of weather
modification to supplement the water resources of the Colorado River

Basin can be assessed. This work is one contribution toward that end.



CHAPTER II INSTRUMENTATION AND EXPERIMENTAL PROCEDURES

1. The Colorado Orographic Seeding Experiment

The Colorado Orographic Seeding Experiment (COSE) was organized in
1979 by CSU to study the structure of cloud systems occurring in winter
over the Northern Colorado River Basin and to assess their potential for
modification to enhance mountain snowpack. During the 1981-82 field
phase of the experiment, a comprehensive network of aircraft, remote
sensors and ground based observation stations was assembled to
investigate the physical and microphysical characteristics of these
storms. Because the 1981-82 instrumentation network was specifically
designed to study the natural conditions occurring in these storm
systems, no seeding operations were conducted during major storm events
throughout the experiment. Figure 2, a map of the experimental area,
shows the local topography, the location of the major instrumentation,
and the location of the experimental area in the state of Colorado.
Figure 3 shows a vertical west-east cross-section of the topography over
the region. A complete list of all cloud physics instrumentation used
during the experiment and the organizations that supplied the
instruments is included in Table 1. The 1979 program was similar to the
1981-82 program, but operated with a much smaller instrumentation base.
The instrumentation network and data collection procedures associated
with the 1979 program have been described by Rauber (1981). Data
obtained during the 1979 program with the Queen Air aircraft (N306D)

provided by the National Center for Atmospheric Research are used in
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Table 1

Cloud physics instrumentation network for COSE, December 1981-January 1982

I umentation

Alrcxaft:
Cheyenne II
WP-3D

Remote Sensors:

0.8 cm radar
1.8 cm radar
5.0 cm radar
Dual-wavelength
Radiometer
Lidar
Rawinsonde sites:
Craig, Colorado
Hebron, Colorado
Storm Peak Lasboratory:
Probe Micromet Stations:

Supplier

Colorado International Corporation

National Oceanic and Atmospheric Administration

National Oceanic and Atmospheric Administration
Colorado State University
Bureau of Reclamation

National Oceanic and Atmospheric Administration

University of Utah

Bureau of Reclamation and Colorado State Univ.

Colorado State University

Bureau of Reclamation
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this dissertation. For this reason, a brief review of the instruments
available on this aircraft will be presented in this chapter. Unless
stated otherwise, all heights reported in this paper are with respect to
mean sea level and all times are Greenwich Mean Time (GMT).

2. Instrumentation

A. Aircraft

Aircraft measurements used in this work were collected during six
storms in the 1981-82 program and three storms in the 1979 program.
These data were collected by cloud physics research aircraft provided by
the National Center for Atmospheric Research (NCAR) and Colorado
International Corporation (CIC). The NCAR Queen Air (N306D) operated
during the 1979 program. In general, flight profiles with N306D
consisted of two transects of the Park Range near 4200 m, the minimum
flight altitude, and a sounding near Hayden, Colorado, located
approximately 40 km upwind of the Park Range crest. One transect was
normally 10-20 km south of the other in the vicinity of the Park Range.
An example of an N306D flight track from 26 Nov 79 is shown on Fig. 4.
Table 2 summarizes the instrumentation specifications for N306D.

The CIC Cheyenne II aircraft (N83TW) was used during the 1981-82
field program. This aircraft had higher performance characteristics and
could remain in the study area for a much longer time. Flight profiles
generally consisted of horizontal transects across the Park Range at 300
m altitude intervals from Craig, Co. to Hebron, Co. and vertical
soundings at four points along the flight path. These points coincided
with the major ground based instrumentation. An example of the complete
flight track specified by the program design plan is shown in Fig. §.

In general, the track was modified to accommodate changing cloud



28

STEAMBOAT
SPRINGS

N

4

o
PARKTRANGE

r.J
>
4
U ~4
:

2030

20 km

GORE

2024

Fig. 4. N306D flight track for 26 November 1979.




29

Table 2
INSTRUMENTATION LIST

COLORADO OROGRAPHIC SEEDING EXPERIMENT

QUEEN AIR N306D

Instrument Range Accuracy Resolution

Rosemount Temp ~40 C to +40 C 0.5 ¢C 0.02 C

Reverse Flow Temp ~40 C to 440 C 0.5 C 0.02C

E G G Dewpoint =50 C to +30 C 0.5C0C 0.02 C
1.0C<0 C

Static Pressure 30 to 103.5 Kpa 0.1 KPa 0.01 KEpa

Dymamic Pressure 0 to 6.5 KPa 0.05 KPa 0.002 KPa3

J-W liquid water 0 to 2 g/m — 0.005 g/m

Wind Speed (WSPD) 1+0.5t m/sec 0,01 m/sec
t=hgfrs in flight

Wind Direction 0-360 deg Cot ~(WSPD)

Aircraft Position 1.2 nm/hour 0.1 am

Pitch,Roll 45 deg 0.05 deg 0.005 deg

Heading 0-360 deg 0.05 deg 0.005 deg

Attack angle 20 deg 0.2 deg 0.01 deg

Sideslip angle 20 deg 0.2 deg 0.01 deg

PMS FSSP 3-45 microns —— 15 cheannels

Radio altitude 0-2500 ft 5% 10 ft

Photography—One forward looking 16mm color film
time and date encoded, 1 frame per 5§ sec.
Colorado State University supplied instrumentation:
PMS 2-D probe with Data Acquisition System
Langer ice auclei counter
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conditions, particularly cloud depth. However, the general
characteristics were the same for all N83TW flights. The instrument
specifications for N83TW are listed in Table 3.

The primary instruments used in this study were the Particle
Measuring Systems Forward Scattering Spectrometer Probe (FSSP) and the
Two Dimensional Cloud Optical Array Probe (2D-c). Liquid water content
was also measured by a Johnson-Williams hot wire device (JW) on both
aircraft. Unfortunately, the JW instruments were not calibrated in a
wind tunnel prior to the programs as suggested subsequently by Strapp
and Schemenauer (1982). Differences between the JW and FSSP
measurements were assessed for all flights. The instruments were found
to differ generally within a factor of two (JW higher). An example of a
JW-FSSP comparison for the 5 Jan 82 flight is shown in Fig. 6. The
complete statistics for the comparisons for all flights are summarized
in Table 4. The FSSP liquid water contents are reported in this paper.

The characteristics of the FSSP have been studied by Pinnick et él.
(1981), Personne et al. (1982), and more recently by Baumgardner (1983),
Cerni (1983) and Dye and Baumgardner (1985). Cerni provided a detailed
size calibration of the FSSP which included laboratory tests, Mie
scattering calculations and airborne measurements. He found that errors
as high as 70% in cloud liquid water content could occur due to errors
in manufacturer specified bin width sizes and that the size of the bins
depended on airspeed. Cerni developed an a;gorithm to determine the
correct bin size and minimize errors associated with the measurement of
liquid water content. Cerni’s algorithm was incorporated into the
processing programs to calculate FSSP bin widths and liquid water

contents. Use of his algorithm was justified because the pulse height



Table 3
CIC CHEYENNE DATA ACQUi>ITION SYSTEM SENSOR SPECIFICATIONS

' Comblned.Performance of Transducer, Signal
Conditioning and Conversion

Parameter Instrument Manufacturer and Useable
Measured Type Model Number Range Accuracy Time Constant Sample Rate Resolution
(s) (s) (s)
Time Crystal osc PMS . 12 mo s N/A 0.1s 0.1s
Temperature Platinum Rosemount Eng. Co. +50°C 0.5°C 1 1 Hz 0.1°C
resistance 510BF9 Bridge
Model 102 Probe
Dew Point? Peltier cooled Cambridge System +50°C 1°C 1-5 s 1 Hz 0.3°C
mirror fnc. :
Model 137-C3
Liquid Waterd Hot Wire Cloud Technology 0-3 gm/m 0.3 gm/m 0.5 1 Hz 0.01 gm/m?
Model LWH
Altitude Static Rosemount Eng. Co. 0-15 psta 0.015 psia 0.1 1 Hz 0.007 psta
Pressure Model 830BA
Altitude Static Setra Systems 0-20 psta .0.015 psia 0.1 1 Hz 0.010 psta
Pressure
Indicated Differential Rosemount Eng. Co. +2.5 psid 0.0025 psid 0.1 10 Hz 0.0025 psic
pressure Mode! 133281

Heading Gyro Sperry 0-360° +2° 0.1 1 Hz 0.1°

(43



Table 3

(Cont.)

Combined Performance of Transducer, Signat

Conditioning and Conversion

Parameter Instrument “~Manufacturer and Useable

Measured Type Model Number Range Accuracy Time Constant Sample Rate Resolution
(s) (s) (s)

Pltch Gyro Sperry +85° +2° 0.1 1 Hz 0.1°

Roltl Gryo Sperry +180° 12° 0.1 1 Hz 0.1°

Position VOR King Radio 0-360° +2° 1 1 Hz 0.1°

(azimuth) (HTI Digital Interface)

Position DME ARC Radio Corp. 225 km 0.5 km 1 | Hz 0.01 km

(distance)

Vertical Pendulous Sundstrand Corp. +2 g 0.001 g 0.1 1 Hz 0.0001 g

Acceleration® Mass

Cloud Particle Optical PMS 37.5-1200 n Discrete Continuwous 37.5 u

Size & Concen- Array 2-D OAP 0.1-10,0002"1 Event Continuous 0.12-1

tration®

Cloud Droplet Optical PMS 2-45 y Discrete Continuous 0.5 to 3 ¢

Size & Concen- Forward FSSP 0.1-10,000cn™3

tration’ Scattering

Ice Nucleus Optical MEE/CSU 30-30,000%"! Discrete Continuous 30 21

Concentration?

Scattering

€e
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Table 4

JW-FSSP Comparison Statistics

(JW = m(FSSP) + b)

Correlation
Date Slope Intercept Max JW Max FSSP Coefficient
24 Nov 79 1.20 0.00 0.26 0.18 0.77
26 Nov 79 0.52 0.00 0.13 0.15 0.65
22 Dec 79 1.93 0.00 0.54 0.15 0.89
13 Dec 81 FSSP Malfunction
15 Dec 81 FSSP Malfunction
21 Dec 81 0.58 0.00 0.08 0.11 0.67
5 Jan 82 1.60 0.00 0.38 0.13 0.74
16 Jan 82 1.37 0.01 0.89 0.22 0.55
23 Jan 82 1.83 0.02 0.80 0.35 0.73

31 Jan 82 JW Malfunction

G¢
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analyzer (PHA) levels of the FSSP used in the COSE programs was within
1% of the PHA levels quoted for the instrument calibrated by Cerni.
Cerni estimates that with these corrections, errors in the accuracy of
liquid water measurements with the FSSP can be reduced to 10-20%. Even
with the calibration corrections, the instrument artificially broadens
the spectra. No solution to this problem has been reported to date.
Cerni also found that cloud droplet concentrations could be seriously
underestimated in regions of high concentrations due to firnite
processing delays associated with the instrument. Cerni's correction
algorithm to account for this effect could not be applied because the
total strobe rate of the instrument was not recorded. However, this
problem is minimal in this study, since cloud droplet concentrations
rarely exceeded 300 cmbs. During the COSE programs, the FSSP was
operated in the 2-32 um range.

The two dimensional optical array spectrometer was developed by
Particle Measuring Systems as a particle imaging system capable of
recording and displaying two dimensional images of atmospheric particles
with sizes greater than 25 microns passing through an object plane at
typical aircraft speeds. Analytical techniques for transforming raw 2--D
data to effective crystal concentration have been primarily developed by
Cooper (1977).

Crystal concentrations are calculated from 2-Dc probe data
according to various criteria which are related to buffer storage
capacity and characteristic shadow pattern. Under conditions when
ambient crystal concentrations are 10/liter and crystal sizes in the
0.5-1.0 mm range, the storage buffer loads to capacity in about 0.35

seconds. Under normal experimental conditions, transfer of data to tape
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storage at this rate would consume several tapes and leave large data
gaps during tape rewind and installation. To eliminate this problem,
data were normally transferred once every second to tape, unless a high
data rate was required. This meant that approximately 35% of the data
passing through the storage buffer was retained for later use.

Two parameters are calculated from the full body of data as it
passes through the storage register. These are the number of distinct
shadows and the total sample volume. If all of the distincet shadows are
assumed to be individual crystals, the average crystal concentration
over the one second leg can be calculated by dividing the number of
distinct shadows by the sample volume. This number is referred to as
the ’''shadow-or’’ concentration.

Unfortunately, the shadow-or determination of crystal concentration
can be inaccurate due to artifacts produced by liquid water, particles
smaller than the resolution of the instrument, and crystals which impact
on the probe tips and fracture. Liquid water droplets often produce
artifacts which appear as long narrow streaks. These occur when the
droplets collide with the probe arm and then streak across the optical
path. This problem is not major in cold orographic systems. Less than
0.1% of the images were visually assessed to have streaker
characteristics. Counts also occur when no diodes are shadowed due to
electronic delays during the passage of particles with sizes near the
resolution of the instrument. These particles represent a significant
fraction of the images, particularly in ice crystal formation zones.
However, if large droplets (> 25 um) are present, they also can
contribute to the total count of zero—area images. These zero-—area

images are subject to interpretation and must be evaluated with other
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data, particularly data from the FSSP. Their presence is noted in the
text where appropriate. Splash images (broken images) also occur due to
crystal fracturing. These images occur more frequently than streakers
but still do not contribute significantly to the total image sample.
Examples of these artifacts are shown in Fig. 7. In general, shadow-or
concentrations are quoted. However, when artifacts or zero-area images
significantly affect these concentrations, qualifications will be stated
in the text.

B. Dual-channel microwave radiometer

In the late 1970s, the Wave Propagation Laboratory (WPL) of the
National Oceanic and Atmospheric Administration (NOAA) developed a
passive dual-channel radiometric system to measure integrated liquid
water and vapor contents in cloud systems (Guiraud et al., 1979; Hogg et
al., 1980). A similar active-passive system was used successfully in
the Sierra Cooperative Pilot Project, a weather modification project
conducted by the Bureau of Reclamation, to determine integrated liquid
water contents along a particular path determined by the position of the
radiometer site and the elevation and azimuth angle of the microwave
source on a COMSTAR geosynchronous satellite (Snider and Hogg, 1981;
Snider and Rottner, 1982). The active—passive system was used to obtain
initial verification of the accuracy of liquid measurements by the
passive technique (Snider et al., 1980). Recently, WPL has developed an
improved system that is steerable and independent of a source of
radiation (Hogg et al., 1983). This system was used during the 1981-82
field program.

The dual-channel radiometer simultaneously measures the total

amount of liquid water and water vapor contained along the atmospheric
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path being observed by the system’s antenna. By arranging for the
antenna beam to be steered in azimuth and elevation, the system can be
used to determine the spatial (two dimensions) and temporal distribution
of the water vapor and liquid water throughout the hemisphere
surrounding the radiometer. Since the radiometer was not instrumented
to provide range information during the 1981-82 season, the distribution
of these quantities along the atmospheric path cannot be determined.

Water vapor is determined primarily by measurement of the microwave
energy, expressed as a brightness temperature, emitted at 20.6 GHz
(wavelength 1.5 cm) by virtue of absorption of microwaves by the water
vapor. Similarly, the amount of liquid water contained in clouds along
the radiometer beam is determined primarily by measurement of microwave
emission by the liquid in a transmission “"window'’ at 31.65 GHz
(wavelength 0.95 cm). Since the absorption coefficients for water vapor
and liquid water at the two frequencies are known, the observed
absorptions (calculated from the observed brightness) may be used in a
pair of simultaneous equations to yield independently the integrated
water vapor and liquid along the antenna beam. In practice, the
simultaneous equations are solved using statistical retrieval methods
(Hogg et al., 1983).

Because liquid water at temperatures below freezing absord
microwaves, the radiometer can measure supercooled liquid. However,
since the absorption of microwaves by ice is approximately two orders of
magnitude less than that by liquid water, ice is assumed to produce
essentially zero output from the system.

The radiometer incorporates a steerable antenna so that the spatial

and temporal variability of the liquid water and vapor field can be
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studied. A standard scanning technique was adopted to observe the
evolution of these fields. The antenna was set at a 15° elevation angle
and rotated continuously through 360° azimuth sweeps approximately every
15 minutes. By using this technique, it was possible to observe the
changes in integrated liquid water content in all directions. The data
were then analyzed on azimuth/time diagrams, which allowed for easy
interpretation of the lifting mechanisms responsible for the production
of cloud water. Radiometric integrated liquid water contents are
reported in millimeters. One millimeter of water distributed along a 1
km path is equivalent to a liquid water content of 1 gm—s.

The radiometer was located near Steamboat Springs, Colorado, at an
elevation of 2050 m, approximately 6 km west of the crest of the Park
Range (3100 m). The Park Range is oriented north-south. An azimuth
angle of 0° in the radiometric data presented in the following sections
would correspond to the antenna’s pointing north, or parallel to the
range. At azimuth 900, the beam points over the range, directly through
the region of maximum orographic l1ift. At 180°, the beam is pointed
southward, parallel to the range. At 2700, the beam is directed away
from the region of primary lift, over the western valley of the Yampa
River.

To date, only a few successful comparisons of radiometric liquid
water measurements with simultaneous observations collected by an
aircraft flying along the beam have been reported (Snider, 1983). These
were all in stratiform cloud systems with very low liguid water
contents. Excellent agreement was obtained for these limited
comparisons. Unfortunately, many attempts to compare liquid water

contents observed with the radiometer with measurements by in-situ
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independent instrumentation have been hampered by safety restrictions
imposed on aircraft flying over complex terrain. This problem a;so
occurred during the CSU program. Safety limitations did not permit the
cloud physics aircraft used in the program ta‘probe the lowest kilometer
of the cloud system in the vicinity of the radiometer. To evaluate the
ability of the radiometer to measure accurate values of integrated cloud
liquid water content, alternate approaches to direct comparison had to
be developed.

Three aspects of radiometric liquid water measurements are examined
here. The first is the effect of surface temperature on measured liquid
water. The second concerns the effects of large ice crystal
concentrations present along the radiometer antenna beam. The third
aspect considered is the relationship between observed liquid water
contents and the magnitude of the total condensate available to the
cloud system.

(1) Surface temperature effects

In the 1981-82 experiment, the scanning radiometer was located
upwind of the mountain barrier at a low elevation (2050 m) with an
unobstructed view both upwind of and toward the mountain. Therefore, it
was possible to study the evolution of the cloud water content as air
approached and rose over the barrier.

The primary disadvantage of low altitude sites is that the surface
temperature can exceed 0°C and precipitation can reach the ground as
rain. Unfortunately, the radiometric signal caused by the rain may
obscure that caused by supercooled liquid water contained in the clouds.
The effect of rain on observed radiometric liquid water contents is

illustrated in Fig. 8. During the COSE program, the surface temperature
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at the radiometer site (RAD) during storm conditions occasionally rose
to as high as +2°C. However, except for the case shown in Fig. 8, all
precipitation occurred as snow.

During most of these storms, the radiometer was rotated through
360° azimuth scans at 15° elevation angle. To examine pOSSibie ef'fects
of warm, low-level temperatures on observed radiometric ligquid water
contents, the maximum value of integrated water content observed during
each complete scan was plotted as a function of surface temperature for
all pericds where scanning data were available and snow was falling.

The results are displayed in Fig. 9. Although some of the variability
in the data is caused by variations in cloud depth and moisture supply.
a clear trend toward higher values is observed as the surface
temperature increases toward and above 0°C.

Two sources of signal enhancement can occur in these conditions.

An apparent, but false, enhancement of liquid water can occur if melting
occurs on the exposed reflector. The reflector was cleared of snow
regularly during the COSE program, and false signal enhancement due to a
wet reflector was not a significant problem. The second and more likely
source of the increase is due to the initial melting of the surfaces of
the falling crystals after passing through the melting level. Wind
tunnel studies by Rasmussen and Pruppacher (1982) have indicated that
spherical ice particles near 350 um radius completely melt in less than
1 minute. These experiments were conducted with warming rates
equivalent to lapse rates greater than 1.2°C/100 m. Although these
rates are much larger than occur in natural conditions, this study
suggests that melting begins rather rapidly once a crystal encounters

temperatures above 0°c.
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Observational evidence of Knight (1979) indicates that melting of
more complex particles with larger dimensions proceeds in such a way
that the distribution of liquid on the ice minimizes the total air
surface of the melting crystal. In the case of planar crystals, the
liquid surface covers the entire crystal in a smoothly rounded surface,
exposing a large liquid surface downward toward the radiometer. Under
these circumstances, even minor amounts of melting can result in
increases in liquid water contents and potential erroneous
interpretation of the supercooled liquid water field. Normally, this
situation can be monitored by accurately measuring surface temperature.

A difficult exception may arise when a weak surface inversion is
present in the vicinity of the radiometer site. Inversions of this type
sometimes occuf in mountain valleys in wintertime during storm
conditions. The presence of a thin elevated melting layer above the
radiometer site may result in enhanced water concentrations. Such a
layer may have been responsible for the high values observed on 15 Dec
81 when the surface temperature was between -1.3% and -0.6°C. The data
points were collected between 0620 and 0750 local time. Overcast
conditions developed at 0300 local time, so the potential for the
development of a radiation inversion in the vicinity of the site prior
to the onset of snowfall was strong. Soundings taken upwind of RAD at
Craig, Co. indicated that a pool of colder surface air was present in
the valley where the radiometer was located. Unfortunately, direct
monitoring of a low—level inversion in the viecinity of the radiometer
site was not possible. However, it is important to note that a
component of the high values observed on 15 Dec 81 was due to

supercooled cloud water. Crystal rime observations at RAD and at
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mountaintop indicated light to moderate rime on crystals throughout the
period. The ratio of supercooled to melted water constituting the total
integrated measurement is unknown.

In Fig. 9, two high points occur in the -7°c to -8°C region. These
values were observed on 5 Jan 82 during a period when heavily rimed
particles fell continuously at RAD. The presence of these heavily rimed
particles clearly indicated that large amounts of supercooled liquid
water was present. The high radiometric values in this case are
representative of actual cloud conditions and not associated with
melting processes occurring at the surface or at higher, warmer levels.
It is interesting to note that the lowest value (1.53 mm) observed on §
Jan 82 was measured as the rime accumulation on crystals falling at RAD
was rapidly decreasing. This provides additional evidence that the
radiometer was responding to the supercooled cloud water field.

(2) Ice phase effects

The radiometer used in the COSE program is designed specifically to
monitor microwave energy emitted in the 20.6 GHz (1.5 cm) and 31.65 GHz
(0.9 cm) channels. The first corresponds primarily to emissions from
the vapor field; the second, from liquid water. Except in cases of
heavy rain, the outputs from these channels are independent (Snider,
1983). The values are also assumed to be independent of the ice water
content within the beam because of the transparency of ice to microwaves
of these frequencies.

An excellent opportunity to verify the small effects of high ice
crystal concentrations on the radiometric measurement of cloud liquid
water occurred on § Jan 82, On this day, an aircraft sounding was

performed over the radiometer site while the radiometer was pointing
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vertically. The aircraft sounding began at 7000 m and terminated at
4400 m. Simultaneous observations of crystal habit and degree of rime
were collected at Storm Peak Laboratory (SPL) at the Park Range crest
and at RAD. Liquid water and crystal concentrations determined by the
aircraft during the sounding are shown in Fig. 10. In Fig. 11,
radiometric liquid water measurements are displayed along with
precipitation intensity at RAD and rime characteristics at RAD and SPL.

During the aircraft sounding, the liquid water content rarely
exceeded 0.01 gm—3. Ice crystals concentrations increased with depth
reaching 60-100 l'_1 in the lowest portion of the sounding. Observations
at SPL and =2t RAD indicated that all the crystals arriving at both sites
during the aircraft sounding were unrimed. These surface observations
indicate that little liquid water was present over the radiometer site
in the levels below the aircraft sounding.

Based on observed high ice crystal concentrations, high
precipitation rates, negligible water contents at aircraft levels, and
the lack of observable rime on precipitating crystals, this deep cloud
system was devoid of liquid water. If the radiometer was sensitive to
emissions of radiation from the large population of ice crystals, the
radiometer should have indicated a significant signal. The radiometric
data displayed on Fig. 11 shows that this was not the case. This study
shows that the radiometric response in the 31.65 GHz channel is due to
the presence of liquid water in the system and is independent of the
concentration of ice crystals. In the following sections, radiometric
measurements are compared with model-predicted integrated condensate

along the beam path to estimate the representativeness of the liquid

water measurements.
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(3) Relationship between radiometric measurements and total condensate

produced in the cloud system

Because of flight restrictions in the complex terrain of the COSE
area, no direct comparisons of radiometric liquid measurements with an
independent instrument such as the FSSP could be carried out. To
estimate the relative magnitude of the radiometer measurements, an
alternate approach using an analytical model of airflow and condensate
production was developed. Comparisons between model simulations and
radiometer results are used here to (1) compare the percentage of the
total condensate available to the cloud system to the liquid water
content measured by the radiometer and (2) examine how the ratio of
these quantities varied as air moved up and over the barrier. The model
is described below. The results of the model comparisons are described
at the end of this section.

a. Model vertical velocity

The two—dimensional model used in this paper to predict condensate
production in stably-stratified orographic cloud systems utilizes an
analytical equation for vertical velocity developed in Smith (1979).
His review summarized previous work by Queney (1947) and Queney et al.
(1960) in their treatment of mountain lee waves. Since a complete
derivation of the vertical velocity equation and discussion of its
applicability to the mountain airflow problem are given in Smith (1979),
only the essential features and assumptions used in the derivation will
be repeated here.

The derivation of the vertical velocity equation assumes steady
state, hydrostatic conditions, neglects friction and Coriolis

accelerations, and utilizes the Boussinesq approximation in density
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terms. The governing equations are first linearized, then solved for a
second order differential equation in perturbation vertical velocity. A
solution to this differential equation is obtained using Fourier methods
by choosing a lower boundary condition which assumes an ideal mountain
form and an upper boundary condition which requires that phase lines
tilt upstream and energy propagates upward. For the broad mountain
solution with strong stability, Smith (1979) developed an equation for
the vertical displacemgnt of a streamline from which the equation for
vertical velocity can easily be derived. This equation is identical to
that used by Willis (1970) in previous work in the Park Range region.
b. Airflow and condensate production

Values of vertical velocity were calculated on a 25 X 80 grid (200
m X 1000 m resolution) using input data from special rawinsonde
soundings taken 48 km upstream of the radiometer site. Air parcel
trajectories over the barrier were calculated by considering the
measured horizontal and predicted vertical motion of the air as it
passed through the grid. To calculate condensate production and
production rates, the equivalent potential temperature of the parcel was
calculated from the upwind sounding and conserved from the point of
origin throughout the parcel’'s transit over the barrier. When a parcel
was lifted beyond its lifting condensation level, condensation was
assumed to occur. All condensate was assumed to remain with the parcel
during transit so that the maximum condensate possible could be
determined along the radiometer beam. The temperature and saturation
mixing ratio of the parcel were calculated as the parcel underwent moist
adiabatic ascent and descent. The total condensate in the parcel was

then calculated by considering the difference in saturation mixing
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ratios at its current location and its lifting condensation level.
Integration of the condensate field along the radiometer beam path was
performed for two beam positions. Fig. 12 shows the model topography,
actual topography, radiometer beam positions for integration, parcel
streamlines and the resulting condensate field for the simulation
generated from the sounding taken at 1500 on 15 Dec 81.
c. Model limitations

The model described above can only be applied during conditions of
stably-stratified flow when significant blocking is not occurring and
the winds are predominantly westerly. The model is designed to
determine the maximum amount of liquid water which would be present
along the radiometer beam if all the condensate remained in the liquid
phase and remained with the air parcel as air moved up and over the
barrier. For this reason, ice phase processes are not included in the
model. Entrainment is neglected. Accumulation regions of liquid water
are assumed not to occur. The effects of latent heat release are
assumed to be negligible as are radiational cooling effects near cloud
top. Because the model terrain is ideal, variations in actual
topography may cause deviations in the flow field from that predicted by
linear theory. The two—dimensional approximation also artificially
gimplifies the extreme variations in airflow due to three dimensional
variations in topography. When all of these assumptions are considered,
the validity of the results becomes an important question. However, as
was stated above, the purpose of this study was to determine the maximum
amount of condensate likely to be produced as air flows over the
mountain. With the exception of latent heat release and radiation, all

of the other effects, if active in the cloud system, would tend to
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reduce the total amount of condensate available to the cloud system. In
cold orographic systems, buoyaney due to latent heat release should be
minor. Radiational effects are confined largely to the cloud top
region, where total condensate production is small. For this reason,
the model should provide an adequate upper limit to the amount of
condensate available to the cloud system. It is this upper limit which
was required for the study.
d. Model results

Soundings that met the criteria outlined at the beginning of Sec. c
above, that occurred during significant cloud cover events, and that had
correspo'ding scanning radiometer data available were szelected for
analysis. Six soundings satisfied these requirements. For comparison
with the radiometer measurements, a time lag was allowed to account for
the time required for air sampled by the sounding to reach the
radiometer site. Radiometer data were considered for comparison with
the model calculations from the time the air at the 50 KPa level
originating at the rawinsonde site first crossed the radiometer beam at
the 270° azimuth position to the time the 70 KPa air exited the beam at
the 90° azimuth position. This method takes into account both the time
lag due to the distance between the sounding launch site and the
radiometer site and the tilting of the air column due to the vertical
wind shear. Integration of the model-predicted total condensate along
the radiometer beam was performed between the radiometer site and the 50
KPa level.

Table 5 summarizes the model results and the radiometric
observations. Upwind of the radiometer site (away from the barrier),

model-predicted values of the total integrated condensate along the 15°



Comparison of Model Predicted Integrated Condensate and Observed Radiometric Integrated Water Content

Table §

Sounding Elevation Azimuth Model Radiometric Percent of Surface Model Radiometer
Angle Angle Predicted Integrated Condensate Temp 90°/270" 90°/270°
(Degrees) (Degrees) Integrated Liquid In Liquid (°c) Ratio Ratio
Condensate  Water (cm) Phase (%) (Mountain (Mountain
(cm) fUpwind) — /Upwind)

14 Dec 81 15 90 0.256 0.110 42.9 0.1 to 1.4

(2100 GMT) 5.33 4.23
15 270 0.048 0.026 54 .2 0.1 to 1.4

15 Dec 81 15 90 0.598 0.035 5.9 -1.0 to -0.1

(1500 GMT) 2.05 1.35
15 270 0.291 0.026 8.9 -1.0 to -0.1

21 nec 81 15 90 0.773 0.160 20.7 -0.1 to 0.2

(1200 GMT) 2.47 3.72
15 270 0.313 0.043 13.7 ~0.1 to 0.2

21 Dec 81 15 90 0.515 0.110 21.4 -0.1 to 0.4

(1500 GMT) 2.96 1.59
15 270 0.174 0.069 39.7 -0.1 to 0.4

5 Jan 81 15 90 0.526 0.128 24 .3 -8.0

(1200 GMT) 2.21 2.21
15 270 0.238 0.058 24 .4 -8.0

5 Jan 81 15 90 0.446 0.036 8.1 -3.5 to -2.5

(1800 GMT) 2.13 0.92
15 270 0.209 0.039 18.7 -3.5 to ~2.5

9¢
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elevation beam ranged from 0.048 to 0.313 cm for the six periods
available. Downwind of the site (over the barrier), precipitable
condensate values were significantly higher due to strong orographic
lifting. Integrated values in this direction ranged from 0.256 to 0.773
em. Except for 1800 , 5 Jan 82, radiometric values of liquid water
exhibited similar behavior, increasing substantially over the barrier.
The last two columns of Table 5 show the magnitude of this increase for
both the model calculations and the radiometric observations. The
strong agreement between the model and the radiometric observations
(correlation coefficient = 0.71) for these cases suggests that the
producticn of the liquid phase in these clouds is strongly related to
the condensate supply rate, which is in turn related to the ambient
vertical velocity. The values of integrated liquid water were
consistently smaller than the predicted total condensate values,
reflecting the importance of ice phase processes in these clouds.

If the radiometric water content values are compared with predicted
total condensate, an estimate of the percentage of condensate in the
liquid phase can be estimated. These percentages appear in Table 5.
For the six soundings analyzed, 5-54% of the total condensate available
to the cloud system was present in the liquid phase. Caution must be
exercised in interpreting this liquid as '’'supercooled’’ since three of
the six cases have surface temperatures warmer than 0°C. These cases
include some of the highest values. In the three cold cases, water
contents were still as high as 24%.

C. 1.7% em radar
The vertically pointing 1.79 cm wavelength radar was specifically

designed at CSU for operation during orographic cold cloud storm events.
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Built in 1978, the system uses the receiver—transmitter designed for the
B-58 aircraft. Coupled to the original duplexer is a double balanced
mixer, followed by a radio frequency pre-amplifier and 30 MHiz
intermediate frequency amplifier. Reflected echoes are digitized by an
eight-bit analog-to-digital converter and thereafter loaded into the
memory of a minicomputer. Non-averaged data are written onto 9-track
magnetic tape once every 30 seconds or multiples thereof. Storage of
data in an array of 46 pulses by 200 range bins affords access to
individual pulse values for statistical calculations such as signal
variance and bias. The computer also produces a real time display of
reflected power, calculated in dBZ, based on averages of 46 consecutive
pulses. The real-time display is formatted as a horizontal intensity
profile with 80 positions, each corresponding to 100 meters vertical
distance. The overall effect is to establish a time-height history of
the cloud vertical structure from 0.4 to 8.0 km height. Since water
droplets are nearly always smaller than precipitation size in the cloud
systems observed in winter over the Park Range, the radar return is
virtually always due to ice particles in the cloud system. During the
COSE program, this radar was colocated with the dual-channel radiometer
near Steamboat Springs, Colorado.

On 16 Jan 82, a transmit-receive (TR) tube in the radar failed and
had to be replaced. The tube in place prior to the failure had higher
general attenuation characteristics than the new tube. As a result, all
data prior to 16 Jan 82 has lower reflectivity values than those data
collected after this date. Two parameters from the radar, echo top
height and cloud maximum reflectivity, are reported in this paper.

Radar echo top height was checked during several research flights,
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before and after tube replacement, and found to be within 100-200 m of
visual cloud top. In this work, cloud top refers to the radar echo
cloud top height unless stated otherwise. The maximum reflectivity
during storms which occurred after 17 Jan 82 will be higher due to the
reduced attenuation.
D. Precipitation intensity, crystal habit, riming and aggregation

Visual observations of snow crystals and special measurements of
precipitation were made continuously during storm periods at the
radiometer site (RAD). Visual observations of snow crystals were
normally conducted at 15-20 min intervals. The crystals were collected
on a piece of framed black felt (250 cmz). The length of exposure to
snowfall ranged from 3 to 30 seconds depending on the snowfall
intensity. In each observation, snow crystal habits were identified and
classified according to the scheme of Magono and Lee (1966). The
crystals were also examined for accretion and aggregation. The number
flux and number of single crystals composing aggregates were determined
by counting the number of crystals collected. Shadow photography
(Higuchi, 1956) was also used to record the characteristies of the
crystals.

Special precipitation intensity measurements were collected at RAD.
A plastic receptacle with a 160 cm2 opening was used to measure snowfall
intensity. Samples 10 to 15 minutes in duration were taken
consecutively and weighed manually to determine the average snowfall
intensity during the collection period. The Magono and Lee (1966)

classification is used throughout this paper.
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E. Storm Peak Laboratory measurements

A mountaintop laboratory was operated at the summit of Storm Peak
(3100 m) on the Park Range directly east of the radiometer site during
the 1981-82 field program. The laboratory was equipped with numerous
instruments to measure the characteristics of aerosol and cloud
particles in the viecinity of mountaintop. In-cloud liquid water content
measurements were made using a Rotorod (registered trademark of
Metronics, Inc., Palo Alto, California). This instrument is described
in detail by Rogers et al. (1983). Hindman et al. (1983) describe its
use in the COSE program. Rime characteristices of crystals at Storm Peak
were also recorded approximately every 15 min during most storm periods.
Ice crystals were characterized in one of four rime categories. The
categories were no rime (NR, no visible accretion of droplets), lightly
rimed (LR, accretion of droplets apparent, crystal habit easily
identified), moderately rimed (MR, accretion of droplets sufficient to
make the crystal habit difficult to distinguish), and heavily rimed (HR,
snow pellets or graupel). If no precipitation was falling, the category
NS was used. Many other measurements were collected routinely at Storm
Peak Laboratory (SPL). The ice crystal rime and Rotorod liquid water
content measurements are the primary SPL measurements used in this
paper. Also quoted extensively are SPL measurements of crystal habit
and aggregation of ice crystals.

F. Supporting data sets

Surface temperature, pressure, wind velocity and precipitation were
measured continuously at RAD and at other sites with Portable Remote
Observations of the Environment (PROBE) surface weather stations

provided by the Bureau of Reclamation. These data were used to monitor
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surface temperature at RAD to estimate the effects of melting ice
particles and to provide additional information in synoptic and
mesoscale analyses of storm evolution.

Special rawinsondes were launched approximately every 3 h near
Craig, Colorado (CG), 48 km upwind of RAD. Data obtained were used with
the radar data to determine cloud echo top temperature. Synoptic and
supporting data were obtained from standard National Weather Service
products, from special analyses made available through the Bureau of
Reclamation Environmental Data Network and from satellite data provided

by the National Weather Service office in Cheyenne, Wyoming.



CHAPTER III  THE WATER PHASE

This chapter concerns the physical distribution, temporal
variation, microphysical structure and climatological frequency of
supercooled cloud water in cloud systems occurring over the Park Range.
The chapter is divided into four major sections. The radiometric
measurements of the temporal and spatial evolution of the supercooled
cloud water field are discussed in Sec. 1. Sec. 2 concerns the physical
distribution and microphysical structure of the liquid water field based
aircraft and supporting measurements, The results presented in these
two sections are used to construct a physical model of the distribution
and evolution of liquid water in wintertime cloud systems over the Park
Range. This model is discussed in Sec. 3. In Sec. 4, these results are
compared with previous work in other mountain regions.
1. Temporal variations of the supercooled water field

During the COSE program, nine storm systems occurred for which
scanning radiometer and other supporting data sets were available.
These storms occurred in pre-frontal and post-frontal enviromments and
involved cloud systems that included convective bands, embedded cellular
convection, widespread stratiform cloud systems and clouds formed by
orographic lifting. For presentation as case studies, these storms are
divided into three broad categories: storms occurring in the pre-frontal
environment or during frontal passage, storms occurring in the post-
frontal enviromment, and orographic storm systems. Section (1) includes

the pre-frontal and frontal systems. The first case documents the
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passage of a strong convective region. The second case involves a cloud
system which developed in the warm sector and involved the passage of
two predominantly stable deep cloud regions. The third case occurred
during a cold frontal passage. Section (2) includes storms which
occurred in a post-frontal environment. In the first case, the storm
consisted of widespread clouds with weak mid-level embedded convection.
The second case study cccurred during the decaying stages of a storm
system. During the period a cap cloud with numerous embedded convective
cells was present along the Park Range. The third case also involves a
cap cloud, but with much greater stability. In Sec. (3), the three case
studies presented are clouds formed primarily by orographic lifting.
These clouds occurred when a strong cross—barrier pressure gradient was
present and middle and low level moist air simultaneously advected into
the Park Range region from the west.

A, Case studies

(1) Pre—frontal and frontal cloud systems

a. Case study: 22 January 1982

Synoptic scale and local weather conditions

The evolution of the liquid water field during the passage of a
deep convective cloud system on 22 Jan 82 is discussed in this case
study. The highest liquid water contents are shown to be associated
with the leading edge of this convective system and to decrease
substantially following the onset of precipitation. The study
concentrates on the period from 0030 to 0330 (all times GMT) at the
onset of the storm.

On 22 Jan 82, three distinet airmasses were present over the

western United States (Fig. 13). A cold, continental polar airmass
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covered most of the northern plain states east of the Continental
Divide. The frontal boundary separating this polar air from the warmer
airmass to the south had entered eastern Colorado at 0000. To the west,
a maritime polar airmass advected eastward associated with a deep trough
system. The 85 kPa front associated with this airmass extended
southeast from a low pressure center located in northern Utsh. At 0000,
this front had not yet entered northern Colorado. At mid-levels, a
tongue of moisture was evident within the warm air along this front.
This moist region is evident on the 70 kPa chart for 0000, shown on Fig.
14. To the west, east of the Sierra Mountains, the airmass was moist.
In the vieinity of the front, the moist tongue extended to the 50 kPa
level.

The extent of this cloud system was evident on satellite
photographs of the storm system. On these photographs, a wide cloud
region with cloud top temperatures near -40°¢ was observed ahead of and
over the meritime front. The cloud system extended from New Mexico
northward over the polar air in Wyoming, covering the Park Range region.
Visual observations at the surface in Steamboat Springs indicated that
the leading edge of this cloud system was a shallow mid-level non-
precipitating stratus with a base near 4400 m. This stratus deck
preceded a region of convective precipitation.

During the period prior to frontal passage (0700), a potentially
unstable region was present over an 8 kPa depth centered on the 70 kPa
surface (Fig. 15). The equilibrium level for an air parcel originating
within this layer was near —40°C, corresponding well to the cloud top

observed by the satellite and the radar.
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During the pre—frontal period, winds were westerly to southwesterly at
low levels, backing to northwesterly after frontal passage. Two periods
of heavy (> 1.0 mm/h) precipitation occurred in association with the
passage of this cloud system, the first at the leading edge of the deep
convection and the second in association with the frontal passage.
Scanning radiometric data was available throughout the first heavy
precipitation event.

Storm evolution and supercooled water distribution

The time evolution of. the supercooled water field, precipitation
intensity, and rime characteristics of crystals collected at RAD, rime
characteristics of crystals at SPL, radar cloud top and maximum
reflectivity, and surface temperature at RAD during the passage of the
first convective region are shown in Fig. 16.

Radiometric data collected during the period prior to the passage
of the convective band indicated that the mid-level stratiform cloud
system preceding the convection contained almost no supercooled cloud
water. Weak radar reflectivities during this time indicated that the
cloud was composed of ice crystals that were too small to precipitate.
No significant orographic enhancement of the cloud water field was
evident in the radiometric data, with the possible exception of the
period between 0030 and 0045. The lack of orographic erhancement is
consistent with observations of boundary layer and mid-level winds,
which had weak cross-barrier components in the vicinity of the range.

The approaching convective region was observed initially by the
radiometer west of RAD. At this time, the cells within the beam path
contained small but significant quantities of supercooled water. As the

band approached the barrier, strong orographic enhancement of the
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vertical motion within the cells resulted in significant increases in
observed cloud water contents along and over the barrier. Twenty
minutes elapsed between the arrival of the leading edge of the band and
the onset of precipitation at SPL and RAD. These observations suggest
that the developing convective cells in the vicinity of the ridge were
initially compcsed predominantly of superccoled water.

As cells within the band moved toward the barrier and developed, a
continuous conversion of cloud water to the ice phase ensued. This is
most evident from the radar reflectivity return, which continually
increased between the arrival of the convective region and the onset of
precipitation. Once the ice rhase was established, rapid depletion of
the cloud liquid water occurred, primarily through accretion processes,
as shown by the rime characteristics of the ice crystals at SPL and the
rapid disappearance of the liquid water throughout the cloud as measured
by the radicmeter.

Crystals observed at RAD during the passage of the band were
unrimed or lightly rimed. Simple trajectory considerations show that
these c¢rystals would have originated well upwind of the majer
concentration of supercooled cloud water indicated by the radiometer.
Radiometric observations showed that only small amounts of cloud water
were present west of RAD, upwind of the barrier, and that most of the
cloud water was present in cells along and over the barrier slopes. For
these reasons, crystals arriving at RKAD would be expected to interact
only minimally in accretion processes.

The radiometric distribution of liquid water during band passage
reached a maximum at an azimuth angle of 850, almost directly over the

windward slopes of the range. At 0230 at SPL, heavy precipitation began
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to fall consisting of show pellets and graupel. As the convective cells
evolved, the observed radiometric liquid water content in the cloud
system decreased substantially in the clouds cover the barrier.
Correspondirg decreases in the amount of rime visible on collected
crystals were also observed at SPL, although moderate snowfall continued
throughout the period. By 0330, no riming was apparent on the crystals
collected at SPL. Radiometric observations at this time indicated that
the supercooled cloud water within the cloud system had been largely
depleted.

The convective band was very efficient at converting liquid water
initially precduced in its development stages to the ice phase. Ice
particles initially produced in this system rapidly removed the liquid
water present through accretion processes and later depleted available
condensate by sustained diffusional growth.

b. Case study: 135 December 1981

Synoptic scale and local weather conditions

The cloud system of 15 Dec &1 evolved through several distinct
stages, each exhibiting significant variations in the cloud liquid water
distribution. The variations were associated with the onset and passage
of two deep cloud systems. The passage of these deep clouds was marked
by significant increases in precipitation intensity and decreases in
liquid water content. The first deep cloud region arrived at RAD at
1450, remaining over the site for approximately 1 hr.

The 15 Dec 81 cloud system occurred while the Park Range region was
in the warm sector of a cyclonic storm system located over the western
United States. Three airmasses were present, a maritime polar airmass

over the west coast, a continental polar zirmass over the northern
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plains to the east and a medified maritime airmass over the southwest
(Fig. 17). The 85 kPa cold front marking the boundary of the maritime
airmass was well west of the Park Range region and did not directly
effect Park Range precipitation during the case study. The second
front, the boundary of the continental peclar air, was confined to the
plains east of the Continental Divide.

Aloft, a wide region of moisture was present west of the
Continental Divide across Colorado, northern Utah and Nevada and north
into Idaho. This moist region is evident on Fig. 18, the 70 kPa chart
for 1200. This moist region extended to the 50 kPa level. During the
six hours between 1200 and 1800, the 50 and 70 kPa temperature at CG
changed less than O.SOC. The storm during this pericd was confined to
the warm airmass.

Unlike the previous study, no low-level instability was present
(Fig. 19). Prior to about 1700, regions of potential instability were
confined to levels of the atmosphere colder than -25°C (45 kPa). Before
about 1700, clouds with tops warmer than —25°C were stzble. Bowever,
cloud regions reaching the -259¢ level, particularly later in the sterm
near 1500, had the potentizl to develop into deeper systems through
convective motions within the upper levels. After 1700, potentially
unstable layers developed in the middle troposphere and the potential
for convection increased, Throughout the storm, the low levels of the
atmosphere below 50 kPa remained very moist. Winds veered with height
up to 55 kPa, having a strong westerly component. Cross-barrier wind
speeds throughout the period were near 16 m/s. No significant

variations in temperature were observed at any level.
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Storm evolution and supercooled water distribution

The time evolution of the supercooled liguid water distribution,
precipitation characteristics at SPL and RAD, liquid water contents at
SPL, radar characteristics and temperature at RAD are shown on Figs. 20
and 21. During the early stage of this storm, from 1310 to 1450, a
stratiform cloud system with tops at 5000 m (—16°C) was present over the
Park Range region. Precipitation from this storm fell steadily at a
rate of 1 mm/hr at KAD. During this period, radiometric measurements of
the cloud water field indicated that cloud liquid water was present
throughout the cloud system, but was concentrated over the Park Range,
particularly over the mountains southeast of RAD. Simultaneous
measurements of rime intensity at SPL and RAD supported the radiometric
measurements. At RAD, crystals were observed primarily in the R3, R2,
and NR categories, indicating that significant accretion of superccoled
cloud droplets occurred in clouds upstream of EAD. Nearly all crystals
collected at SPL during the period were moderately rimed. The absence
of unrimed crystals at this site provicdes strong support for the
radiometric measurements of increased liquid water ccntent cver the Park
Range. During the early stage of this storm, mountaintop observations
of supercooled water gradually increased from 0.02 gm~3 to 0.10 gm—s,
paralleling the increases in supercooled water observed by the
radiometer in the vicinity of the barrier.

With the onset of the first deep cloud region, cloud tops rapidly
increased to 7000-2000 m (-30° to -35°C). Radiometric liquid water
content rapidly decreased throughout the cloud system during this stage
of the storm. Prior to the onset of the deep cloud system, crystals

observed at SPL were all heavily rimed, but as the deep cloud became
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established in the area, the amount of rime decreased substantially.
During this time, precipitation rates increased considerably at RAD and
SPL.

Within 40 minutes after the onset of the deep cloud, all crystals
observed at SPL were unrimed. Some crystals collected at RAD were
aggregated. These particles were mainly small aggregates of cold
temperature crystals and a few dendritic aggregates. Many of the
aggregates continued to be lightly rimed, although a few crystals
continued to be rimed more heavily. Liquid water contents at the surface
at SPL during the passage of the band reduced to 0.05 gm—s.

These observations all suggest that the liquid water remaining in
the cloud during the deep cloud period was largely confined to the lower
levels of the cloud system below SPL and was distributed uniformly in
the horizontal throughout the cloud system. The rapid decrease in
liquid water throughout the cloud system and the rapid increase in
precipitation intensity and depth of the cloud all suggest that
additional nucleation of significant numbers of ice crystals and/or ice
crystal production through ice multiplication processes was occurring.
The significant numbers of ice crystals effectively removed the liquid
water remaining in the cloud system by diffusional growth and accretion
processes.

Data collection with the radiometer was interrupted at 1558 and
resumed at 1633. During this period, cloud tops gradually returned to
5000 m. When the radiometer was reactivated, the liquid water
distribution resumed a pattern similar to that observed during the
earlier shallow cloud period. The highest liquid water contents were

observed over the mountains just northeast of the radiometer. Heavily
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rimed crystals were again consistently observed at SPL; unrimed crystals
were observed at RAD.

The second deep cloud region moved over the radiometer site at
1700. From this time until 1740, cloud tops gradually increased,
reaching 8000 m. At 1746, the cloud deck split, and the portion above
5000 m dissipated. Prior to the split, liquid water contents thkroughout
the cloud system again decreased. Crystals and aggregates at RAD were
mostly lightly rimed during this period. At SPL some crystals continued
to be heavily rimed, but the intensity of the rime decreased.with time.
Liquid water ccntents observed at SPL were quite low during this period.
These observations again suggest that enhancement of accretion processes
by aggregate and single collectors was significant in the lower regions
of the cloud during the onset of the deep cloud region.

When the cloud deck split and the upper deck dissipated, an
immediate increase in the liquid water field occurred in all quadrants,
particularly over the barrier. Precipitation during this period at RAD
consisted of snow pellets and unrimed needles. At SPL, precipitation
was similar in character with sncw pellets and needles predominating.
The liquid water field reached a2 maximun at 1840, then began to decrease
in all directions as a third heavily precipitating cloud system moved
into the region,

The radiometric liquid water contents measured during the period
after the upper cloud deck dissipated were the highest measured during
the field experiment and probably were complicated by melting occurring
as the crystals fell through the boundary layer. The surface
temperature during this period was between 1°¢c and 2°c, so at least

initial melting of some ice crystal surfaces was likely. However, rime
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observations at both sites indicate that a substantial amount of this
water existed in the supercooled state.

The evolution of the cloud liquid water in this cloud system was
such that the shallow portions of the cloud system with warm cloud top
temperatures and low precipitation rates consistently had the highest
liquid water contents. The deep cloud regions with cold cloud tops had
lower liquid water ccntents. The decrease in liquid water during
passage of the deep clouds was accompanied by an increase in the
precipitation rate, indicating that the production of cloud ice
particles was significantly enhanced during these periods.

c. Case study: 30 December 81

Synoptic scale and local weather conditions

Major synoptic scale weather features at the surface and 506 kPa for
30 Dec 81 are shown on Fig. 22, The radiometer operated in the scan
mode from 2200 on 30 Dec &1 tc 0100 on 31 Dec 81.

At 1200 on 30 Dec 81, a low pressure system was centered in eastern
Wyoming. From this low, a cold front extended westward into southern
Idaho, then southwest into central California. In the warm sector of
this storm zhead of the cold front, strcng mid-level winds, in
association with the moderately moist airmass, produced a widespread
stratiform cloud system over the northern Colorado Rockies. 70 kPa wind
speeds were 15-18 m/s.

During the early portion of the study period between 1900 and 2210,
the study area was in the warm sector of the storm. Light and sporadic
precipitation occurred until 2100 in the lower elevations associated
with weak embedded convective elements in the cloud system. Light to

moderate snow fell at higher elevations. By 2100, all snowfall had
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Fig. 22. Synoptic scale weather features for the 30-31 December 1981
storm system.
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stopped at both low and high elevation observation stations although
cloud cover remained over the region. At and behind the surface frontal
boundary, a wide band of convective precipitation developed. Heavy
precipitation continued through the remainder of the study period.

Storm evolution and supercooled water distribution

The cloud systems occurring near frontal passage during the 3€ Dec
81 storm system were predominantly ccnvective and were characterized by
considerably greater cellular structure than in the previous two cases.
These cells were emergent from a stratiform layer having a top around
4500 m (-15°C).

For an hour before frontal passage, snow fell in showers at higher
elevations from cells that developed upwind of the range near RAD and
moved over the ridge. No precipitation was observed at lower elevations
during this period. At the time of frontal passage, considerable
convective activity developed throughout the region, heavy precipitation
began falling at all observation sites, and winds increased
substantially at all elevations.

The storm system was organized into twe bands of heavy
precipitation. Each band tcok about 1.5 hr to pass through the Park
Range region. DBetween bands, a low level stratiform cloud continued to
produce precipitation at significantly lower rates. Vertical profiles
of equivalent potential temperature from rawinsondes launched at CG are
shown on Fig. 23. These rawinscndes were launched at 210, just prior
tc frontal passage, and 0000 (31 Dec), after the front had passed.

Before frontal passage, two potentially unstable layers were
present, the first extending from the surface (1886 m) to 2355 m and the

second from 4418 m to 6418 m. At 0000, potentially unstable layers were
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present between the surface and 2430 m and between 4127 and 6569 m. The
primary difference between these soundings was the presence of the
stable layer at 0000 between 3040 and 4127 m associated with the cold
frontal surface. The potential instability of the later sounding was
also somewhat greater because of cold air advection aloft. The two
precipitation bands present after frontal passage developed in response
to lifting along the cold frontal surface and subsequent release of the
potential instability in the middle troposphere.

The time evolution of the supercooled liquid water field prior to,
during and following frontal passage is shown on Fig. 24. Data sets
available for the period are included on the figure. SPL did not
operate during this storm period. During the time prior to frontal
passage, a stratiform cloud deck with considerable cellular convection
was present over the area. No precipitation fell in the valley.
Occasional snow pellet showers were reported by an observer near SPL.
During this time, considerable liquid water was centered primarily over
the ridge. The majority of the liquid water was concentrated over the
windward slopes with concentrations decreasing to the west away from the
primary 1lift zone. An exception was a strong concentration of water
southwest of the site. This loecalized zone of liquid water to the
southwest was probably associated with a region of developing
convection. The large concentration of liquid water over the slopes was
most likely associated with a stratiform deck over the Park Range that
was produced by more uniform lifting as air was forced over the barrier.

The arrival of the frontal zone and the onset of the first period
of convective precipitation at about 2300 was marked by a rapid increase

in the snowfall rate at RAD and a simultaneous decrease in the liquid
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water content of the cloud system, particularly in the vicinity of the
barrier. Although substantial decreases were observed, liquid water was
present throughout the cloud system during the convective period.

Values of integrated liquid water were generally about 0.4 mm upstream
of RAD throughout the period. Snowfall during the convective periods
consisted primarily of aggregates. These flakes were composed mostly of
rimed crystals. Often the rime was of moderate intensity. Some snow
pellets were observed. These observations indicate that the passage of
the band of convective precipitation resulted in a substantial decrease
in the total liquid water present in the system associated with the
orographic component of the vertical motion, although some liquid water
remained in the system associated with the wide area lifting above the
frontal surface and with developing cellular convection. Water removal
in this system was primarily through accretion processes.

The passage of the first band occurred at 0000. The cloud system
following band passage was largely stratiform with a top around 4200 m
(—1500). During this period, the cloud system returned to a liquid
water configuration similar to that observed prior to the arrival of the
first band; high liquid water concentrations were centered over the
barrier. Liquid water continued to be present in the cloud system
upstream of RAD, but in much smaller quantities than were observed over
the ridge. Snowfall continued to be aggregated with considerable rime.

The second band arrived at 0030. As precipitation rates increased,
a simultaneous decrease in liquid water conteht over the barrier
occurred, similar to what was observed with the first band.
Precipitation again consisted largely of aggregates with varying degrees

of rime accumulation. Some snow pellets were occasionally observed, but
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precipitation was predominantly aggregated crystals. These observations
support the earlier conclusion that the ice phase processes associated
with a well developed cloud system with embedded convective activity
substantially reduce the total liquid water content of the cloud system.

(2) Post—frontal cloud systems

a. Case study: 21 December 1981

Synoptic scale and local weather conditions

The 21 Dec &1 case study concerns the evolution of the liquid water
field during a post-frontal cloud system where low-level convective
instability was present. This study concentrates on the three hour
period from 1320 to 1620, several hours after frontal passage. The
front, shown on Fig. 25, marked the boundary between a very warm airmass
to the south and modified polar air to the north. Frontal passage
occurred at approximately 0600 in the study area. Air in the vicinity
and north of the frontal surface was moist at mid-levels (Fig. 26). The
moisture extended to the 45 kPa surface.

The frontal surface is evident on Fig. 27, a time-height cross
section. After frontal passage, a region of potential instability
developed below the frontal surface. Low-level convection may have
occurred in the cloud system below the stable frontal layer during this
period. The equilibrium level for convective cells originating in this
layer was near —12°C, so all convection occurring would have been
embedded rather than emergent. During the period, winds were
northwesterly at low levels, backing to westerly above the stable layer.
The magnitude of the cross-barrier wind speed decreased from 15.5 m/s at
0900 to 8 m/s at 1200 and increased again to 11 m/s at 1500. Cold

advection occurred throughout the period.
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21 DEC 8! 1200 GMT
85 kPa

Fig. 25. 85 kPa chart for the 21 December 81 storm at 1200 GMT.
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2! DEC 8l 1200 GMT 70 kPa

Fig. 26. 70 kPa chart for the 21 December 81 storm at 1200 GMT.
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Storm evolution and supercooled ligquid water distribution

The time evolution of the supercooled water field and all
associated parameters are shown in Fig. 28. During the observation
period, liquid water was present throughout the cloud system, but
concentrated over the range. Maximum values of liquid water were
consistently at an azimuth angle of approximately 900, directly over the
windward slopes. Before the decrease in precipitation rate, crystals
were dendritic with many aggregates at RAD. Both single crystals and
aggregates generally were lightly rimed. Crystals at SPL were more
heavily rimed. These observations support the radiometric measurements
of high liquid water contents in the vicinity of the barrier.

After the decrease in precipitation rate at RAD, water contents
increased in the vicinity of the mountain. No substantial change
occurred upstream of RAD. The increase in liquid water near the
mountain was accompanied by an increase in the amount of riming on
erystals collected at SPL. During this period, the laboratory was
enveloped in a liquid cloud with liquid water content of 0.10 gm_s. At
RAD, crystals continued to be lightly rimed.

From 1430 to 1630, the character of the precipitation at SPL and at
RAD was similar. Observations at both locations consisted primarily of
heavily rimed crystals and unrimed needles. The needles observed may
have resulted from secondary ice multiplication production (Eallett and
Mossop, 1974) occurring in the cloud just upstream of SPL (see Chap. 4).
These needles, forming near SPL, had little time to grow by accretion
before impacting on the barrier. For this reason, these crystals were

generally unrimed. During the entire period, SPL continued to be
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enveloped in a liquid cloud. The liquid water decreased slowly with
time between 1430 and 1630 from a maximum value of 2.50 mm to 1.25 mm.

The production of liquid water in the 21 Dec 81 cloud system may be
attributed to twc mechanisms. It is clear in this case that a strong
orographic effect occurred. Liquid water values were generally 3 to §
times higher over the ridge than those measured upstream. Convective
motions in the low levels may also have contributed to the overall water
production. This is particularly true between 1400 and 1600 when the
potential instability maxima occurred. If convective motions did
contribute to an enhancement of the liquid water field, the enhancement
probably occurred near the ridgeline, based on the steady nature of the
liquid water field upstream of RAD.

An increase of 0.75 mm in the liquid water over the ridgeline
occurred following the reduction in precipitation rate at RAD. No
significant change in echo top height occurred in association with this
change. At least three mechanisms are possible to explain this observed
change: (1) enhanced moisture advection into the radiometric scan volume
may have occurred. It is unlikely that the increase in liquid water was
due to advection because the increase corresponded to a general decrease
in relative humidity measured by the CG rawinsondes and a decrease in
the magnitude of the cross—barrier wind speed at 70 kPa. (2) Convective
motions in the vicinity of the ridgeline contributed to the liquid water
enhancement. The increase in liquid water corresponds closely to the
period of maximum potential instability. The correspondence between
these two parameters suggests that low level convection was responsible
for at least part of the observed increase. (3) Ice particle growth

processes were less efficient in the cloud during this period



95

contributing to an increase in the liquid water production rate. This
possibility is supported by the decrease in precipitation rate at RAD.
Such a decrease may reflect a decrease in crystal concentration and/or
crystal size in the clouds upstream of RAD.. If such a change did occur,
the effect would be to reduce the rate at which available condensate was
converted to the ice phase.

b. Case study: 13 December 1981

Synoptic scale and local weather conditions

Figure 29 shows the evolution of the large scale weather features
at the surface and at 50 kPa on 13 Dec 81. The radiometer operated in
the scan mode between the hours of 1700 and 20060 during the storm.

At 0000 on 13 Dec 81 a stationary front extended from a low near
Laramie, Wyoming, west to northern California where it intersected an
approaching Pacific frontal system. By 0600, a low centered in eastern
Nevada had developed along the Pacific front. The stationary front
extended between this low and the low in eastern Wyoming. As the
western front and the associated low progressed southeast across Utah,
the stationary front became a cold front and began to move across
northwest Colorade. A band of stratiform clouds about 206 km wide
develcped ahead of this front. Between 1300 and 1500, this band of
clouds passed through the study area and produced heavy precipitation.
The frontal passage occurred at 1430. Aloft at 1200, 2 fast-moving
short wave with significant cold core temperatures approached the study
area from the northwest. As the short wave passed, the temperature at
the 50 kPa level dropped 6OC over northern Colorado. This short wave,
combined with predominantly westerly, moist mid—-level flow behind the

front, led to the development of isolated convective cells along the
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ridges. These cells were mostly embedded in a cap cloud which extended
west of the ridge about 10-15 km. The average top of this cloud in the
vicinity of the vertically pointing radar was 6000 m. The radiometer
scans were conducted during the period wbhen the cap cloud was present
and initial cellular convection was beginning to develop.

Storm evolution and supercooled water distribution

The storm system of 13 Dec 81 evolved through three distinct
stages, each characterized by different regimes of cloud development.
During the initial stage, precipitation was produced from a stratiform
cloud band which developed ahead of and parallel to the approaching cold
front. This cloud system developed in mid-level southwest flow, had a
width of about 200 km, and produced steady, moderate to heavy
precipitation. Frontal passage marked the transition to the second
stage of development. With frontal passage, mid-level winds shifted to
westerly and increased in speed. The cloud system from this time onward
was maintained primarily by orographic forcing. The clouds during this
period were stably stratified. Between 1430 and 1800, the moisture flux
from the west steadily decreased; the decrease was accomparied by a
decrease in the extent of the cloud system and in the precipitation rate
at RAD. Precipitation continued to be heavy at SPL due to strong
orographic lifting of the airstream near the ridge. During this period,
the atmosphere continually destabilized because of cold air advection
aloft., By 1800, convective cells began to develop along the ridges.
Precipitation during this latter stage of storm development was
primarily produced by orographic forcing, but enhanced in the vicinity
of localized convection. The period of radiometric observations covers

the latter part of the second stage of storm development and 2 hr during
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the convective period. Figure 30, the vertical profile of equivalent
potential temperature from rawinsondes launched at 1500 and 18C0 at CG,
shows the rapid decrease in atmospheric stability associated with the
approach of the cold core of the short wave trough, At 1500, no
potentially unstable léyers were present on the sounding. A neutral
layer extended from 5537 m to 6884 m. By 1800, the entire troposphere
over the study area had ccoled considerably. A potentially unstable
layer extended from the surface (1886 m) to 3064 m. Above this layer, a
neutral layer extended to 4483 m. Cloud tops were observed to extend to
approximately 6000 m.

The time evolution of the supercooled cloud water field and
associated parameters are displayed on Fig. 31. Observations of the
rime characteristics of crystals at SPL were not made during this storm
period. During the latter part of the second stage of this storm, prior
to the development of cellular convection, precipitation rates at RAD
were approximately 0.4 mm/hr and no rime was observed on any of the
erystals. During this period, liquid water was distributed throughout
the cloud system with only slight increases in the vicinity of the
barrier. With the decline in precipitation intensity, liquid water
contents in the viecinity of the Park Range began to increase
substantially. At the beginning of this period, Rotorod measurements
of liquid water at SPL confirmed the presence of a liquid cloud in the
vicinity of the barrier; the liquic¢ water content was about 0.20 gmﬁs.
Within an hour, this value increased to 0.40 gm_3. Simultaneous
measurements with the radiometer indicated that these increases were
localized over the ridge, but did not extend far upstream. This was

also evident from the crystals that fell at RAD. These crystals
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originated well upstream of the mountain and were unrimed throughout the
period. It is likely that during the latter stage of storm development,
part of the enhanced liquid water field over the barrier was due to
liquid water production in convective cells. However, the persistence
of the liquid water over the barrier for such a long period suggests
that orographic forcing was the dominant mechanism sustaining the liquid
water field.

The local effect of convective cells is evident in the crystal
observations at 1935 at RAD. Crystals originating in localized
convection in the viecinity of EAD fell at the site for 15 min. During
this period, precipitation initially contained snow pellets. Unrimed
crystals, presumably originating near the upwind locations of the
stratiform cap cloud, also fell at RAD during this same period.

Although precipitation from the cell fell at RAD, the cell did not move
directly over the vertically pointing radar.

The concentration of liquid water in the cloud system reached a
maximum just before 1900 and then began dissipating. Rotorod
measurements of liquid water also decreased during the period to 0.16
gm_s. During this period, the extent of the cap cloud decreased, mid-
level wind speeds declined and the system continued to slowly dissipate.
Light snowfall continued until 2125 at RAD, occasionally containing snow
pellets associated with cellular convection.

c. Case study: 27 January 1982

Synoptic scale and local weather conditions

Large scale weather features over the western United States at the
surface and at the 70 kPa level are shown on Fig. 32. The radiometer

performed azimuth scans between 1500 and 1800.
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AT 1000 on 27 Jan 82, a strong cold front moved through the study
area in northwest Colorado. From the time of surface frontal passage
until 1530, precipitation fell continuously throughout the Park Range
region. This precipitation was associated with an area of cloudiness
which extended approximately 300 km northwest of the surface front. At
1530, the western edge of this cloud mass passed over the region and the
clouds over the valleys rapidly dissipated. After 1530, strong mid-
level winds maintained cap clouds over the higher elevations. The cap
clouds persisted until well after 1200 and frequently contained shallow
convective elements. The extent of the cap cloud cover decreased during
the afternoon and skies were clear by 2100.

Storm evolution and supercooled water distribution

The 27 Jan 82 storm system moved rapidly through the Park Range
area, producing about 7 hr of snowfall. Radiometric scans were
performed during the latter dissipating stages of this system. During
this period, a shallow cap cloud was present over the Park Range. The
edge of this cloud extended west of RAD, but the cloud produced no
precipitation at RAD or at other valley observation sites. The cap
cloud contained embedded shallow convective elements which were
primarily along the ridge line.

Figure 33 shows the vertical profile of equivalent potential
temperature from a sounding taken at CG at 1600. Two potentially
unstable layers were present on the sounding, the lowest between the
surface and 2124 m and a second layer between 3208 and 3891 m. The weak
convective instability observed within the cap cloud resulted from
instability release in the mid-level potentially unstable layer. More

important to the production of liquid water in this cloud was the strong
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orographic forcing of the airflow due to exceptionally strong mid-level
winds. The 70 kPa wind speed normal to the barrier from the 1600 CG
sounding was 21.7 m/s. Between 1600 and 1900, the 70 kPa normal wind
speed reduced substantially to 8.5 m/s. During this period, the extent
of the cap cloud over the Park Range decreased. Precipitation at SPL
was light in intensity between 1500 and 1800, gradually decreasing as
the mid-level wind speed declined.

The time evolution of the supercooled water field is shown in Fig.
34 along with associated parameters. Except for a brief time during the
initial part of the scan period, no precipitation occurred at RAD. From
the radicmetric scans, it is evident that virtually all the liquid water
in this cloud system was concentrated over the windward slopes of the
barrier. The liquid water content slowly decreased with time,
indicating that the production of liquid water was primarily due to the
orographic component of the vertical motion. Some contribution to the
liquid water field was probably associated with enhanced liquid water
production in individual convective elements, but the strong association
between the strength of the mid-level winds and the quantity of
superccoled water present in the system indicates that the convective
component of the liquid water production in the cloud was a secondary
effect.

The presence of liquid water in the zone over the windward slopes
was confirmed both by observations of crystals at SPL and by the Rotorod
measurements. During the observation period, the cloud enveloping Storm
Peak had liquid water contents near the surface ranging from 0.25 to
0.32 gm_s. Although only light precipitation fell at SPL, all of the

precipitating crystals were rimed. During the first hour of radiometric
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scans, crystals were heavily rimed. The amount of rime reduced with
time as the cloud system slowly dissipated, but the laboratory remained
in a liquid cloud throughout the period.

(3) Orographic systems

a. Case study: 14 December 81

Synoptic scale and local weather conditions

The evolution of the large scale weather pattern over the western
United States on 14 and 15 Dec 81 at the surface and at 70 kPa is shown
on Fig. 35. Radiometric scans were performed during the period 1800-
2100.

At 1200, a2 low pressure center was located in central Montana with
a front extending southeast through Salt Lake City, Utah, across Nevada
and into central California. This front separated a warm, moist Pacific
airmass to the west from colder continental air to the east and south.
¥Well ahead of the front at mid-levels, in a basically anticyclonic upper
level flow pattern, an area of moist air and clouds approached the study
area. At the same time, a lee side trough was present east of the
Continental Divide. During the 12 hr period between 1200 and 0000, the
lee side trough deepened significantly in response to the southeasterly
movement of the surface low from Montana to western Nebraska, causing an
intensification of the pressure gradient across the mountains and an
enhancement of the mid-level cross-barrier wind velocity. The storm on
14 Dec 81 developed in response to an intensification of the cross-
barrier pressure gradient and a simultaneous influx of mid-level
moisture from the west. The presence of a foehn wall visible from the
lee side of the Park Range and the shallow nature of the cloud system

indicated that the storm during the study period was primarily
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orographically forced., Warm air advection occurred during the study
pericd.
Storm evolution and supercooled water distribution

The cloud system occurring on 14 Dec 81 was shallow, with tops
around 4000 m (—1500). Despite these warm temperatures, considerable
precipitation fell from the cloud system, predominantly as aggregated
crystals. The storm was stably stratified during the observation
period. Figure 36, the vertical profile of equivalent potential
temperature from an 1800 sounding at CG, indicated that one potentially
unstable layer existed between 4097 and 4766 m. For the greater part of
this storm, this layer was located above cloud top and did not
contribute to cloud destabilization. The intensity of the mid- level
winds increased during the period when radiometric scans were conducted.
Winds at the 70 kPa level normal to the barrier measured at CG increased
from 7.2 m/s at 1800 to 15.7 m/s at 2100. This increase was partly
responsible for changes observed in the cloud liquid water distribution.

The time evolution of the superccoled liquid water distribution is
shown in Fig. 37, along with associated measurements from SPL and RAD.
Between 1800 and 2000, liquid water was present throughout the cloud
system, but was concentrated over the mountain crest, particularly to
the southeast. Precipitation, primarily aggregates, fell at moderate
intensity at RAD. During this time, single crystals collected at RAD
had no observable rime accumulation, but some of the crystals clustered
in aggregates were lightly rimed. At SPL, the mountain crest was

enveloped in cloud with liquid water contents ranging from 0.16 to 0.24

~

gm . Aggregated snowfall was also predominant at this location, but
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approximately half of both the single and aggregated crystals observed
at this site were lightly to moderately rimed.

A change in the character of the precipitation at RAD cccurred at
2030. Just before this time, liquid water contents increased
significantly upstream of RAD. This increase in liquid water was
accompanied by a decrease in snowfall intensity. By 2030, the
predominant precipitation growth mechanism for crystals arriving at RAD
had changed from aggregation to accretion, although many of the crystals
were only lightly rimed. Liquid water contents also increased in the
vicinity of the barrier during this period. Crystsals continued to be
lightly to moderately rimed and mostly aggregated at SPL until 2100. AT
2100, as liquid water contents continued to increase, a reduction in
aggregation occurred and all crystals became heavily rimed. No
significant change in the character of cloud top occurred during this
period. The observed increase in mid-level wind speed during this time
may have accounted for the increased liquid water content throughout the
cloud. By changing the total growth time available for cloud particles,
the increase in wind speed may also have at least partially affected the
microphysical growth mechanisms in the cloud; this may partially account
for the observed changes in the intensity and character of the
precipitation.

b. Case study: 16 December 1981

Synoptic scale and local weather conditions

Major synoptic scale weather features at the surface and at 70 kPa
for 16 and 17 Dec 81 are shown in Fig. 38. The radiometer operated in
the scan mocde from 1200 to 1500 during this storm. At 0600 on 16 Dec

81, a strong low pressure system was centered over the plains of
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Fig. 38. Synoptic scale weather features for the 16 December 1981 storm
system.
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northeast Colorado. Extending north and west from this system, a wide
area of cloud cover associated with a large ccclusion produced
widespread precipitation through Wyoming and Montana. As this low
pressure system moved southeast during the day, the southern boundary of
the moisture associated with the occclusion progressed southward into the
Park Range area. Prior to this moisture intrusion, strong mid-level
northwesterly winds produced a small orographic cloud system over the
Park Range. At 1300, the southern end of the moist occluded airmass
entered the area. Until 1400, precipitation from the system fell only
on the mountain. From 1400 through 0000 on 17 Dec 81, light to moderate
snowfall occurred throughout the Park Range regicn. The orographic
storm system prior to 1400 was forced largely by the strong pressure
gradient present across the mountains. After 1400, precipitation
processes were significantly enhanced by the advection of deeper clouds
and moisture associated with the occluded region into the area. During
the study period, winds progressively weakened.
Storm evolution and supercocoled water distribution

Before the onset of the deeper clouds associated with the
occlusion, the cloud system present over the Park Range region was
orographic in nature. Cloud tops during this period were approximately
3800 m (—14°C), and precipitation fell only at higher elevations. After
the occluded airmass entered the area, cloud tops increased to 5400 m
(—23°C). Within the hour, light precipitation began to fall throughout
the valley.

Unfortunately, local soundings were not available during the
observation period to assess the potential for instability in these

clouds. Qualitative evidence from the vertically pointing radar
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indicated that at least the early portion of this storm was stably
stratified.

The time evolution of the supercooled water distribution is shown
in Fig. 39. Except for one observation near the end of the storm period
at SPL, no microphysical observations were available at the SPL or RAD
sites., Radar characteristics and RAD surface temperature are included
in the figure. During the orographic portion of the storm, liquid water
was distributed throughout the cloud, but strongly concentrated over the
slopes of the barrier. As the cloud from the occluded region advected
into the area, liquid water concentrations throughout the cloud system
dropped substantially. This was first evident upstream of RAD and later
over the mountain. The reduction in liquid water content throughout the
cloud system was most likely associated with more efficient ice crystal
production in the cloud system due to nucleation at colder cloud
temperatures and subsequent removal of the crystals by diffusional
growth and accretion processes. Unfortunately, observaticns of crystal
rime characteristics were not available for this storm.

¢. Case study: 13 January 1982

Synoptic scale and local weather conditions

The nechanism of formation of the 13 Jan 82 cloud system was
typical cf many purely orographic cloud systems occurring over the
northern Colorado Rockies. This type of cloud system often occurs when
a strong high pressure system develops over the Great Basin, a trough of
low pressure is present over the western Great Plains, and the lower
atmosphere north and west of the Colorado Rockies is near saturation.
The combination of the strong cross-—barrier pressure gradient and

sufficient low level moisture lead to a quasi-steady state cloud system
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that exists for many hours. Despite the generally low precipitation
rates asscciated with this type of cloud system, the system often
produces z substantial amount of precipitation because of its duration.

On 13 Jan 82, a rapidly moving trough system had passed through
Colorado and had propagated eastward into Texas. To the west of the
trough, shown on Fig. 40, a strong high pressure system and associated
upper level ridge continued to build over the western United States.
Along the east side of this ridge system, west of the Continental
Divide, a shallow mid-level layer of moisture produced shallow
orographic cloud systems over the mountains of Utzh and northern
Colorado. During the period from 1200 to 0000, the ridge system
continued tc build eastward with warm advection occurring throughout the
depth of the troposphere. DMoist air continued to advect into the Park
Range region from the northwest. During the entire period, a widespread
shallow cloud system was present over the western slopes of the
mountains. Radar cloud tops seldom exceeded 1 km above ridgetop level,
although light to moderate snow fell continuously at both mountain and
valley sites throughout the day.

Figure 41 shows a sounding taken at 2100. The atmosphere was
stable during the period. The upper cloud region was marked by a near
isothermal 5§ kPa deep layer. Two moist layers were identified in the
rawinsonde data. Cloud top of the upper layer was —21.3°C, very close
to that measured with radar and satellite. Despite the shallow nature
of this cloud system, it produced precipitation at RAD at rates varying

from 0.1 to 0.8 mm/h.
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Fig. 41. 2100 GMT sounding for 13 January 82.
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Storm evolution and supercooled water distribution

The time evolution of the superccoled liquid water distribution
during a three hour period from 2030 to 2330 is shown in Fig. 42.
Associated parameters from RAD are also shown. SPL operated on a
limited basis during this storm. Only one observation of crystal rime
characteristics was available during the scan period. Precipitation
rates during the storm varied slowly. Corresponding variations were
observed in the liquid water distribution; liquid water contents
increased in the cloud from 0.25 mm to 1.25 mm as the precipitation rate
decreased from 0.8 to 0.1 mm/h. Precipitation particles were generally
dendritic and lightly aggregated. At the beginning of the radiometric
scans, nearly all the precipitation was unrimed, although a few R3
crystals were occasionally observed. Extremely light rime was also
occasionally observed on crystals collected in aggregates. As
precipitation rates decreased and the cloud water content increased, the
frequency of rime on the aggregates increased. Many R3 crystals were
also observed at RAD after this time. The maximum liquid water contents
occurred at 2235, the time of the lowest precipitation rates. From this
time onward, precipitation rates started to increase and liquid water
contents throughout the cloud system began to decrease siowly.
Throughout most of the period, water contents were slightly larger over
the slopes of the ridge.

The single observation at SPL at 2240 occurred at the time of the
maximum liguid water contents. The observation was taken at a
temperature of ~10°C. Precipitation at this location was moderate to
heavy and consisted of aggregates of unrimed planar crystals. This

limited observation, together with the observations of rime at RAD,
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RAD (TC).
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suggests that the liquid water detected by the radiometer was located in
the low levels of the cloud system between cloud base and ridgetop.

The primary characteristic of the liquid water evolution on 13 Jan
82 was the inverse relationship between precipitation rate and cloud
water content. No significant change in cloud top temperature occurred.
Changes in the cross-barrier wind speed were uncertain because only one
sounding was available. The 70 kPa cross—barrier wind speed at that
time was 9.7 m/s.

The processes in the cloud system which resulted in the observable
changes in liquid water content and precipitation rate are uncertain.
One possible mechanism which would result in such observed behavior is a
decrease in either ice crystal concentrations or growth rates within the
cloud. Such changes could be related to variations in the moisture
supply, ice nuclei concentrations or several other factors.

B. Discussion

(1) Pre-frontal and frontal cloud systems

Pre—frontal cloud systems in the northern Colorado Rockies are
generally characterized by wide area stratiform cloud regions formed
primarily by lifting associated with the Rocky Mountain massif. Regions
of deeper clouds and heavier precipitation are frequently superimposed
on this stratiform cloud system. Many of these regions are observed to
be convective, but some occur in a stably stratified or neutral
atmosphere.

The mesoscale characteristics of the stratiform component of the
pre-frontal cloud system are strongly controlled by the depth of the
moisture in the pre-frontal environment and the strength of the

component of the wind normal to the barrier. In the northern Colorado
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Rocky Mountain region, these parameters are closely associated. Because
the mountains in this region are oriented north-south, winds with a
strong southerly component undergce weak orographic forcing. In
addition, the source of air is much more continental, generally
originating over the southwest desert regions and often crossing several
mountain ranges before arriving in the area. Pre-frontzl mid-level
winds with a strong westerly component undergo stronger orographic
forecing and generally have higher moisture content. The predominant
direction of the flow i1s closely associated with the orientation of the
approaching front. The southwesterly flow situation applies to the case
of 22 Jan 82. The 15 Dec 81 case is an example of more predominant
westerly flow. The pre-frontal environment of the 30 Dec 81 case was
more similar to 22 Jan 82, but not as extreme. The stratiform clouds in
the pre—frontal enviromment for the three cases discussed had tops
around 4000-5000 m and weak reflectivities. With the exception of the
22 Jan 82 case, which had a strong southerly mid-level wind¢ component
prior to the passage of the convective band, precipitation rates were
low in the valley and moderate at high elevations. On 22 Jan 82, the
cloud was non-precipitating prior to band passage.

The convective regions of the pre-frontal enviromnment are sometimes
organized into a banded structure. The duration of these convective
bands is generally about an hour. Two or three of these convective
regions are frequehfly observed prior to frontal passage. In one case,
30 Dec 81, the convective activity was less organized. The convective
components of the pre-frontal cloud systems have higher precipitation

rates at all elevations and stronger radar reflectivities.
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The distribution of supercooled water in the stratiform regions of cloud
systems in the pre—frontal environment is closely related to the
strength of the orographic component of the airflow. In the case of 22
Jan 82, where this component was extremely weak, the shallow stratiform
cloud system contained virtually no supercooled water. In the more
developed cases of 15 Dec 81 and 30 Dec 81, supercooled water was
present throughout the cloud system. Highest values were located over
the windward slopes of the range in the zone of strong orographically
forced vertical motions.

The concentration of liquid water in convective regions in the
pre-frontal environment was observed to be much lower than in the
stratiform cloud regions. Maximum liquid water contents in the
convective regions were observed during the initial stages of
development, but the concentration of liquid water was rapidly depleted
by extremely efficient precipitation growth processes. In general,
within 15-20 minutes after the onset of the convection, liquid water
concentrations reached a minimum. Evidence from rime observations at
SPL and RAD indicated that any supercooled water present in these cloud
systems after the initial period was confined to the lower cloud levels.

The microphysical characteristics of precipitation observed at SPL
and RAD during stratiform and convective storm periods provided
important information concerning the evolution of the precipitation
process during these events. During stratiform periods, cloud particles
arriving at RAD were often lightly rimed. At SPL, the concentration of
rime on the particles was considerably greater. Precipitation rates
were generally low at RAD and moderate at SPL. With the onset of

convective activity, the amount of rime observed on crystals sometimes
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increased initially, but rapidly reduced in intensity and often was
completely eliminated. Precipitation observed during ccnvective periods
was heavy at both sites and consisted initially of rimed and aggregated
particles followed by a decrease in rime.

These observations imply that mic-level stratiform cloud systems
have ice crystal concentrations that are low ernough that the condensate
supply rate in the cloud freguently exceeds the bulk diffusional growth
rate of the ice phase, particularly in the vicinity of the barrier. In
general, the production and growth of water droplets in thig enviromment
is sufficient that accretion processes become important. Ir the case of
mountaintop precipitation, accretion often becomes the dominant growth
process. Sigrificant amounts of liquid water are frequently present at
the barrier crest.

With the onset of convection, liquic¢ water production is initially
enhanced, particularly in the vicinity of the barrier, but rapid
production of ice crystals in the cloud system leads to effective
removal of the water initially by zccretion and leter by diffusional
growth processes. Indications that cloud ice crystal concentraticns are
generally large are the high precipitation rates associated with these
bands and the tendency for aggregation of the falling crystals. After
ccnvective periods, the liguid water distribution was generally observed
to return to a configuration similar to that in the stratiform cloud
system prior tc band passage.

(2) Post—frontal cloud systems

Post-frontal clcoud systems are also characterized by wice area
stratiform cloud regions. These stratiform systems generally have a

much stronger orcgraphic wind component because of consicerably greater
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mid-level wind speeds normal to the barrier. Twe regions of ccnvective
instability were observed in these systems, the first occurring Jjust
after frontal passage and the second during trough passage as the storm
is decaying. The first region of convection associzted with frontal
passage was discussed in the 30 Dec 81 case. The discussions concerning
convection in tne previous secticn all apply to this region. The second
convective period cccurred late in the storm. Convective cells during
this period were discorganized, shallow, snd occurred primarily cver
higher topography.

In general, the stratiform component of the post-frontal cloud
system produced significart amcunts of precipitation at high elevations.
Three factors contributed to this large amount of precipitaticn: (1)
winds in the pcest-frontal airmass had a strong orographic component
forcing additional condensate production in the vicinity of the
mountain; (2) the post-frontal airmass typically has its origins over
the northeast Pacific Ocean and coften contains considerable middle and
low level moisture; (3) probably most important, these cloud systems
often exist for long durations. The horizontal extent of the cloud
varies with the moisture supply, generally decreasing with time, but a
cap cloud extending 15-20Q km upstream can cften survive for 24-3€ hr.
This cloud makes little contribution to the total snowfall at low
elevations, but can contribute substantisally to the snowfell at higher
elevaticns.

The distribtution of the supercooled liquid water in the stratiform
regions of the post—frontal cloud system is generally well defined and
strongly associated with the orographic compconent of the vertical air

motion. High liquid water concentraticns were found to develop about
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10-15 km upwind of the barrier crest and reach a maximum over the
windward slopes. This is expected since condensate supply rates are
generally highest in this region. The presence of this zone of high
liquid water content was most evident on 27 Jan 82, but also evident on
the other post-frental cases. Ip these cases, lesser amounts of liquid
water were also present upstream.

The initial convective bands asscciated with frontal passage
generally move through the region within an hcur or two. These bands
produce moderate to heavy precipitation at both valley and mountain
sites. Radar evidence from the 30 Dec 831 case indicates that these
bands may be less organized, possessing more cellular structure.
Precipitation intensity and cloud depth during these periods are similar
to the pre-frontal bands described in the previous section. The late
post-frontal pericd is characterized by weak cells extending to about
6000 n. These cells usually cccur in the latest part of the steorm.
Because of their limited duration and spatizl extent, they probably make
a minor contribution to the total snowpack.

The concertration of the cloud water in the convective bands in the
post-frontal regions is complicated somewhat by the intersction of the
convective and crographic componerts of the airflow. The convective
activity generally consisted of deep clouds capable of producing
effective numbers of ice crystals tc zccerete any water droplets
generated by the convective vertical motions. However, steady orographic
production of additional cloud water in the low levels of the cloud may
have occurred cn some occasions. This may be the explenation for the

observed rime collected on aggregates observed at RAD on 3¢ Dec 81. In
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general, however, totazl cloud water concertraticns decrezsed
substantially during pericds of organized ccnvection.

The distribution of superccoled water irn the late post-frontal
convective cells is difficult to ascertain because these cells generally
develop over the ridges in regions cf strong crographic 1lift. With
radiometric data, it is difficult tc separate the contribution of the
convective and the orographic components of the motion. 1In gerneral, the
steady nature of the cloud liquid water field in the vicinity of the
barrier during these periods. indicates that the predominant mechanism
producing the liquid water in these clouds is vertical motion due to
orographic lifting.

The microphysical characteristics of the precipitation cobserved at
SPL and EAD were consistent withk the liquid water measurements. During
stratiform events, generally light rime, no rime or nc precipitation was
observed at RAD, while nrearly zll precipitaztion observed at SPL was
moderately to heavily rimed. During organized convective activity, high
precipitation rates and some aggregation occurred. Some rime was
cbserved at RAD during band passage.

(3) Orographic cloud systems

Orographic systems, as discussed in this paper, are cloud syctems
that cccur cver mountainous regions during reriods when no mzjor
synoptic scale disturbance is directly influencing the region. These
cloud systems typically form when a strong cross—barrier pressure
gradient is present and sufficiently moist air is simultanecusly
advected into the region from the west. The clouds are generally
shallow, stable, and persist for many hours. Despite their shallow

nature, they can produce significant amounts of precipitation at both
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low and high elevations because of continuous production of cloud
condensate for a long period of time.

The distribution of liquid water in these cloud systems was found
to vary considerably from storm to storm. The highest liquid water
contents were generally found over the slopes of the barrier. However,
liquid water was observed t¢ increase uniformly throughout the cloud
syster on 13 Jan 82 and 14 Dec &1 without any =significant changes in the
mesoscale characteristics of the storm systems, except for z reducticn
in precipitaticn rate.

These observations indicate that variations in ice crystal
concentrations in these clouds strongly affect the liquid water
production in the clouds. The causes of these variations are poorly
understood. Recent evidence presented by DeMott et al. (1985) indicates
that enhanced nucleation of ice particles occurs in localized zones of
high supersaturations associated with vertical motions rear cloud top.
Variations in crystal production may in fact be associsted with small
scale changes in the characteristics of cloucd top. Processes associated
with these changes will be discussed irn the following chapter.

2. Physiczl and microphysical structure of the supercooled water field

Five N83TW and three N206D flights occurred during the COSE
programs for which FSSP and supporting data were available. The eight
flights all ocecurred in cloud systems which were stable to neutrally
stratified, cr had only weak low level convective instability. Airborne
data during pericds of strong convective band passage were not cobtained,
primarily due to logistics problems associated with forecasting and
aircraft base location. Two flights occurred in shallcw cloud systems

with tops slightly above the minimum allowable azircraft altitude. The
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cloud top temperature (CTT) in these systems was between -15° and —ZOOC.
Flight tracks in these systems consisted of the lowest horizental leg in
Fig. 5. Five flights occurred in deep cloud systems (CTT < -25°C). One
flight occurred during the transition from a shallow cloud to a deep
cloud. All N306D flights were in deep cloud systems.
A. Liguid water distribution

Supercooled water can be produced locally in cloud systems in
regions where the condensate supply rate exceeds the diffusional growth
rate of ice crystals present in the cloud vclume. In stratified cloud
systems over the Northern Colorado River Basin, three regions of the
cloud exist where this condition is frequently met. Two of these
regions are directly observable with eircraft in the Park Range area.
The third is below the minimum altitude for aircraft flight, but can be
inferred from radiometric measurements, observations of crystal habit at
the surface, and measurements of ice crystal growth rates reported in

the iliterature. These three regions are discussed below.

(1) Cloud top

Three N83TW flights cccurred when shallew cloud systems vere
present over the Park Range. These clouds extended at least 60 knm
upwind of the crest of the range, had cloud tops near the 60 kPa level
(—15°C to —ZOOC) and produced precipitation at RAD and SFL. During
these flights, superccoled liquicé water was consistently cbserved near
cloud top. Liquid water contents generally varied between 0.03 and 0.1C
gm_s but cccasionally exceeded €.30 gm—s. An example of liquic¢ water
measurements near cloud top on 1€ Jan 82 is shown in Fig. 43. Only one
penetration of cloud top cccurred in a deep cloud systew. During this

~

penetration, 0.09 gm_° liquid water was observed at -31°¢.



FSSP LWC

HEIGHT (km) MSL

0.20[
% 0.1%

1

0.05

40r
X

X

30}

1235

=10 km—

Fig. 43.

was -18°¢.

16 JAN 98]

Flight cross-section and liquid water content (LWC) measured

in a shallow storm system on 16 January 1982. The cloud top temperature

T€T



132

The presence of liquic¢ water near cloud top results from an
imbalance between the condensate supply rate and ice crystsl mass growth
rate which is unique to this regicn of the cloud. Observaticns cf ice
crystals near cloud top in the Park Range region have incdicated that
crystal sizes in this region seldor exceed 100 pm. This is not
surprising; ice particles of larger size scon fall deeper into the
cloud. Because of the minimal size of the crystals present in the cloud
volume near the top of the cloud, the mass deposition rate on the
crystals is relatively small.

The water balance near cloud top can be examined quantitatively by
considering the instantaneous condensate suprly rate as a function of
pressure, temperature and vertical velocity and comparing it with the
ice crystal mass growth rates for crystal populations of various mean
size and concentration. Condensate supply rates were calculated using

the pseudoadiabatic thermodynamic erergy equation,
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Here Cp is the specific heat of dry air at constart pressure, Rd is the

gas constart for dry air, LV is the latent heat of vaporization, rvs is
the saturation mixing ratic , P is pressure, T is temperature, pV is
vapoer density, r; is the moist adiesbatic lepse rate, p is air density, w
is vertical velocity and g is gravity.

Ice crystal growth rates were calculated using the equation

presented by Pruppacher and Klett (1978, p.448) with the ventilation

factor equal to unity and the capacitance factor either that of a small
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plate (for temperatures warmer than —2200) or that for a cciumrar
crystal.

Figure 44 summarizes the results of these calculations. Four
diagrams are shown in the figure. Figure 44a represents conditions
characteristic of an extremely warm cloud top in the Park Kange region
(T = —10°C, P = 65 kPa). Figure 44b shows conditions near cloud tep for
conditions characteristic of the cases presented in this paper (T =
—1500, P = 60C kPa}. Figure 44c illustrates conditions characteristic of
the warmest cloud top temperatures where cclumnar crystals are likely to
be produced and Fig. 444 shows the conditions typical at the tops of
deep, cold cloud systems over the Park Range. All four figures show
instantaneous condensate production rates near cloud top as a function
of cloud top temperature, pressure and vertical velocity. Blso shown are
mass growth rates for several uniform size distributions of ice
particles as a function of crystal concentration. In these diagrems,
production of the liquid phase will be maintained in regicns where the
condensate supply rate exceeds the diffusional growth rate of the ice
crystals present in the volune,

Figure 44a shows that liquic water can be prcduced at —IOOC by a
6.1 m s_l updraft if the concentration of ice crystals is less than 50
l—IL near cloud top and the crystals are ro larger than 50 pm. Liquid
vater prcduction will occur at this vertical velccity and temperature if
the crystels are smaller thar 200 pm and do not exceed 12.5 1'1. For
greater updraft speed, a substantizl increase in both crystal
concentratior and size would be necessary to maintain equilibrium. At
-15°% (Fig. 44b), the concentration of ice crystals required to remcve

the water mass produced by vertical motion rnear cloud top iz somewhat
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reduced. Still, 25 pm ice crystals in concentrations of 50 1.—1 are
required to extract the water mass produced by & 0.01 s“1 uparaft. Ice
crystals of 200 um size in a concentraticn of 6 1”1 woulc have the same
effect., For a 6.05 m s.-‘1 updraft, 32 crystels of 200 ur size would be
required. At colder temperatures (Figs. 44c,d), the requirements for ice
crystal concentration and size become less stringent, but the presence
of supercooled water can still occur, at least for scme cloud
conditions.

It is important to note that in complex terrain, updraft velocities
frequently exceed 0.01 m sm1 due to perturbations in the airflow
associated with topographic obstructions. Figure 44 includes
calculations for updraft velocities near clouc¢ top as high as 0.20
s—l. When velocities of this magnitude are considered, liquic water
production can occur over a wide range of ice crystal sizes and
concentrations. It is because of the characteristic small sizes of
crystals populating the cloud top region that these minimal updraft
velocities are capable of generating at least small quantities of
superccoled water. Evidence from the COSE data set indicates that this
superccoled liquid layer can occur even in cold, cdeep systems. On 21
Dec 81, liquid water was observed at cloud top when the cloud top was at

43.5 kPa and the temperature was -31%. In this case, the liquic water

73]

content was 0.09 g m .
Two additional processes operate in the region near cloud top in
wintertime mountain cloud systems which were not considered in these
calculations, but can significantly affect the production of supercooled
water, the evolution of the droplet distribution and the ice nucleation

rate. Cloud top entrainment can modify the droplet distribution
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substantially by causing droplet evaporation in the entrairing regions.
Entrainment can also limit the production of liquid water if the mixing
processes are significant. In most cloud systems over the Fark Range in
wintertime, the upper regions of the cloud are stably stratified and
often capped by an inversion. In thcse cases, the mechanism of
entrainment is most likely esscciated with instability induced by
vertical shear. In this case, entrezirmert regicns would be leocalized
regicns where droplet evaporaticn would occur.

Radiative cocling also has not been considered in the calculations.
This process serves to enhance the production of liquic water near cloud
top. The effects of radiative cooling can be examined qualitatively by
comparing radiative cooling rates near cloud top with the mcist
adiabatic cooling rates. Chen (1984} has considered the radiative
cooling rates asscciated with the tops of the marine stratocumulus layer
with clcud top temperatures near +10°C. Chen found that radiative
cooling rates can exceed 200 OC/day withir a narrow (5 kPa) layer near
cloud top. <Subsequent unpublished work with Chen’s model has indicated
that ccoling rates of this magnitude also ccecur at the top of much
colder cumulcnimbus clouds with top temperatures between -30% and -40°¢C
{Chen, personal communication). The weak dependence of cloud top
temperature on the magnitude of the radiative cooling rates in the Chen
studies suggests tbat the rates found by Chen can be used to estimate
the importance of radiaiive cooling near the tops of Park Range cloud

systems.
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Consider a cloud system with a cloud top temperature of -20°C at a
pressure of 50 kPa. For a moist adiabatic ascent of an air parcel near

cloud top, the cooling rate due to adiabatic expansion is given by

8T _ .
ot = 665.3 w K/day

-

with w (vertical velccity) in ms ©. If one consicers the value of
radiative cooling near cloud top to be c¢f the magnitude of 2C0 OC/day,
as determined by Chen (1984), cooling by adiabatic expansion would
require a 0.3 m/s updraft to equal the radiative ccoling rate near cloud
top. Although these esﬁimates are crude, they point to the importance
of radiative processes in the cloud top region. Clearly, the production
of liquid water near cloud top is strongly reinforced by radiative
cooling. In fact, in many cases, radiative ccoling may be the dominant
terﬁ in the total cooling rate and hence in the liquid water production.
(2) Cloud base

Mean cloud base, as determined by visual observations during
precipitating storms over the Park Range, cccurs between 2006 and 2300 m
below ridgetop. Occasionally cloud base can lower to as much as 500 m
below ridgetop or rise tc about 50-10C i above ridgetop. Cloud base
temperature normally varies between —SGC and —IGOC, although more
extreme values occasionally cccur.

The lower part of the cloud was inaccessible to aircraft during the
COSE programs. The radiometric measurements of ligquid water over the
Park Range presented in the previous section have shown that liquid
water is frequently present in significant quantities in these cloud
systems, particularly when the cloud top temperatures are warm. However,

the location of the liquid water cculd rnot be specified in the vertical.
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Observations of crystal habit and degree of rime at RAD provide evidence
that part of the liquid water present ir the system is located in the
lower cloud layers. Figure 45 summarizes the crystal observetions
collected at RAD during seven storms where the radar cloud top was
warmer than -22°C. This level was chosen to insure that all crystals
forming in the upper part of the cloud would have planar habits. Only
crystals which nucleated and grew at temperatures warmer than about -5
C would acquire columnar characteristics. It can be seen from Fig. 45
that nearly all the crystals falling as precipitation at RAD during
these events originated at temperatures colder than —QOC. Only 1% of
the observations had any crystals with distinet columnar shapes. Inp
nearly all semples, rime accumulation was present cn some of the
crystals. Recause most of the rimed crystals were already well
developed when the rime accumulation occurred, the crystals had to
encounter the liguic¢ water durirg the lower part of their trajectories
through the cloud.

The existence of supercocled water at low cloud levels can be
related tc the growth rates, habits, and concentrations of ice crystals
present in the Park Range cloud systems. Many experiments have been
conducted in laboratories to determine the growth rates for ice crysteals
as a function of temperature (e.g. Ryan et al., 1976). These
experiments have consistently shown that crystal axieal growth rates
exhibit a sharp maxinum slong the plenar, or a-axis at -15°C for planar
crystals and a maximum at -6°¢ along the basal, or c-axis for columnar
crystals. However, little information exists concerning the growth rates
of well developed planar crystals originating at cloud temperatures

between -12°C and -22°C after they fall into the cloud region between
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-9°C and —SOC. From Fig. 45, it is clear that virtually all of the
crystals precipitating from these systems fall intc this category.

Measurements of crystal axis dimensicns by severzl auvthors (Auer
and Vezl, 197C; Ono, 1969, 1970; Kajikawa, 1972; Davis, 1974} have shown
that the thickness and diameter of planar ice crystals possess
characteristic relationships. Since a—axis growth 1s suppressed between
-4°C and -9°C and c—axis development is limited by the crystal structure
of well developed a-axis crystals, it is likely that 2 minimum in the
bulk ice crystal diffusional growth rate exists between -s%¢ and cloud
base in Park Range clcud systems. It is important to note that although
a-axis growth rates increase with decreasing temperature below —9°C,
they do not becone significantly larger until about -12% or -13% (Ryan
et al., 1976). Under some conditions, it may be possible for the lcow
level liquid water region to extend tc such temperatures. An additional
factor contributing to the production of liquid water in the low levels
of the cloud is the larger condensate production rates associated with
the warmer temperatures near cloud base.

The most important contributor te the decrease in liquid water
content assceciated with deep cloud systems with cold cloud teps is the
frequent large concentration of ice particles associated with these
systems. Although direct measurements of ice crystal concentrations in
the lowest cloud levels cecould rot be obtained with zircraft,
measurements of number flux of ice crystals at EAD were routinely mace.
Figure 46 shows the relationship betweer number flux of crystals at RAD
and echo top temperature for sterms cccurring during the 1981-82
experiment. It can be seen from this figure that the presence of deep

clouds with teps colcder than -22°C often resulted in half to an crder of
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nagnitude increase in the number of crystals arriving at the surface.
This large crystal flux has three effects on the liquid water zore near
cloud base: (1) the greater flux of crystals eliminates liquid water
present ir the cloud low levels by accretion; (2) the increase in
crystal concentration increases the bulk ice crystal growth rate
limiting the prcduction of clcud water; and (3) the presence of columnar
crystals originating at higher cloud levels enhances the bulk
diffusional growth rate. These three effects combine tc reduce or
eliminate the low level water zone in deep cloud systems.

(3) Regions of strong orographic foreing

Aircraft observations of liquic water, as well as the radiometric
measurenents, have generally shown that the highest liquid water
contents are located directiy upwind of mountain crests. Liquicd water
conterts were found to vary significantly in this region from storm to
storm. The maximum liquic water content cobserved was ¢.43 gm-3 just
upwind of the Park Range crest. The liquic water content in this region
were generally between 06.05 and €.20 gmms.

The presence of liquic water near the barrier crest results from
high condensate prcduction rates associated with the large verticel
velocities induced by airflow deflection over the steep topography.
Fowever, data presented in the previous secticrn indicate that the
nagnitude of the liquic water content ir this zone is‘modulated by the
net water depletion associated with the accretional and diffusional
growth of crystals passing through the zcone. The number of ice
particles passing through this region is probably small for cleoud top
temperatures warmer than zbout *22°C, based on Fig. 46. BHowever, at

cclder cloud top temperatures, the number flux of particles can
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frequently be large. Under these conditions, removal of liquid by
accretion ard diffusional growth can be significant.

B. Microphysical characteristics

Droplet concentraticns in all cloud systems were very low compared
to those expected for continental cloud systems., On one flight, cloud

~

regions where liquid water contents were measured at €.35-0.40 gmua had
a mean droplet concentration of c¢nly 70.9 cmhs. Table 6a summarizes the
measurements of droplet concentraticn as a function of liquid water
content for all flights. The mean concentration of droplets never
exceeded 300 cm—3 in any liquicd water content category during any of the
flights. Droplet concentrations varied by as much as an crder of
magnituvde in comparable liquid water content categories. In all cases,
the concentration of droplets was found to be a function of liquid water
content. Figure 47 shows the relatiorship between droplet concentration
and liquic water content for the 23 Jan 82 flight. The best fit line
and correlation ccefficient based on a linear regression analysis
between liquic water contert and droplet concentration for each flight
is given in Table 7.

At least four environmental factors contribute to the lcw dreplet
concentrations and variations summarized in Table 6a: (1) During the
winter in the northern Colorade Rockies, stable layers are frequently
present over broad regicns. These stable layers limit the mixing which
occours between boundary layer air and the mid-level cloud layers and
inhibit the rate at which cloud condersation nuclei (CCN) are resupplied
to the cloud system; (2) a large fraction of the land surface in the
area is frequently snow covered during wirter. JSnow cover inhibits

mechanical interaction with the surfsce, reducing the supply of CCN; (3)
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Table 6

Droplet Spectra Characteristics

LNC (gm0)  .01IMC<.05  .05<LWC<.10  .10<LWC<.15 J15<LWC<.20 L 20<LWC<.25  .25<LWC<.30  .30<LWC<.35  .35<LWC<.4D

_a. _Concentration (cm—3)4

23 Jan 82 8.6 + 6.0  22.2 + 9.1 40.0 + 14.9  58.0 + 22.0  77.6 + 34.1 101.3 + 51.6 102.1 + 41.8 70.9 + 6.1
5 Jan 82 20.7 + 12.6 32.2 + 11.0  36.2 + 4.4 _— — — — —
24 Nov 79 45.6 + 21.1  52.0 + 9.8 S4.4 + 7.5 62.7 + 2.5 - - - -
21 Dec 81  51.8 + 17.1 62.1 + 15.1 - — — —_— — .
22 Dec 79 103.8 + 49.0 243.9 + 80.9  263.0 + 48.7 - _— - _— —
16 Jan 82 114.5 + 41.8 131.7 # 33.7  140.9 + 40.0 162.2 + S4.3 242.7 + 10.1 - - -
31 Jan 82 128.0 + 103.4 244.5 + 59.4 - — _— — _— -
26 Nov 79  171.9 + 67.9 - - — — —_— — _

b. Mean Diameter (ym)

23 Jan 82 15.7 + 2.5 16.9 + 1.8 16.8 + 2.1 16.4 + 2.4 16.9 + 2.0 17.2 + 2.2 17.9 + 2.0 20.0 + 0.9
5 Jan 82 9.8 + 3.6 13.7 + 3.0 17.0 + 1.6 - - - - -

24 Nov 79 10.5 + 1.9 12.8 + 1.1 14.9 + 0.6 15.8 + 0.4 —— = . -

21 hece S1 8.7 + 1.4 11.8 + 1.0 -— - - —-_—- — --

22 Dec 79 7.7 + 1.2 8.1+ 0.7 9.1 + 0.6 - - - - -

16 Jan 82 7.8 + 1.4 9.7 + 1.1 11.3 + 1.2 12.3 4+ 1.3 11.5 + 0.3 -- - -

31 Jan 82 8.6 + 4.5 7.8 + 0.5 -- - - - - --

26 Nov 79 5.7 + 0.6 —— - - - -— = -
_¢._ Standard Deviation (um)

23 Jan 82 5.7 + 2.2 6.0 + 1.9 5.5 + 1.9 5.8 + 2.2 4.8+ 2.0 4.0 + 1.5 3.9 + 1.4 5.5+ 0.3
5 Jan 82 5.0 + 1.2 6.0 + 2.3 3.6 4 2.5 - — - - -

24 Nov 79 2.3+ 0.8 3.2 + 0.6 4.3 + 0.7 4.5 + 0.3 - - -— —-—

21 Dec 81 2.7 + 0.8 3.1 +0.8 — — _— - — -

22 Dec 79 1.8 + 0.4 1.8 + 0.3 2 .3 - - - — _

16 Jan 82 1.9 + 0.7 2.3 +0.7 2 + 6 2.6 + 0.4 2.4+ 0.1 - - -—

31 Jan 82 2.9 +1.8 1.8 + 0.2 — -- - -- - ——

26 Nov 79 1.9 + 0.3 - - - - - _— __

WA
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Table 7
Linear Regression Statistics
Droplet Concentration (C) vs. Liquid Water Content (LWC)

C = m(LWC) + b

Date Slope (m) Intercept(b) Correlation

(cm_Bg—lm3) (cm-3) Coefficient
23 Jan 82 344.0 0.0 0.89
5 Jan 82 512.0 3.8 0.69
24 Nov 79 527.6 0.7 0.60
21 Dec 81 1406.0 2.9 0.80
22 Dec 79 2844.6 1.7 0.90
16 Jan 82 1612.9 9.7 0.83
31 Jan 82 4685.1 -6.3 0.80
26 Nov 79 2636.5 -22.0 0.81
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the northern Colorade Recky Mountain region is relatively free of large
anthropogenic sources of CCN. Except for isocolated power plants and
mines, many which do not operate in winter, few significant scurces are
present; (4) scavenging of CCN can cccur ir cloud systems developing
over upwind barriers such as the Wasatch and Uintez Ranges of Utakh. When
these factors are considered, it is not surprising that the
concentration of droplets measured in the clouds is quite low.
Variations in the stability of the airmass, the extent of snow cover and
the predominant wind direction can lead to the variaticns ir droplet
concentration listed in Teble 6a.

Both the ambient concentration of CCN and the highest
supersaturation tc which those CCN are subjected will limit the maximum
concentration of dreplets present in the cloud system. If the flow
through the cloud system is relatively smooth, the maximum
supersaturation will be achieved close to the upwind edge of the cloud
and the droplet concentration will be established at that point. An
excellent example is the data reported by Politovich and Vali (1983) for
the wirter cap clouds which form over Elk Mountain, Wyoming. In that
case, an increase in liquid water content was reflected prirarily as a
change in droplet size, with little effect on the ambient droplet
concentratior. The fact that dreoplet concentraticon is a fupction of
liquic¢ water content in Park Rarnge clcuds indicates that peak
supersaturations are achieved at a number of locations in the cloud at
the leading edge of lceal liquid wafer production zcnes. These zohes
can be associated with gravity waves gererated in the flow by
topographic variations as well as vertical motions generated by

convective or shear instability. In all cloud samples, liquid water
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contents were found to vary significantly over short distances in the
cloud systems.

The mean droplet diameter and standard deviaticn of the droplet
spectra in Park Range cloud systems were sitrongly and inversely related
to the ambient droplet concentration. Mean droplet spectra for four
liquid water content ranges for four flights are shown in Fig. 4&, The
spectra are arranged in the figure sc that the cloud with the highest
droplet concentraticns ie on the left and the lowest cn the right., A
systematic broadening of the spectra is evident as the concerntration of
droplets available to the cloud system decreases. Tables 6b and 6c
summarize the mean droplet diameter and standard deviaticn of thre
droplet spectra as a function of liquid water content for all flights.

In cases where large droplet concentrations were cbserved, the
small mean diameter and nerrow dispersion characteristics limit droplet
size. Flights with low droplet concentrations had significant numbers of
large droplets (> 20pm). Based on these observations, accretion will be
much more effective during storm systems which are naturally deficient
in CCN., During these storms, large droplets with high efficiency for
collection by ice crystals will cause the accreticn process to
accelerate, resulting in & more efficient precipitation process.

3. Comparison with other locztions

Previcus studies on the varisbility of liquicd water ir wintertime
cloud systems over the mountains of the western United States have been
published by Cooper and Marwitz (1%80) for the San Juarn Mcuntains of
Colorado, Heggli et al. (1983) for the Sierra of Califorris, and Hobbs
(1875a) for Washirgton’s Cascades. Eoth the physical distribution and

temporal variations in the ligquid water field were eddressed in these



CONCENTRATION {cm™pm™")

T r]l —T T T T T
500 IHF.‘}] 22 DEC 1979 7]
v |‘
A1 Y.
i
Ly
100} il .
11
L,
1
!
()
i -+
1ot ] A
|
alpF 4
A
0l 11 L i I 1 1 1
O 4 8 12 16 20 24 28 32

DIAMETER (um)

Fig. 48.
four flights during the COSE programs.

CONCENTRATION {em™®peri™)

Mean droplet spectra as a function of liquid water content for
Spectra statistics for all COSE

500

100

Ql

Ol

I~ 16 JAN 1982 7
1
1
----- 1
P
! |
!
!
.
i 4 -
|
|
1
.
||
PR S S il
O 4 8 12 16 20 249 28 32

DIAMETER (um)

flights are given in Table 6.

CONCENTRATION {em™>um™)

500

100

.01

T T v T T T T T

B 24 NOV 1979

't 1 1 1 1 1 1

1
0 4 8 12 16 20
DIAMETER (um)

24 28 32

CONCENTRATION (cm™>um™)

500

100

=)
T

QI

ol

10

A

11

+

T

T

23 JAN (982

— OI<LWC < 05
05 < LWC < .10
, LWC < |5
15 <LWC < 20

4

@ -

1 1 i i 1 1
i2 16 20 24 28 32
DIAMETER (um)

YAl



150

studies. However, because cof the differerce in observaticn technigue,
temporal variations were generally addressed on time scales associated
with the passage of synoptic disturbances. This thesis is the first
effort at documenting liquid water variations on short (30 min) time
scales. Comparisons ccncerning the temporal nature of the liquid water
field are addrecsed here only for synoptic time scales.

Although the San Juan Mountains and the Park Range are both in
Colorado, the storms which affect these two mountain ranges have quite
different synoptic crigin. Thus, Cooper and Marwitz (1980) found that
storms in the San Juan region progress through four stages, a stable
stage followed by neutral, unsteble and dissipative stages. In general,
liquid water conternts were found to increase in the cloud from near zero
values in the stable stage to values between 0.5 to 1.0 gm_3 in the
unstable stage. The increase in liquic¢ weater through these steges was
attributed to increased convective instability and & reduction in
blocked fiow upwind of the mountains., In general, the highest and most
persistent liquid water contents were found in the vicinity of the
mountain slopes.

The pre-frontal stcrms in this thesis differed from the initial
stage of the San Juan studies both in the degree of instability, the
importance of blocked flow and in the magnitude of the liquic water.
Clouds in the pre—~frontal enviromment in the Park Range regiorn were
observed to undergc considerable variaticns in cloud depth, cloud top
temperature, precipitaticn rate and liquid water content. In two cases,
deep convective motions were possible due to the presence of low—level
potentially unstable layers. In the storms studied, winds below barrier

height at CG had westerly components. The 15 Dec 81 storm had some



151

characteristics of the neutral stage in the San Juans. The mest similar
aspect was that the middle troposphere was near neutral throughout a
large depth. However, the 15 Dec €1 storm was observed to undergo
considerable variation in cloud depth during its evolution, a festure
not observed ir the San Juans.

The unsteble storm stage ir the San Juan studies and the post-
frontal storms discussed in this paper exhibited many similar
characteristics. Both sterm types were characterized by low level
peotential instability. Convection was generally confined tco the lower
cloud levels and was embedded rather thar emergent. Cloud tops were
relatively uniform. Liquid water ccntents were highest in the vicinity
of the mountain slopes. The production of liquid water was associested
with both corographic and cenvective vertical motions.

Cne major difference between the San Juan studies and the present
study was that shallow crographic storms were rot observed in the San
Juans. This may be due to a limited sample, or may be a significant
difference in the characteristics of the cloud systems between the two
mountain ranges. The existence or frequency c¢f occurrence of such
storms in the San Juan region has not been clearly established.

Coastal storm systems, such as those described by Heggli et al.
(1983) and Hobbs (1975a), exhibit greater amounts of convectior and
synoptic scale organization than do =torms cver the irntericr mountains
cf Colorade., In addition, the storms are warmer, with scurce air for
the clouds originating over the warm Pacific Ocean at temperatures well
above 6°C. As a result, the evclution of the storms, magnitudes cf the

liquid water contents and temporal variaticns of the liquid water fields
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can be expected tc differ significantly. Scme genersl comparisons are
noted here.

Heggli et 21. (1983) categorized storms of the Sierra Cooperative
Pilot Project (SCPP) using radar classifications and summarized the

{ those

variations in liquid water contert as a function o
classificatiors. Based cn twc years of zircraft data collected during
the various precipitation echo types (PET). these authors concluded that
cellular ccenvective regions had the highest liquid weater contents. High
liquic water contents were also associated with the post 7C kFa trough
environment, with the meximum tending to cccur between 6-10 L after
trough passage.

Comparisons between this study and the present one are complicated
by differences in epproach. The Sierra study used a statistical
approach while the apprcach here has been the case study epproach. In
both cases, it is clear that significant variaticns in the liquid water
content cccurred in association with the passage of mescscale features.
The enhancement of liquid water contents in the vicinity of the mountain
in the unstable post-trough pericd of the Sierran storms corresponds
generally to the post-frontal period of the Fark Range storms.

Hobbs (1975a) found liquid water present in all stages of Cascade
stornm systems, but water conterts were higher during the transitional
and post-frontal pericds. He found that the distribution of liquid was
generally the same in orographic storms in the pre-frontal and post-
frontal periods, suggesting some similarity between the crographic
storms of the Cascades ancd the Park PRange region. In the Cascades as
well as in all of the other study areas, the post-frontal stage was more

unstable anc¢ had streong cross-barrier wind compcnents. As & result,
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liquicd water production occurred steadily in the vieinity of the
mountain slopes.

Studies of the distribution of liquid water in cloud systems cver
western mountain ranges have been reported by Hill (1980), Cooper and
Saunders (1980), Cooper and Vali (1981), Politovitch and Vali (1983),
Hobbs (1975a) and Heggli et al. (1983). Hill (198C) emphagized the
imporfance of the liquic water zone generated by vertical motion nezr
the barrier crest. His studies, which were conducted in the Wasatch
Mountain region of rorthern Utzh, led to the conclusion that the
guantity of superccoled water presernt in the cloud systems over the
Wasatch was related to the cross—-barrier wind speed and inversely
related tc¢ the precipitation rate. He found that the precipitation rate
was inversely relzted to cloud top temperature. These results are in
general agreement with kis observations.

Cooper and Vali (1981) discussed the structure cf cap cloud
systems over Elk Mountain, Wyoming and storm systems over the San Juan
Mountains of socuthwest Colerade. Their study indicated that the tops of
cap clouds over Elk Mountain were composed primarily of liquid wzter.
They also identified a liquid water zone near the cloud leading edge.
Insufficient data were available from the Park Range data set to confirm
the presence of liquicd water at the cloud inflow boundary; the clouds
rormally extended far upwind of the main study area. However, the
arguments presented in this paper for cloud top hold equally well at the
cloud leading edge. For this reason, it is likely that the leacding edge
of Park Range clouds also contained liquid water.

Cocper and Saunders (1980) discussed the distribution of liquid

water in clouds over the San Juan Mcuntains in more detail. Three
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regions of liquid water were found: (1) 15-20 km upwind of the mountain
associated with convection; (2) directly over the mountain crest and (3)
66-70 km upwind associated with a rise in the topography. The storms
were categorized in four stages, as discussed in Part I. The stable and
neutral stage of the San Juan storms had characteristics very similar to
the deep precipitating stratiform clouds studied durirg COSE. In this
study, liquid water was found only in the vicinity of the mcuntain in

~

-3 . P .
values < 0.2 gn ~. Liquic water contents were similar for the San

17>

Juans, < 0.1 gm— in the stable stage and < 0.3 gmng in the neutral
stage. The San Juan cloud systems were generally deep durirg these
stages with cloud tops above the 40 kPa level. The general structure of
the unstable stage of San Juan storms was similar to the post-frontal
storms studied ir the Park Range region (see Part I). However,
penetrations of the low level convective regions were not possible with
aircraft to determine the magnitucde of the liquid weter contents. The
values of 0.5 to 1.0 gm_s reported over the ridge in the upper levels of
the San Juan sterms were not observed over the Park Range. This may
have been due to a greater depth of the embedded convectior in the San
Juans. In the Park Range storms, the equilibrium level was generally
below the mininmum flight altitude. Shallow orographic storms, such as
those described here and in Part 1, were rot among the eight storms
studied in the San Juan project.

Liguic water contents measured in cloud systems over coastal
mountains are generally higher in all storm stages. Thus, Hobbs (1$75a)

-
s

found liquid water contents ranging between 0.0 and 0.5 g in pre-—

(3]

frontal storms and as high as 0.5 to 2.0 gm_ in transiticnal storms.

Post—frontal storms in his study had liquid water contents between 0.1
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and 1.0 gm—a. Cne interesting aspect of Hcebb’s study was the presence
of water at temperatures warmer than -16°C. Hobbs found that the liquid
water content at temperatures warmer than -10°C increased with
increasing wind speed in pre-frontal clouds. Riming frequently cccurred
at these levels. In shallower pcst—frontzl clouds, Hobbs found that (1)
low temperature crystals became less common; (2) water droplets became
increasingly common, even at temperatures as cold as —15°C; (3) the
ratio of ice to water decreased; and (4) at temperatures below —SOC, the
clouds frequertly contained only supercooled water. PRiming was common
in the low levels of these clouds. The observations of Hobbs support
the arguments made here for Park Range clouds.

Liquid water contents reported for Sierra clouds by Heggli et al.
(1983) were alsc higher than those observed in the Park Range region.
Heggli et al. found the maximum liquid water content to cccur near the
freezing level in all storms and the highest liquid water contents to
cecur in asscciation with strong ccnvection. The magnitude and
frequernrcy of convection in winter in the Sierras is much greater than
the Park PRange due tc the warmer structure of the California storms. In
addition, the freezing level in the Sierras is frequently within the
cloud while in the Park Range region, the atmosphere is generally below
0°c.

The microphysical characteristics of the liquicd water regions in
San cuan storms were also discussed by Cooper and Saunders. They
observed two characteristic droplet spectra in their study. Narrow
droplet spectra were generally found in the upwind water zone and near
cloud base. Wide spectra with large drops were found near the mountain,

particularly during the unstable storm stage. They frequently observed
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bimodality in the spectra in this region. These results are generally
similar to that found in the Park Range during storms which had
relatively large droplet concentraticns but differed from our
observaticns in clouds with characteristicelly low concentrations. In
these storms, which included the most stable storms, bimecdalily was
frequently observed.

Microphysical measurements made in the Fark Range studies differed
from those reported by Politovitch and Vali (1983) for Flk Mountain cap
clouds. In their study, droplet concentratiocns were established near
the cloud edge and were generally independent of liquid water content.
Droplet concentrations were generally higher than those reported in the
Park Range clouds by a factor of 2-4 and droplet spectreal dispersion
(standard deviation/mean diemeter) were lcwer by a factor of 2. The
differences between our observations and those of Politovich and Vali
are probably due to the mechanism of cloud formation. According to
their study, FElk Mountain cap clouds typically occur during pericds when
surface winds are 10-2C m/s. Under these conditions, significant
transport of boundary layer zir to cloud levels cccurs. This would
introduce larger CCN concentraticns intc the cloud, accounting for the
larger droplet concentrations and narrow droplet spectra
characteristics. In addition, the flow over Elk Mountain is relzstively
laminar. In this situation, inderendence betweern droplet concentration

and liquid water conternt would be expected.



CHAPTER IV THE ICE PHASE

The physical processes which lead to precipitation develcpment in
Park Range cloud systems are discussed in this chapter. The chapter is
divided into six major secticns. General characteristics cof the ice
phase including measured ice crystal concentrations, crystal habits and
precipitation characteristics are discussed in Sec. 1. Crystal growth
by vapor depcsition is discussed in Sec. 2. Section 3 describes
nucleation processes in Park Range cloud systems. This section
sunmarizes and extends the work of DeMott et al. (1986). Secondary ice
erystal production processes (ice multiplication) are discussed in Sec.
4. Crystal fracturing, ice splinter preoduction during riming, and
droplet shattering during freezing are considered. Section 5 considers
the role ¢f accreticn in precipitation formation. Section 6 ccnsiders

the aggregation process.

A. Crystal concentrations

Figure 49 displays the complete climatology of measured cloud ice
particle concentrations for the 1981-82 flights of the Cheyenne II as &
function of temperature. The data are displayed as s cunulative
distribution, each line specifying the percent of measurements with
concentrations less than the value given on the ordirate. CSample sizes
fer each temperature range are given to the right of the figure. In
this figure, ice crystal concentrations were determined by the shadow-or

method (see Chap. I1I,2,a). These values have an error of less than 1%

.
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due tc artifacts of the 2D-c probe and represent the largest possible
values of measured concentration. Temperature refers to the ambient
temperature at the point of measurement. The sample time was one second
(approximately 100 m of flight path). Data were included in the sample
if the aircraft was in a cloud which hadé a 2D-c ice particle
concentration of at least C.1 l“1 cr an FSSP droplet concentration of et
least 20 cm—3. Data were plctted only for temperatures which had a
sample size of et least 100.

A wicde rarnge cof ice particle concentrations, spanning three orders
of magnitude, were measured at all femperatures. The highest
concentrations measured were 220 l_1 at -15°C to -16°C. 50% of the
neasured values were less than 26 l-1 except at the warmest
temperatures. A genreral trend toward higher crystal concentrations was
evident at temperatures warner than the dendritic growth temperature
range (> —17OC). This trend was particularly pronounced in certein data
sets where dendritic crystals were observed. A possible explanation for
ice crystal concentration enhancement at these temperatures will be
discussed in Sec. 4. Crystal concentraticns at temperatures between
-20°C and -30°C displeyed no significant trends as a functicn of

temperature. 10% of the observations were less than 1.0 lml, 50% less

' and 90% less than 50 1_1. At colder temperatures (< -30°C),

than 10 1~
concentraticons tended to decrease conpared to warmer temperature values.
This was particularly true for observations between -31% to -33%C.

The most important feature of this climatology is the extreme
variability in ice particle concentration which can cccur at any

temperature. Mechenisms responsible for these variations in ice

particle concentration are discussed in later sections.
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B. Crystal habits

This section presents an overview of the crystal habits observed at
the ground and in the middle and upper levels of Park Range cloud
systems. The information draws from many case studies which will be
discussed in more detail in later sections. Crystal habits were
recorded directly at RAD with shadow photography and in-situ in the
clouds with a particle decelerator on board the Cheyenne II aircraft.

(1) Surface measurements

Table 8 presents a summary tabulation of crystal habits appearing
on shadow photographs during the 13 storms when photographs were
available. The crystals were categorized according to the scheme of
Magono and Lee (1966). For convenience, the Magono and Lee
classification is included as Figs. 50 and 51. Two changes to this
classification were made. The category R4b was split into two, one for
snow pellets and a second for larger graupel. The side plane group, 31,
S2 and S3 were combined in the irregular group. Such particles have
highly variable configurations of plates, sideplanes, columnar
extensions, and irregular planar faces which generally conform to no
particular pattern. As such, they are irregular.

A total of 51,193 crystals were examined. A general summary of the
habit structure of these crystals is given in Table 9. Irregular single
particles dominated most of the sample. 71.07% of all particles
examined were irregular. The production of such a large number of
irregular particles in these cloud systems can be attributed to three
factors:

(a) A significant number of the particles were combinations of plates,

side planes, planar extensions and variously oriented planar
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SHADOW PHOTOGRAPH CRYSTAL HABIT SUMMARY
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1981-82 STORMS

Dates 13D 14D 15D 16D 21D 29D 30D 04J 12J 13J 214 27J 314
Habit Number of crystals

NEEDLES

Nia 11 0 654 0 33 0 1 0 0 0 0 0 0
N2a 0 0 0 0 1 0 0 0 0 0 0 0 0
COLUMNS

Niec 21 7 24 0 5 2 1 2 2 0 0 0 0
Nle 0 0 0 31 0 0 0 0 0 0 34 105 94
N2¢ 9 0 0 19 0 0 0 0 0 0 11 11 21
Clc 0 0 0 0 0 0 0 0 1 0 6 7 137
Cle 0 24 4. 16 1 0 0 0 73 1 137 119 213
C2a 6 0 0 1 0 0 0 0 0 0 0 2 10
C2b 0 0 0 0 0 0 0 0 0 0 4 4 4
R1b 1 0 0 0 0 0 0 0 0 0 0 0 0
PLATES

Pla 1 101 39 44 0 14 8 28 99 182 107 73 188
PLANAR DENDRITES

P1b 0 1 4 1 0 0 0 4 0 20 0 0o 27
Ple 3 43 19 30 8 28 1 55 4 71 6 6 18
Pld 0 10 27 0 14 47 27 48 4 118 40 6 33
P1f 2 697 266 2 17 297 154 143 1 419 48 24 146
P2a 0 19 75 0 1 15 3 11 0 28 0 2 41
P2c 0 0 0 0 0 0 0 0 0 3 0 0 0
P2d 0 28 0 1 1 5 2 15 0 14 0 0 0
P2e 0 0 0 0 0 0 0 0 0 3 0 0 0
p2f 0 0 3 0 0 1 0 0 0 79 1 6 170
P2g 0 3 3 17 1 3 0 0 0 53 0 0 6
P3a 0 3 0 0 0 0 0 0 0 1 1 0 1
P3b 0 0 0 0 0 0 0 0 0 1 1 0 0
P3c 0 5 0 0 0 0 0 0 0 2 0 0 0
P4a 0 2 0 0 0 0 0 0 0 4 0 0 0
P4b 0 0 1 0 0 0 0 0 0 3 0 0 0
P5 0 0 1 0 0 0 0 0 0 0 0 0 0
R2b 0 10 10 0 0 0 3 2 0 0 0 0 0
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TABLE 8 (continued)
SHADOW PHOTOGRAPH CRYSTAL HABIT SUMMARY
1981-82 STORMS

Dates 13D 14D 15D 16D 21D 29D 30D 04J 12J 13J 21J 27J 31J

Habit Number of crystals

COMBINATION OF PLATES
P7a 0 0 0 0 0
P6a 0 1 0 0 0

0 0 35 18 33 0 293
] 0 0 0

[= e
(=}
o
(o)

CAPPED COLUMNS

CPla 20 0 5 3 ©0 0 0 ©0 0 © 3% 9 22
cPlb O ©0O © ©0 ©0 ©O0 ©0© 0 o0 0 o0 o0 1
CPle 4 0 29 ©0 ©0 ©0 ©0 © ©O0 O 4 2 5
SPATIAL DENDRITIC FORMS

P7b o o0 3 o0 o0 8 2 0 0 35 10 13 34
R3b o o 58 o©0 6 171 0 1 0 312 1 0 33
HEAVILY RIMED PARTICLES

R3c 0 25 227 7 39 0 9 0 0 56 0 38 49
R4a o o 1 o ©0 ©o 3 o0 0 0 o0 0 o0

R4b (snow pellet)
0 0 16 0 0 5 502 11 0 0 0 1 4

R4b (graupel)
0 0 0 0 0 0 131 0 0 0] 0 0 0

BROKEN DENDRITIC BRANCHES
I3a,b 1 482 449 0 26 371 656 101 6 1111 92 236 438

IRREGULAR
I11,2,4
2281 2133 4484 1834 2344 61 6365 209 1212 745 4617 5772 4330

CRYSTALS IN AGGREGATES
0 99 0 0 0 227 378 0 0 457 253 493 154

TOTAL
2369 3701 6402 2015 2894 1155 8330 630 1438 3827 5443 6934 6420
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TABLE 9
SHADOW PHOTOGRAPH CRYSTAL HABIT SUMMARY
1981-82 STORMS

GENERAL SUMMARY OF CRYSTAL HABITS

Habit Number of Percent of
Crystals total sample
Planar Dendrites 3700 7.23
Spatial dendrites 587 1.15
Dendritic branches 3969 7.75
Plates 893 1.74
Plate assemblies 380 0.74
Needles 700 1.37
Columns 1170 2.29
Capped columns 138 0.27
Heavily rimed crystals 1208 2.36
Crystals in Aggregates 2061 4.03
Irregular 36387 71.07

Total 51193 100.00
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faces. These crystals were common when the cloud extended to
temperatures well below -20°C. These particle tyrpes

are characteristic of such cold temperature regions (see, for
example, Onc, 1969).

(b) A large number of irregular particles were sufficiently rimed so
that the original habits were obscured, but not enough to be
categorized as graupel or snow pellets.

(c) Many of the particles were fragments. Most of these were
associated with dendritic snowfzll. Fragments which could
clearly be identified as originating from dendrites, such as
complete dendritic arms, were classified as dendritic fragments
(I3a, I3b). Ctherwise, the irregular class was used.

Excluding irreguler particles, the majority of the particles
(16.13%) were dendritic. If one includes crystals in aggregates, which
were primarily comnposed of dendrites, greater than 20% of the particles
had dendritic habits. Of this group, 7.23% were planar dendrites, 7.75%
were broken branches, and 1.15% were spatial dendrites.

Plates and plate assemblies comprised 2.48% of the sample. The
plates observed were generally small (< 10600 ;m). 1.37% of the crystals
were needles. Nearly all of these were associated with a heavy needle
snowfall over a 90 minute pericd on 15 Dec 81. This case is discussed
in detail in Sec. 4. Columns, bullets and capped columns comprised
2.56% of the sample. The lack of colunns at the surfece is irteresting,
particularly since cclumnar habits were one of the most common habits

observed by the aircreaft.
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(2) Aircraft measurements

Replicas of ice crystals captured in formnvar with the decelerator
were available for five flights of the Cheyenne II. In general, the
slides contained considerable clutter due to multiple crystal impacts
and fragmentation on impact. This was particularly ftrue of delicate
crystals such as dendrites. In this analysis, regions of the slides
were ignored where high particle density obscured habit identification.
Irregular particles were generally ignored because they could have
resulted from fragmentation on impact or have been the result of
multiple impacts. This analysis must be treated as gualitative because
of this selection bias. However, the slides yielded very important
information concerning trajectories of ice particles and diffusional
growth of crystals within mountain cloud systems. The decelerator data
for each flight are summarized on vertical cross—sections of the Park
Range region (Figs. 53-57). Figure 52 explains the format of the data
displayed on Figs. 53-57.

a. 15 December 81: The decelerator slide analysis for the 15 Dec 81

flight has been analyzed and discussed extensively by Uttal (1985). The
data reduction cn Fig. 53 is based on her work. Uttal found that upwind
of the Park Range crest, crystal trajectories in the upper region of the
15 Dec 81 cloud were quasi-horizontal leading to considerable habit
stratification based on temperature. Despite the pronounced number of
columns and bullets at cold temperatures, few of these crystals were
ever observed at the surface. In fact, precipitation was dominated by
snow pellets, needles and plate assemblies. These observations, and the
trajectory analysis of Uttal, suggest that interaction between the upper

cloud layers and precipitation during this period of the storm was
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Fig. 52. Format for data displayed on Figs. 52-5¢.



ALTITUDE {meters, msl)

70001
1530
65001 Pla (35.0)
TEMP (°C) Nie (25.2)
cif (18.0)
- —24 cid ( 9.2)
B c2b ( 7.6)
6000__22 C2a ( 5.0)
| |(194)°—-——-—J
1605
——-20
SSOOF Phlsas Pla ( 4.T)
L I8 Plc)(sg,z) 12 (95.3) j
= CPia( 9.5) 4(98)
5000k-1¢ C2a ( 1.3) 612
:_|4 lg(|57) Pla ( 7.90) 5(29)
1550 R2ib ( 7.0)
i | Pla 12 (86.0)
4500F12 p1c’(73.0)
Ris (24.0)
-~10 CPia( 2.0)
+ cifr ( 1.0) 1643
4000 Lizie) 1185 (50.0) ————e6(165)
P2c (32.0)
Hia (16.0)
3500 P1d ( 2.0)
RAD VISUAL OBSERVATIONS
3000+ 1500 Wia Rab
1540 R4a R1d PTb CPIb
1505 PTa
1640 P7a PTb CPlc R4b Mla
1655 R4b Kla
2500+ 31710 Nla R4a R4d
1720 Réa Nila
1740 P7a CPiam C2a Plc
ZOOOP._\__\/————\_

1707 1715 1730
C1d ( 4.2) Cid ( 2.0) Pla .
C2a cift ( 2.0) Cls” 5.0
czb)(‘l.!) Nie ( 4.6) C2a (15.0)
c1t (20.0) Pla o6 gi: g:g;
c P1c> (91 . .
P LR ) 9(119) , cid (29.5)
1{8n l
1657 .
Cig
p1e’ (68.0) L7(195) 10(151) 1745
cifr (21.0)
His (11.0) C2a, 20.0
1740 €2b .
Pla (19.0)
Rle (19.0) |12(192) | c1r (27.0)
Rib (50.0) —* C1d (34.0)
€2a (21.0)
C2b (10.0) 1 _
13(96)
1702
R4b 1750
e W0 og(72) Pla ]
2 (40.0) 14(256)0— py > (38.0)
Pla ( 7.0) cir (28.0)
Rib ( 6.0) C1d (16.0)
C2b (12.0)
C2a (14.0) -
Nia ( 2.0)
B
15 DEC 8l
DECELERATOR SLIDE ANALYSIS

Fig. 53. Crystal habits determined from decelerator slide analysis for
See Fig. 52 for

the 15 Dec 81 flight (analysis based on Uttal, 1985).

data format.

7000

6500

6000

5500

5000

4500

4000

3500

3000

2500

2000

9T



ALTITUDE (meters, msli)

70001 1522
Pla (61.8)
JE;P(OC) P1b ( 2.4) 1628
- Plc ( 0.8)
6500} Nie ( 4.6) 05 12—y cir
--30 X2b ( 0.8)
| 28 Cle ( 2.4) Nie (14.7)
2033 cir (18.0) Cle (82.4)
--26 *— cig ( 3.0) Re (52.9)
6000 C2a ( 3.0) water droplets 1632
C2b ( 1.6) large rimed
-—-24 12) CPla( 1.6) partioles
It
5500t--22 160} 13 l 1543
1515 1525 Pla (63.7)
Pla (37.5) 618 P1d { 2.0)
- -20 Pla (75.0) Pla (88.2) Cia (12.9%) *
P7a (16.D| 3002 M1a ( 8.9} [ne (50,00 [———=9(8) noe Pla (80.0) ey
5000} cif ( 8.3) *—1 Cle ( 2.0) frosen water Cle (20.0) :
Cle (10.1)
cif ( 5.9) droplets 1548 e1r (16.2)
18 Pla (68.0) ci1 ( 2.0)
1528 Pir ( 0.7) [——°7(150) 6(99)0—— C2a ( 1.0)
CPia(1.0)
4500}-16 Pla (88.0) c1e tz:;;
:ig : ;-z; 1554 Cle ( 1.9) 15“48’
P1f ( o:‘) Pla (77.4) g;; : :'9’; 1537
- -16 Nia ( 2.9) |—24(175) ¥ia ( 6.9) . Pla (87.8)
4000 Mo ( 0.6) Cle ( 3.2) CP1a( 1.3) Hla ( 5.4)
cir ( 4.0) cir (12.9) Nie ( 4.1)
cig ( 1.1) Cle ( 2.0)
C2a ( 0.6) cPia( 0.7)
3500}
Notes: Slides 1,2,3.4,5.6,7.8
11 and 13 had regions of high
RAD VISUAL OBSERVATIONS particle density where corystal
3000} 1510 I1 Réb Pla habits could not be identified.
1535 Rap
1610 R4b Nia
1632 Rap
25001 1650 R4b Wla Plc Te——
1705 R4b A1
: 21 DEC 81
DECELERATOR SLIDE ANALYSIS
(2 7aYaYa)

FAwiwiv) r\/——'» ———

f

§

H

!

i

1

S

Fig.

54. Crystal habits determined from decelerator slide analysis for
the 21 Dec 81 flight. See Fig. 52 for data format.
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minimal. It is possible, however, that crystals forming the kernel of
the snow pellets may have originated at higher cloud levels. This
possibility was not investigated in the trajectory analysis. £fdditional
analysis of the 15 Dec 81 case is presented in Sec. 4.

b. 21 December 81: Data for the 21 Dec 81 flight are displayed on Fig.

54. With the exceptions of slides 106, 12, and 14, the upper regions of
the 21 Dec 81 cloud system were dominated by hexagonal plates (Pla).
Columns (Cle, C1f), bullets (Clec), long columns (Nle) and cross-column
assemblies (C2a, C2b) comprised most of the remaining sample. Frozen
water droplets and large rimed particles were observed upwind of the
mountain at points 9, 10, and 11 in the upper levels of the cloud
system. Supercooled water was observed by the FSSP in this region during
the flight. As with the 15 Dec 81 cloud system, crystal habits observed
at RAD did not mirror those observed by the aircraft. The dominant
particles observed at RAD during the flight were irregular rimed
particles, approaching the rime coverage of snow pellets. Needles were
also present. Physical processes governing particle growth in this
cloud system will be discussed more extensively later in this clapter in
sections 3, 4, and §.

¢. 5 January 82: Figure 55 contains the complete decelerator record for
the 5 Jan 82 flight. The cloud system of 5 Jan 82 underwent an extreme
transition during the course of the flight. The early portion of the
flight, prior to 1450, occurred near the top of a shallow orographic
cloud system. Slides 1, 2, and 3 were collected in this region. At
1450, a very deep cloud system advected into the area overrunning the
shallow orographic system. Slide 4 was collected as the transition was

in progress and all slides following were within the deep cloud system.
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The nature and evolution of precipitation in the shallow cloud system
are discussed in Sec. 2 and 3 of this chapter. Processes in the deep
cloud system are discussed in Sec. 4 and 6.

Samples collected near the top of orographic cloud system primarily
contained liqui¢ water. However, several well formed dendrites were
present on twe of the slides as well as a few rimed particles. These
slides provide important informetion concerning dendrite growth in
shéllow cloud systems. This is discussed more extensively in Sec. 2.

The transition slide, slide 4, was taken over the mountain crest as
the cloud transition phase commenced. This slide, at —13°C, primarily
contained plates but also contained a mixture of cold temperature
columns. This slide also had a very heavy density of particles which
could not be identified. These appeared to be fragments. The same was
true of slide 5, also taken during the cloud system transition st -17°C.
After the transition, the dominant crystal habits were columnar. Plates
also made up a significant portion of the slides.

In contrast to the cloud observations by the aircraft, the surface
precipitation was dominated by eggregates of planar dendrites. Spatial
dendrites were also present. These precipitation characteristics
persisted throughout the flight during the deep storm phase.
Unfortunately, only one slide was taker in the dendritic zone during
this time. This slide had such a high density of particles that only 13
individual particles could be identified. These were split evernly
between plates and columns.

d. 23 January 82: During the flight period, the 23 Jan 82 storm was

shallow, stable, and capped by an inversion. The decelerator data for

this flight are displayed on Fig. 56. All samples were collected near
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cloud top and were composed entirely of liguid water, dendrites or rimed
particles. Surface precipitaticn observations at SPL (RAL observations
were unavailable) indicated that the snowfall was almcst entirely
dendritic. This cloud system was similar to the 5 Jan 82 shallow systenm
and will be discussed more completely in Sections 2, 3 and 6.

€. 31 January 82: The deceleratcr record for the flight of 31 Jan 82 is

displayed on Fig. 57. This flight was the only opportunity to obtain
low ievel infornation near the mountain durirg the COSE programs. On 31
Jan 82, the aircraft departed from Steambcat Springs airport after the
onset cf the storm. Samples collected at the low zltitude peints 1 and
2 contained a mixture cof rplates, dendrites, cclumns, cepped columns and
other particles. At middle and high levels, the dominant crystal habit
was cclumnar. Plates were numerous on several slides and irregular
particles were present con all slides. The limited rumber of visuval
observations, suprplemented by severel shadow photographs, indicated that
crystal habits observed at the ground were similar te those observed by
aircraft. This was in contrast tc the deep cloud systems described
earlier where 2 distinct decoupling between the upper clcoud regicn and
the low level precipitation processes was evident.

C. Precipitation rat

Yt

98.5 hours of precipitaticp occurred durirg measurerent periods at
RAD during the 1981-82 program. 58.C4 mm of precipitaticn (water
equivalent) accumuleted durirg those pericds. From these data, @
climatology of precipitation rates and precipitation accunulation was
assembled. The results are shown as cumulative frequency distritutions

in Fig. 58.
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Lccording to these datz, low snowfall rates are very common in Park
Range systems. The nearly straight line character of line B in Fig. 58
between the G and 90% level indicates that equal amounts of
precipitation were prcduced over the field season in each precipitation
rate interval. This is due to the disproportionats amcunt of time &t
which low snowiall rates cccur. Forty percent of the time that
measurements were conducted, the snowfzll rate at RAD was between €.0
and 6.2 mm/h. This snowfall accourted fcr only 6% of the tctal
accumulation. Snowfall rates between 0.2 and 1.0 mm/h acccunted for 35%
of the total precipitation. Such snowfall rates occurred during 40% of
the cbservation pericd. Snowfall rates between 1.0 and 2.0 mn/hk
accounted for 37% of the precipitation. These events cccurred during
15% of the observation period. Snowfall rates greater than 2.0 nm/h
accounted for 22% of the precipitation, although they cnly cccurred 5%

of the time.

2. Growth by vapor deposition

Analysis of growth by vapor deposition with field data is most
adequately dore in a Lagrangian reference frzme, following rparticles as
they move along trajectories through the cloud system. The point of
nucleaticn should be knowrn as well as characteristics of the changing
environment. Such analysis is far beyond the capabilities of this data
set. The approach taken here was to examine three zspects of the
diffusional growth process in Park Range cloud systems. In the first
section, characteristics of the cloud environment which lead tc the
production and growth of dendritic crystals are discussed. The second

section considers cold temperature crystals (<—17OC) and their influence
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on the cloud enviromment. The last section discusses warm temperature
o} . . .
crystals (> -107C) and their contribution to Park Range spvowfall.

A. Dendritic snowfall events

Dendritic crystals comprised about 20% of the snowfell during the
1681-82 storm events. A common feature of all but cone dendritic
snowfell event was the shallow nature of the clouds. Except for part cf
the 5 Jan 82 storm system, virtually all major dendritic snowfall events
héd echo tops in or near the dendritic temperature range.

Studies such as Kobayashi (1961) and Rottner and Vali (1974) have
shown that laboratory grown dendrites only develop in enviromments
supersaturated with respect to water. Marshall and Langleben's (1954)
analysis suggests that effective supersaturations at ice erystal
surfaces are increased by the presence of cloud droplets. Together
these studies suggest that the ideal enviromment for derdritic growth in
the atmosphere would be a region of superccoled liquid water production
between approximately —17°C and —13OC.

As discussed in Chapter 3, cloud top provides a unique enviromment
for liquid water production, particularly in shallow cloud systems with
cloud top temperatures warmer than about —ZOOC. In the Fark Rarge
region in wintertime, the tops of shallow cloud systems frequently are
near or within the dendritic growth region. This was the case for seven
shallow cloud systems occurring during the two month field program.
These cases preduced light to moderate (0.C to 0.7 mm/h) spowfall
primarily composed of dendrites. Fortunately, five cf these cases were
studied extensively, three with aircraft in the cloud top region. These

data are summarized below.
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(1) Characteristics of the dendritic growth region in shallow cloud

Systems

The 5 Jan 82 storm system underwent considerable evolution during
passage through the Park Range region. During the period from 149C to
1450, the storm system had characteristics discussed above —— the cloud
system was shallow. had tops near - 170C, and produced light rired
dendritic snowfall. The tops of this cloud system were penetrated by
aircréft and a descent scunding through the dendritic zone was completed
upwind of the mountain range near CG. This cloud system wzas chosen to
discuss the characteristics of the dendritic growth region because it
was the most complete data set. The other two cloud systems with
aircraft data had similar characteristics. Data from these systems will
be included in the discussion where appropriate.

Figures 5¢ and 60 conteain photographs of decelerator slides taken
in the clcud teop region during the 5 Jan 82 and 23 Jan 82 shallow storm
events. On these slides, dendritic and stellar crystals were
interspersed among liquid water droplets and liquid water accumulztions.
Some rimed particles were alsc evident. These slides show that
dendritic crystal production can occur quite rapidly near cloud top in
these systems due to the presence of water droplets. The presence of
dendrites indicates that saturation with respect to water is maintained
in this regicn of the cloud and that water supersaturations probably
often occur. Once formed, the growth of these dendritic crystals was
rapid. Figure €61 shows a series of 2D-c images taken during a descent
through cloud top and the dendritic growth temperature range durirg the
5 Jan 82 storm. Over the 800 m (4°C) vertical distance, particles

nucleated and grew intc stellar structures. By the time the particles
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B ia R o 4

Fig. 59. Photographs of decelerator slides from 5 Jan 82 flight when the
shallow storm system was present.
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Fig. 60. Photographs of decelerator slides from 23 Jan 82 flight near
cloud top.
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had fallen 800 m, they reached proportions (2-3 wm) where aggregation
was occurring.

Approximate growth rates for dendritic particles can be estimated
in this cloud. Consider a particle which nucleated at 4900 n (-17°¢C)
and fell 800 m to -13°C, growing to a size of 3 mm {(largest image)
during the fall. If one assumes an average fall velcecity of (.3 m/s
over the distance of the fall, the average growth rate wculd have been
i.1 ém/s. This estimate is not far from those carefully measured in the
laboratory by Ryan et al. (1976). Ryan et al. found growth rates near

1.0 um/s.

(2) Traijectories of dendritic crystals in shallow storms

The rate at which dendritic crystals formed in the upper cloud
region actually reach the surface is a function of the horizontal extent
of the cloud system and the wind velocity profile in the cloud. These
parameters change considerably from clecud to cloud as well as within
storms due to variations in the vapor supply in the upwind airstream.
For this reason, generalizations about trajectories and precipitation
rates are not warranted.

lowever, the 16 Jan 82 shallow cloud system provided an copportunity
to estimate various trajectories of ice particles arriving at the
observation sites RAD and SPL. 16 Jan 82 was chosen because this storm
had a well defined upwind cloud edge. Figure €62 shows a profile of the
cloud system. Mean particle trajectories are shown for particles
arriving at RAD and SPL. Fach trajectory was calculated assuming a mean
net fall speed. Size thresholds of particles growirg at 1 pwi/s growth
rates from the cloud boundaries are also shown. If one assumes that the

mean fall speed of ar unrimed dendrite throughout its trajectory was
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only 0.1-0.25 m/s, crystals originating in the dendritic zone near the
upwind edge of the 1€ Jan 82 cloud system could still arrive at RAD.
Riming in the low levels and near the barrier crest would increase the
particle fall veleocity and subsequent likelihood of surface impact
cceurring in the valley. Aggregaticn would also contribute to higher
fall velocities. At higher mountain elevations, the prcbability of many
particles reaching the surface is greater. If one considers the effects
of riﬁing on the fall velocities of the particles near the mountain
crest, it is clear that many of the dendritic particles formed in the
cloud woulc impact rear mountaintep. This is one reason why heavier
snowfall rates consistently cccur near mountaintop during these shallow
storm events. However, cloud systems with much greater horizontal
extent have a much greater capacity to produce valley as well as
nountain snowfall. The storm of 14 Dec 81 was such an event. Valley
snowfall rates were as high as 0.7 mm/h during this storm. Figure 63
b,c,d shows photcgraphs of dendrites collected at RAD during this storm.

(3) Dendritic snowfall from deep storms

Shallow sterm systems dominated dendritic snowfall events during
the 1981-82 field season. However, occasional dendrites were observed
to fall from deeper cloud systems with cold tops. On only one occasion
were dendrites the cdominant habit in snowfall from deep clouds. This
case alsc occurred on § Jan 82 durirg the deep storm phese from 1450 to
1700. The cocmplete 5 Jan 82 case is described in detail in Sec. 6 on
aggregation processes. Evidence from the 5 Jan 82 aircraft scundings
over RAD suggest that dendrites formed in this cloud system in the
absence of superccoled water. However, these observations are not

conclusive because they were limited to one point very near the mountain
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c d

Fig. 63. Dendritic crystals observed at RAD on 13 Dec 81 (2) and 14 Dec
81 (b,c,d).
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crest. The possibility that supercooled liquid water existed upwind of
the mountain cannot be ruled cut. Pilot reports from the research
aircraft indicated an upper deck pricr to the onset of the deep cloud
system and virtually no cold temperature crystals were observed at the
surface throughout the deep storm event. These observations suggest
that a multilayer cloud system may have been present upwind of the
sounding location. Without more data, the source of the dendrites
obsegved at the surface during this deep storm event are speculation at
best. However, it is important to document that such cases do occur.

B. Cold temperature crystals

The origin and diffusicnal growth patterns of crystals formed at
cold cloud temperatures are particularly difficult tc assess with field
data. In this section, the complexities which lead to the wide variety
of crystal forms originating at cold temperatures (<—20°C) are discussed
qualitatively. This section is included because the most important
component of Park Range cloud system precipitation, irregular crystals,
include these cold temperature habits.

Studies of crystal diffusional growth in the literzture heave
concentrated on measurenent of the growth rates, dimensions and habits
of crystals growing at particular temperatures and vapor density
excesses (aufm Kampe, 1951; Nakaye, 1954; Hallett and Mason, 195§;
Kobayashi, 1961; Rottrer and Vali, 1974; Ryan et al., 1976). These
experiments have provided important information about the growth of
natural ice crystals in the atmosphere. However, in naturel cloud
systems, ice crystals are continuously exposed to'variations in
temperature and vapor density excess, as well as pressure, proximity to

supercooled liguic water droplets, ventilation rates and several less
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significant factors. The combined effect of all of these variations on
the actual diffusional growth of natural ice crystals is unknown.
Clearly, & crystal collected at the ground at a temperature of -39
which originated hundreds of kilometers upwind at z temperature of -29°¢
can possess characteristics of many growth enviromments. Since each
individual crystal encounters a unique set of environmental conditions
during its trajectory, & wide variety of complex crystal shapes can be
e%pected. Indeed, this is the case in Park Range cloud systems,
particulerly those clouds with tops much colder than -20°¢. Figure 64
shows the percent of irregular single crystals appearing on shadow
photograph as a function of echo top temperature. Nearly all the
photographs taken when the echo top was colder than -20°C contained a
high percentage of irregular single particles. The two outlying points
colder than -30°C (L and J) occurred during a period of dendritic
snowfall and aggregated snowfall respectively. Virtuvally all other
points were above 50% and most above 70%. As discussed earlier, a large
class of irregular crystals were composed of varisble combirations of
sideplanes, plates, columrar and planar extensions and irregular
protrusions. These irregulear particles, characteristic of cocld
temperature growth, are clear records of the variable environments in
which they grew.

fn important aspect of deep wide-area cloud systems is the
influence that the crystal flux from cclder cloud levels can have on the
mid-level dendritic growth layers. In this data set, dendritic crystals
seldom appeared in significant numbers during periods of heavy irregular
crystal snowfell. In most cases, the two crystal habits seldom appeared

together at all. One possible reason for such exclusion is that
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dendritic crystals require water supersaturation to develcp. A
significant flux of cecld temperature crystals through the dendritic zone
would reduce the petential for such supersaturations to occur. Thus, to
a large degree, the crystal habits would be mutually exclusive. The
available data suggests that this often is the case.

C. Warm temperature crystals

Warm temperature (> —1OOC) crystals are crystals which nucleate and
gfow in the lcowest, warmest levels of Park Range cloud systems. 1In
general, such crystals should not have a structure confounded by
rultiple growth regimes and should appear in precipitation as columns or
needles. In Chapter 3, the presence of supercoocled water near cloud
base was partially attributed to the scarcity of these crystals in the
low levels of many orographic cloud systems. In this section, this
assumption is evaluated more quantitatively.

Figure 65 shows the percent of columnar crystals (Nle, Nle, N2e,
Clec, Cle, C2a, Flb, CPla, CP1b, CPlc) appearing on the shadow
photographs as a function of echo top temperature. Figure 66 shows a
similar plot for needles (Nie, N2a). 60% of the photographs taken when
echo tops were warmer than -20°C had no columnar crystals whatsoever,
87% of the photographs ccntained less than 2% columrar habits. However,
3 photographs did contain 4-7% columns and one photograph on 12 Jan 82
had a large population (16.8%) of columns. Radar echoes on this day
were shallow and broken suggesting small isolated cloud cells.

With the exception ¢f 15 Dec 81, needles were quite rare in Park
Range cloud systems. Mcst observations containec no needles at all.

Needles exceeded 2% of the crystal populestion on ornly one phctograph (21

Dec 81) excluding the 15 Dec event. The high percentage of needles
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present in snowfell on 15 Dec 81 may have been asscciated with secondary
ice particle production. This case is discussed in detzil in Sec. 4.

The large majority of the cloud systems with echo tops warmer than
-20°C contained few ice particles nucleated and grown at temperatures
warmer than -1¢°C. Although such particles do exist, they seldom
exceeded more than 2% of the total crystal population arriving at the
ground as precipitation. The important exception was the 15 Dec 81
case;

The data on Figs. 65 and €6 alsoc extend to the cold temperature
ranges. Cclumnar crystals were more commonly observed during cold cloud
events. Although such particles probably originated in the higher cloud
levels, the possibility exists that at least some of them originated at
warmer cloud temperatures. With the present data, no conclusion could
be drawn. However, the columnar crystals were generally a mix of pure
columns as well as capped columns and bullets. The latter two are
associated with cecld temperatures which suggests that the remaining
columns indeed fell from the high cold regions of the cloud.

3. Ice nucleaticn

The primary work on natural ice nucleation processes in Fark Range
cloud systems will be published shortly by DeMott et al. (1986),
hereafter referred to as DM. For completeness of this present work, the
article by DM is summerized here. Twc additional data sets not included
in the DM study are addressed in later sections.

A. Review of DeMott et al. (1586)

Previcus work on ice nucleaticen in orographic cloud systens,
reported by Cooper and Vali (1981) and Rogers (1982), descritbed the

formation and development of ice cryvstals in cap clouds over Wyoming's
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Elk Mountzin. Both of these studies found that ice criginesfed only in
association with the initial condensation at the upwind edge of the cap
cloud. These investigators concluded that condensaticn freezing or
contact nucleation were functioning.

DM extended the werk of these investigators by studying nucleation
processes i two larger crographic cloud systems over the Park Range.
The cloud systems cccurred on 16 Jan 82 and 23 Jan 82. DM used the
laéoratory developed chemiceal kinetics methodology described by DeMott
et al. (1983) to identify the primary mechanism of ice nucleation
operating in these cloud systems. DM showed that rate constants
governing the formation of ice crystals in nucleation regions of these
clouds were too large to support contact freezing nucleation. DM
calculated that ice nuclei would have to have radii < €.007 um to
account for the rapid nucleation rates observed. Such radii are
unrealistically small for atmospheric ice nuclei.

Evidence supporting condensation freezing nucleation as the
doninart nucleation mechanism was presented by determining the rate
constants feor ice crystel formation in nucleation zones and comparing
them with supersaturaticns estimated from droplet spectra changes. Rate
constants, estimated supersaturaticns, and incresses in total ice
crystal concentration gll correlated well, strongly implying that
condensation freezing nucleation was the dominant mechanism.

One region of apparent ice crystal enhancement with a behavior
anomalous to that observed upwind of the Park Range occurred in the
descending air on the lee side cof the mountain. In this regicn, cloud
ice crystal concentrations rose sharply in coincidence with rather

strong liquid water depletion. The source of the crystals could not be
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identified from the data set. DM hypothesized that contact nucleation
by thermophoretic collection (Young, 1974a) may have occurred or that
the aircraft may have encountered a regicn of compressed airflow in the
descending lee wave which induced a local convergence of ice crystals.

DM used arguments presented in Chapter 3 to show that the cloud top
enviromment is favorable to liquid water formation. Because this region
is the coldest region of the cloud and has a favorable weter balance for
supporting water supersaturaticns, DM concluded that the cloud top
region acted as a primary source region for ice crystals. However, DM
noted that clcoud top temperature alone will not correlate well with ice
crystal concentrations in a set of observations of many crographic cloud
systems because supersaturations at cloud top are also a function of
vertical velocity as well as ambient droplet and ice crystal size
spectra and concentration. DM also pointed out that ice nucleaticn may
well occur irn the lower regions of the cloud where liquid water
production is occurring. Data were too sparse to address such a problem
conclusively.

Sunmerizing from Delott et al. (1986):

""In the case studies of winter crographic clcud systems presented,
prirary ice crystal rnucleation was identified to occur mainly in
asgociation with liquid condensate production. Condensate production
occurred not only at cloud edge, but within the upper cleoud region, in
regions where crographically induced lifting was occcurring. A
correlation between the estimated supersaturation and both the numbers
and rates of appearance of rew ice particles supported condensatiocn
freezing as the functioning ice nucleaticn mode. The dependence of this
nucleation mode on both temperature and supersaturation makes it
difficult to determine a simple ice nucleus temperature spectra and
could essily be a scurce of a wide variance of ice crystal
concentrations at a particular temperature. The quantification of such
a process is not possible with the small data set presented in this
paper. Laboratory methods, such as those employed by Fogers (1982) are

perhaps the best approach to quantifying the condensation freezing
process for a range of temperatures and superssturations.
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Theoretical calculations of the water balance in the upper cloud regions
of the systems studied expleired the frequent existence of liquid water
in these cloud regions and confirmed this to be a location favorable for
condensation freezing nucleation to coccur on natural nuclei. Cloud top
is a primary source for natural nucleation because of 1)
supersaturations generated in this region, 2) the location near to a
continuous nucleus supply (via cloud top entrainment), and 3) the
occurrence of the colcdest cloud temperatures there.'

The study of DM examines the nucleation process at the top of twe
shallow cloud systems. However, evidence from other cases suggests that
nucleation may occur deeper within the cloud, particularly in the region
of crographic 1ift. The 21 Dec &1 case study is an example of a case
when nucleation ray have occurred interior to the cloud. This case is

described in the following section.

B. 21 Dec 81 case study

The 21 Dec 81 storm system was a deep cloud system with tops near
-31°C. The data used in this study were collected during a west to east
pass toward and over the Park Range at the -16°C level. A data analysis
similar te that of DM was not possible because ice crystals at the
observation level could have criginated abcve, below or at the
observation level. However, this case is important becsuse it does
provide evidence of ice nucleation ir mid-levels of deep mountain cloud
systems. The newly nucleated crystals developed in the primary lift
zone of the Park Range.

Ice crystal concentraticns along the flight path are displayed on
Fig. 67. Crystal concentrations were steady at about 10 l"1 until the
aircraft was about 10 km upwind of the Fark Range crest. Between this
point and the east slope of the range, concentrations rose somewhat
monotonically to 35 1—1, Shown cn Fig. 68 are six ice crystal size

spectra taken along the flight path. The spectra are averages over 30
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seconds. The locations of these spectra on the flight track are
indicated on Fig. 67.

From the spectra, it is evident that the majcrity of the
contribution to the crystal concentration enhancement near the Park
Range ceme from particles less than 250 pm in diameter. Between peoints
4 and 6, the concentration of particles with sizes less than 100 pm
increased by a factor of 2-3. If one assunes a slow growth rate of 0.1
um s—'1 for these particles, and assumes that the particles fell (or
rose) through the cloud at C.1 ms—1 during the growth, the nucleation
point of these particles would be within 100 vertical meters (K 1OC) of
the observation point.

The most intriguing aspect of this data set was the absence of
liguid water along the flight path. Virtually nc liquid water was
observed. If the small ice particles near the crest nucleated in the
absence of measurable liquid water, the possible nucleation mechanisms
are limited to deposition or scrption nvcleation.

The increase in concentration was sufficiently close to the range
(the pesk concentration was east of the crest) that increases in
concentration could have been associated with airflow compression in the
primary mountain wave. Small particles could have developed duve to
fracturing of larger particles as collisicn rates increased in
turbulence near the mountain crest. In short, other possibilities exist
to explain the observations. FHowever, the most likely explanation is
rnucleation by sorption or vepor deposition. If this is the case, the
mechanism must require sufficient vapor suprly rates since it was
limited to the regicn near the mountain crest. Additional evidence nmust

be obtained in future field work to determine if deposition or sorption
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nucleation is important in Park Range cloud systems. Clearly, such
mechanisms may be operating.

C. Surface measurements

In this section, measurements cf precipitation rate, number flux
(from shadow photographs), and echo top temperzture are used to examine
the relationship between echo top temperature and the flux of crystals
to the surface.

Figure €2 shows the relationship between precipitation rate and
nunnber flux of particles arriving at the surface. In genreral, the
number of particles arriving at the surfszce increzses as the
precipitation rate intensifies. Variations in particle densities due to
various growth modes aznd disparity in the sample times necessary to take
a shadow photograph (5-60 s) and make a precipitation measurement (15
min) contribute to the scatter.

Figure 70 shows the corresponding relationship between number flux
and echo top temperature. With the exception c¢f two points, all of the
measurements with echo top temperatures warmer than -22°¢C produced
precipitation with number fluxes no greater than 0.5 cm_zsﬂl. In
contrast, clouds with echo tops colder than —22°C produced precipitation
with crystal number flux as high as 2.36 cm s, 64% of the
observations with echo tops colder than -22°C were greater than 0.5 cm
25'1. The data of Fig. 69 imply that these deep ccld clouds can
generally be associated with higher precipitation rates.

These data tend to confirm that nucleation processes are more

effective in clouds which extend to temperatures colder than -22°,

However, it must be remembered that cloud deptk is increased in these
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cases. The greater depth of cloud alone can contribute more crystals to
the surface precipitation.

4. Ice multiplication

In this section, the physical evidence for secondary ice particle
production in Fark Range cloud systems is presented. Of the physical
mechanisms suggested for ice crystal concentration enhancement, three
have received considerable attention in the literature. These include
(1) érystal fragrentation during collisions of ice particles; (2) ice
splinter formation during riming and (3) droplet fragmentation during
freezing. DBased on criteria established in the literature and physical
observations collected during the field programs, the potential of each
of these mechanisms to modify crystal concentrations in Park Range cloud
systems is assessed. A review of current research concerning these
mechanisms preceeds the analysis.

A. Review

(1) Crystal fragmentation: Field observations and modelling studies of

crystal fragmentation in clouds have been reported by Hobbs and Farber
(1972) and Vardiman (1972, 1978). Hobbs and Farber fcund that 50% of all
stellar crystals collected at the ground in Washington's Cascade
Mountains were fragments. The habits most frequently fragmented were
Flb-f, PZa, P2f, P2g, P4b and CPla. Using a simple model, they showed
that fragmentation was probable when a 1 mm stellar crystal collides
with droplets with diameters greater than 150 ym or graupel greater than
80C pm.

Vardiman (1972) investigated crystal fragmentation in four storms
over the central Colorado mountzins. He found an increase in the

concentration of fragments during the passage of convective cells
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embedded in orographic clouds. No habit descrimination was reported in
his study. In his later paper, Vardiman (1978) observed collisions
between natural particles and a fixed plate. By measuring the number of
fragments produced and the fall velccity of the initial particle, he was
able to parameterize fragmentation as a function of mcmentum of the
initial particle, crystal habit (planar dendrites, spatial dendrites,
and graupel) and degree of rime, He used this parameterization in a
model cof fragmentation which incorporated collision frequency and a
""fragment generation function’ . His model results indicated that a
broad distribution of ice particles promoted fragmentation, that unrimed
particle collisicons did not result in secondary ice particles, that
fragmentation increases as particles become more heavily rimed, and that
smooth crographic clouds are unlikely to produce fragments. The results
of Hecbbs and Farber suggest that Vardiman underestimated the
fragmentation potential of dendritic crystsals.

(2) Ice splinter production during riming: Prior tc the classic

experiments of Hallett and Mossop (1974), several studies of ice
splinter production during riming failed to show any appreciable
increase in the formation cf secondary ice particles (Aufdermaur and
Johnson, 1972; Mossop et al., 1974; Hemni, 1974). 1In 1974, Hallett and
Mossop showed that copious numbers of ice splinters could be produced
during riming under particular conditions not present in any of the
previous experiments. Subsequent experiments by Mossop and Hallett
(1974), Goldsmith et al. (1976), Mossop (1976) and Mossop (1978) defined
conditiors necessary for the ice splintering process to cccur. These
experiments showed that (1) ice splinter production was confined to a

temperature range of -3°C to —SOC; (2) the cloud must contain droplets )
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25 pm diameter and < 13 um diameter; and (3) the cloud nmust contain ice
particles large enough to initiate riming. They found that the
production of splinters during riming resches a maximun at -5°. At
this temperature, approximately one splinter is produced for every 250
droplets of > 25 um diameter accreted. Chisnell and Letham (1976)
showed that this mechanism could account for the high concentration of
ice particles observed in mary marine cumuli with relatively warm O
—1006) tops (Mossop, 1970).

Subseguent experiments (Mossop and Wishart, 1978; Choularton et
al., 1978; Mocssop, 198G; Choularton et al, 1980; Griggs and Choularton,
1983) have studied the mechanism of ice splinter production and the
physical explanation for the bounds specified by the previous
experiments. Griggs and Choularteon (1983) provided the most
comprehensive explaration to date. Their study showed that internal
freezing of a droplet occurred in one of three modes depending on
temperature, if the heat loss to the droplet was fairly symmetrical.
These three modes were related to protuberence production on the
freezing droplets. Griggs and Choularton estimated that 1% of the
protuberences fragment to form secondary ice particles although they
were unable to document such fragmentation photographically. However,
Mossop (1980) and Griggs and Choularten (1983) showed that introduction
of ammonia into riming droplets suppressed both ice splinter production
and protuberence fornation. These experiments strongly imply that a
relationship exists between protuberance producticn and ice splinter
formation.

(3) Droplet shattering upon freezing: <Studies of droplet shattering

upon freezing which pertain to this study are those which examined the
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process for small droplets. Hobbs and Alkezweeny (1968) found that only
a small fraction of 50-100 pm diameter droplets shattered at
temperatures between -20°C and -32°C and at -8°C when nucleated by Agl
suspended in the drops. In a later study, Brownscombe and Goldsmith
(1972) found no significant shatter between -10°¢ and -15°% for smaller
droplets in the size range 20-5C pm diameter. Finally, Bader et al.
(1974) measured the number of sub-micrcn ice particles produced during a
drgplet freezing event in freefall for two droplet sizes. They found
that fewer than 16 sub-microrn fragments were ejected when an €4 um
diameter droplet froze and less than 1 fragment per droplet when 30-42
pm droplets froze. Many other studies of droplet shattering have been
conducted, but these all pertained to droplets much larger than those
found in Park Range cloud systems.

B. Ice particle fragmentation

This section examines crystal fragmentation as 2 mechanism for
enhancing ice crystel concentraticns in Park Range cloud systems.
Surface cbservations of ice particle structure are compiled for each
habit class. These observations imply that dendritic crystsls have a
high potentizl for fragmentation. Aircraft measurements of ice particle
spectra suggest that high ice crystal concentrations in the dendritic
growth region may be associated with fragmentation during dendritic
snowfall events.

(1) Surface observations: Eighty-nine shadow photcgraphs containing

51,193 individuzl particles were collected during 12 serarate storm
events., These particles were classified and examired for fragmentaticn.
71% of the crystals were irregular. The amount of fragmentation, if

any, coulc not be accurately assessed for these complex shapes. 4% of
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the crystals were contained in aggregates and their detailed structure
was obscured. 2.4% were heavily rimed. £An additional 1.1% were complex
spatial crystals. Fragmentation for these crystals was also difficult
to assess. The remairing 21.5%, about 11,000 crystals, were examined
for evidence of fragmentation. The results are summarized in Table 10.

Two groups of crystals emerge from this conpilation. The first
group, consisting of needles, cclumns, sheaths, bullets, capped cclumns,
and élates, all showed little evidence of fragmentation. The vast
majority of the crystals in this group, with the exception of needles,
were € 1500 pm in their longest dimension. Needles were larger, often
reaching 3000 pm. The tips of the needles and sheaths did not appear to
suffer from fragmentation, such as that observed by Hobbs and Farber
(1972). This difference may be due to different crystal concentrations
and collision frequencies in the cloud systems studied. Fobbs et al.
(1974) observed aggregates of needles, a feature not present in Park
Range cloud systems. These aggregates imply higher collision rates for
needles and a greater potential for fragmentation.

The second group of crystals, dendrites, underwent significant
fragmentation. 7669 dendritic crystal forms were observed. 21.2% were
large fragments and 51.7% were broken branches. Fragmentaticn was
common whether or not riming was occurring. However, fragments appeared
more frequent whern rime was present on the branches. Examnples of
fragments are shown on Fig. 63,b,c,d.

It is important to note that fragmentation can occur as & result of
impact with other crystals in the atmosphere or due to collisions with
the collecting surface. In general, crystals which impacted and

fragmented on the collector remeiring in the vicinity of the impact and
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TABLE 10
SURFACE OBSERVATIONS OF CRYSTAL FRAGMENTATION
1981-82 STORMS

NUMBER PERCENT
HABIT CODE SAMPLE SIZE FRAGMENTED FRAGMENTED
Needles Nla 699 0 0.0
N2a 1 0 0.0
Sheaths Nlec 64 0 0.0
Columns Nle 264 0 0.0
N2e 71 1 1.4
Cle 43 0 0.0
C2b 12 0 0.0
R1b 1 0 0.0
Bullets Cle 19 0 0.0
C2a 19 0 0.0
Capped Columns CPla 93 0 0.0
CP1b 1 0 0.0
CPlc 44 0 0.0
Plates Pla 893 0 0.0
Stellar Dendrites Plb 57 21 36.8
Plc 292 35 11.9
Pid 374 88 23.5
pif 2216 1211 54.6
Endplate Dend. P2a 195 102 52.3
P2c 3 0 0.0
P2d 66 24 36.3
Centerplate Dend. Pe 145 43 29.6
p2f 154 59 38.3
P2g 86 20 23.2
Other Dendrites P3a 6 0 0.0
P3b 2 0 0.0
P3c 7 0 0.0
P4a 6 0 0.0
P4b 4 0 0.0
PS5 1 0 0.0
R2b 25 9 36.0

Broken Branches I3a,b 3969 3969 100.0
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were easily identified as a2 single particle. Such fragments were not
included in the fragment count. Only fragments with no clearly
identifiable parent crystal or group were categorized as fragments.

These observations show that cloud ice crystal concentrations may
be enhanced by fragmentation cduring crystal-crystel colliisione in
snowfall events which are characterized by a large dendrite population.
Concentration enhancement should occur primarily in and below the
dendritic growth zcne (-17°¢c to —13OC) and should be azccompanied by an
increase in the populetion of aggregates, since aggregates are also a
product of the collision of dendrites. Aircraft measurements which
suggest that fragmentation may be important are discussed in the next
section.

(2) Aircraft measurements: Aircraft soundings were carried out over RAD

during fcur deep storm systems. Two of these systems had dendritic
crystals present in the snowfall at RKAD. Ice crystal concentrations and
characteristics of the 2D-c¢ spectra nreasured during these soundings are
examined for evidence of ice crystal concentration erhancement by
fragmentation. The other two cases are discussed in the fcllowing
section on ice splinter producticn during riming. The data are
presented in a case study fornat.

a. 5 January 82: Crystal concentrations and representative spectra from

2-Dc probe from a sounding over RAD between 1539 and 1546 are showrn in
Figs. 71 and 72. Durirg this period, aggregated snowfall primarily
consisting of planar anc¢ spatial derdrites fell at RAD and SPL. Figure
71 shows that a rapid increase in the concentration of crystals occurred
through the depth of the dendritic growth region. Particle size spectra

shown on Fig. 72 indicate that the majority of the increase in
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concentration was due to particles smaller than 300 pm. The cloud
system was practically devoid of liquid water in this region. For thkis
reason, nucleation processes were limited largely to vapor deposition or
sorption. At such warm temperatures, it is unlikely that deposition
nucleation could account for such a rapid increase in the small particle
population. Because of their size, it is also unlikely that these
particles originated much higher in the cloud. Secondary particle
préduction by droplet freezing or ice splintering during riming was
unlikely because of the absence of liquid wafer. The only plausible
explanation for the observed increase is fragmentation. However, an
instrumental question remains concerning the scurce of the
fragmentation. Although it is clear from surface observations that
fragments occur regularly in association with dendritic snowfall, it is
likely that dendrites colliding with the 2D-c probe tips may also have
fragmented and prcduced the increase in concentration. In this case,
the contribution from each source is uncertazin. However, ground
observations of fragments clearly indicate that at least a portion of
the increase was due to natural collisions. Clearly, a8ll the
appropriate conditions for fragmentation tc cccur were present in this
case.
b. 31 January 82

The 31 Jan 82 case was the only case where the aircraft penentrated
the low level cloud region near the mountain. In this case, the
aircraft depzrted from Steamboat Springs Airport after the storm system
moved intc the area. The data extends from near ground level to 6100 m,

still below cloud top.
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Crystal concentrations and representative 2D-c¢ spectra at poirnts on the
sounding are shown on Figs. 73, 74 and 75. During this period, snowfall
consisted of ccld temperature crystals, primarily irregulars, sideplanes
(81, S2, S3), plate assemblages (F7a) and cold temperature columns (C1f,
C2a, CPla). However, decelerator data collected during the ascent (see
Fig. 57) indicated that dendritic crystals were alsc present in the
snowfall. The slides also contained a very high density of
unrecognizable particles.

From Fig. 73, it is evident that two distinet regions of erhanced
ice crystal concentrations existed, the first at ~24OC and the second

over the temperature range -8% to -12°C. Between the top of the

sounding and -24% crystal concentrations were nearly uniform at 20 1-1.
Spectra A in Fig. 74 was characteristic of this layer. Farticles were
distributed somewhat uniformly in the size ranges from 0-1066 pm. In
the zone betweern -24°¢ and —23OC crystal concentraticns increased to a
maximum of 7¢ 1-1. Spectra B, characteristic of this region, shows &

rapid increase in the small particle population, possibly associated

with new nucleation and growth. Below this layer, crystel

4

concentrations dropped to 36 1 *. Spectra C, from this regicn, suggests
that some of the large particles from the layer above may have
precipitated into this layer. Beginning at —12.700, a significant
enhancement in ice crystal concentrations occurred, reachirg a high
concentration cf 87 l—l at -5°C. Spectra D from Fig. 74 and E from Fig.
55 show the size distribution ¢f crystals in this region. The greatest
contribution to crystal concentration enhancement in this zone came from

crystals in the small size ranges, particularly less than 350 um. No

liquid water was observed in this region or at lower altitudes.
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82.
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Fig. 74. Ice crystal size spectra for selected points (A-D) on the 31
Jan 82 2303-2310 GMT sounding. Zero area images are displayed as a
separate category to the left of the zero.
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Fig. 75. Ice crystal size spectra for selected points (E-G) on the 31
Jan 82 2303-2310 GMT sounding. Zero area images are displayed as a
separate category to the left of the zero.
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Such increases in crystal concentration in the small size ranges
must either be attributed to primary nucleation or a secondary ice
crystal producticn mechanism. DNucleation in this case must be limited
to deposition or sorption, neither efficient nor likely at such warm
temperatures. Ice nmultiplication by riming or droplet freezing is
impossible in the absence of liquid water. As with § Jan 82, the only
reasonable mechanism for the cbserved ice crystal concentration
enhanéement is fragmentation. In this case, it appears that the large
flux of cold crystals with high fall velocities collided with the
smaller population of low fell velocity planar crystals promoting
fragmentation. Such collisions would increase the population of
crystals in the smzll size range. The magnitude of the enhancement in
this case seems extreme cconsidering the relatively small number of
complete dendritic crystals observed. A second unknown is the scurce of
the branched planar crystals, since the denrndritic zone in the sampling
area was not water supersaturated. These questions could not be
addressed with the limited data set.

C. Ice splinter formation during riming

Laboratory studies discussed in the review have established three
constraints for ice splinter production during riming:
(1) The temperature must be between -3 and -8%.
(2) Droplets with diameters 225 pm and <13 pm nust be present.
(3) Ice particles with size and structure suitable for riming must be
present.

In this section, eachk of these constraints are examined for Park

Range cloud systems. The 1981-82 data set is reviewed for evidence of
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the Hallett-Mossop (EM) mechanism. Two case studies are presented in
which the HM process may have occurred.

(1) Physical constraints on the HM mechanism

a. Temperature: The narrow temperature limits which bound the HM ice
splintering mechanism somewhat specify the altitude range where this
process can ccecur in wintertime clouds over the FPark Fange. Figure 76
shows a 19 year climatology of the 70 KFa temperature for the months of
N&vember through March at Grand Junction, Co., approximately 2C0 km
southwest of the Park Range. The 70 KFa level is approximately the same
altitude as the crest of the mountain. During the mid-winter months of
December to February, the mean 7C KFa temperature varies between -5 and
—7OC. Nearly 40% of the time, the temperature at ridgetop is within the
HM range. Most storm events ccecur &t these temperatures, which
correspond to the transition temperatures between a warm ridge and a
cold trough. 1In the early and late winter months of November arnd March,
the HM temperature range is generally within a few hundred meters of
ridgetop.

During storm pericds, ligquid cloud base varies from 500 m below to
100 m above ridgetop. Therefore, if the HM process is to cperate
effectively in these wintertime cloud systems, it must occur within the

lowest km of the cloud, and generally near the level of the ridgetop.

b. Presence of small (< 13 um) and large (> 25 um) droplets:

Climatolcgically, the HM temperature range is near cloud base in Park
Range cloud systems. Measurements of droplet spectra at SPL in years
subsequent to the 1981-82 experiment with a cloud gun have shown that
droplets < 13 pum dieameter are common in these clouds. However, droplets

with diameters > 25 pm have seldom been observed. Droplets > 3¢ pm have
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not been observed. Three possible reasons may explain the lack of large
droplets: (1) Due to the proximity to cloud base, insufficient time is
available for droplets to grow to the necessary sizes; (2) Cloud base is
closer to the boundary layer and at least in some cases, may have CCN
concentrations more characteristic of continental air. Droplet spectra
in this region weould therefore be more narrow; (3) Due to the large ice
crystal flux through cloud base from the colder cloud regions, larger
d;oplets will preferentially be removed by riming before they have a
chance to grow to the necessary sizes. The majer limitation of the HN
nultiplication mechanism in Park Range clouds is the requirement for
large droplets in the appropriate temperature range near cloud base.

c. Presence of large ice particles: Large ice particles falling from

levels colder than -10°C are nearly always present in Park Range cloud
systems. Virtually all of these particles are large enough to be
capable of accreting cloud droplets. Therefore, this constraint is not
a limitation.

(2) Evidence for the HM process

Because of the temperature censtrairnts asscciated with the EM
mechanism, ice splinters ejected during riming have a high probability
of developing into needles. If the HM mechanism had a positive impact
on the precipitation, such needles should appear in the precipitation,
particularly in Park Range clouds where they would form at zltitudes
near or below the mountain crest. During the 1981-82 program, needles
were not present during most storms. However, significant numbers of
needles were present during a two hour period of the 15 Dec €1 stornm

system. Needles were also present in smaller numbers during three hours
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of the 21 Dec 81 storm. Shadow photographs taken during the 15 Dec &1
event are shown on Fig. 77.

Sixteen samples containing needles were collected at RAD at
approximately 15 minute intervals during the two events. Of the 1€
samples, 13 contained snow pellets and 15 contained rimed crystals. At
SPL, 31 separate samples containing needles were collected at
approximately 5-1C minute frequency. Of these, 20 contained snow
pelle£s and 28 contained rimed crystals. These observations from the
surface network indicate that liquid water was present in the cloud
system, that riming cid occur and that the crystal habits expected from
an HM mechanism were present.

Figure 78 shows the vertical temperature structure of the
atmosphere measured by the CG rawinsonde at 1500 and 1800 on 15 Dec &1.
From this figure, one can see that the HM temperature range extended
over a kilometer from 2800 to 3900 m. This temperature zone encompassed
SPL. The temperature of maximum activity for the process was at 3100 m,
about 100 n above the laboratory. Figure 79 shows the 2D-c¢ crystal
concentration measurements during a sounding over RAD. The upper levels
of the cloud system contained several distinct layers. MNo crystal
concentration enhancement occurred in associaticn with the dendritic
zone. This is consistent with the surface observaticns where planar
particles were absent. More important to this section was the large
enhancement in crystal concentration near -10°C. Such erhancement was
almost entirely due to an increase in zerc area images on the prcobe.
Zero area images occur in association with particles of less than about
100 pm in diameter. Unfortunately, the aireraft could not descend

further into the cloud. The spectra from the sounding are illustrated
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Fig. 77. Shadow photographs of the 15 Dec 81 storm showing a large
number of needles.
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in Fig. 80. At RAD and SPL during this period, precipitation consisted
entirely of needles and snow pellets. Riming clearly was occurring
auring this event.

Droplet distributions were unavailable from aircraft or zt the
mounritaintop on 15 Deé 81. Evidence of substantial liquid water
concentrations in the cloud durirg this period were measured by the
racdiometer. Slant path values exceeded 2.0 mm to the north and souta
and exceeded 3.0 mm over the mountain. These were some of the higher
values observed during the program. Based on this data, the existen:e
of large droplets in the HM temperature range was clearly possible.

Figure 81 shows the vertical temperature structure of the
atmosphere cn 21 Dec 81 at 1500 and 1800 from rawinsondes launched at
CG. These times nearly encompass the aircraft flight period and the
needle/graupel precipitation event. From these soundings it is clear
that the HY tempereture range extended cver 600 m in the vertical,
lowered in elevation cver the three hours and encompassed SPL during the
entire period. The temperature of maximum activity of the splintering
process (-5°C) was below the level of the laberatory.

Fvidence for liquic¢ water presence in the lower levels of the cloud
below the aircraft measurenments was available from the radicmetric data.
The magritude of the liquid water contents measured by the radiometer
during this period were toc large to account for the water observed :n
the upper cloud layers. However, Rotorod measurements at SPL sugges: a
magnitude of liquid water centent in the low levels of about €.1 gm—ﬁ.
With such liguicd water contents, the probability of a significant
concentration of droplets > 25 uym in the HM region was low. Despite the

precipitation signature characteristic of the EM process at KAD and SPL,
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it is questionable whether the EM process did occur in the 21 Dec 81
c¢loud system.

Ir summary, circumstantial evidence exists that in a few cases, the
HM process may be active. However, the general lack of needle-like
precipitation and the absence of large droplets at mcuntaintep suggests
that the process is probably nct importart in the majority of
precipitaticn events.

D. Droplet shattering upon freezing

The characteristics of cloud droplet spectra observed in Park Range
cloud systems were summarized in Table €6 of Chapter 3. These
measurements showed that mearn droplet diameters seldom exceed 20 pm.

Droplet concentrations in the largest size bin of the FSSP were less

(23

than 1 cm um_1 when large droplets were present. These measurements
indicate that droplets with diameters greater than 50 um are rare. The
only laboratory studies which considered the freezing behavior of such
small droplets were Hobbs and Alkezweeny (1968}, Brownscombe and
Goldsmith (1972) and Bacder et al. (1974). These stucdies were all
conducted using droplets in freefell. The former two studiesc reported
no fragmentation of drcplets with diameters less than 50 px. DBader et
el. determined that less than cone suvb-micron ice fragment was ejected
for every three droplet freezing events when droplets with diameters
between 30 and 42 pn froze.

These studies, together with the measurements of droplet spectra
presented in Chapter 3, suggest that ice splinter preduction during
droplet freezing is not ar importeant source of ice crystals in Park

Fange clouc systems. Since virtually all of the droplets in these
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clouds have diameters less than 30 pm, ice multiplication during droplet
freezing is probably an extremely rare event.
5. Accretion

Accretion measurements cean be used to infer the temporal evolution
and physical distribution of liquid water in cloud systems. By
necessity, the accreticn process has already been discussed in some
detail in the previous chapter. In Chapter 3, three regions of Park
Range cloud systems have been identified where liquid water procduction
may occur. Accretional growth is limited to these regions. In general,
growth by accretion will contribute the most mass to particles in two of
these regions, the low level region at temperatures warmer than —10°C,
and the primary 1ift region neazr the mountain crest. Due to safetfy
limitations, the accretion process in these regions could not be studied
directly with aircraft. Information concerning accretion must be
implied from surface and radiometric observations. Such analyses were
completed in Chapter 3. The role of accretion in the upper cloud layer,
particularly near cloud top, is limited by the small size of the ice
crystals. Still, accretion mey pley an important role in crystel habit
development and may indirectly effect the later growth of precipitation
particles by zggregation. The purpose of this section is to supplement
the analyses of liquid water structure in Chapter 3 with additional
information concerning accretion in Park FKange cloud sycstems. Two
aspects of the accretion process are corsidered: (1) the role of
accretion ir upper cloud layers and near cloud top and (2) the frequency
of occurrence of the accretion process and its effect cn the
distribution of precipitation. A brief review of literature pertinent

to these discussions is presented in the fcllowing sectior.
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A. Review

Studies of accretion in cloud systems have primarily focused on the
microphysical aspects of the accretion process. Many research groups
over the last two decades have attempted to determine the minimum
crystal dimensions required for the onset of accretion. These studies
have used direct measurements as well as theoretical models of accretion
(Ono, 1%69%; Wilkins and Auver, 1970; Reinking, 1973; Iwai, 1973;
Harimaya, 1975; D'Errico and Auer, 1978; Reinking, 197%; Hirdman and
Johnson, 167Z; Pitter and Fruppacher, 1974; Schlamp et al., 1975;
Pitter, 1977).

Such studies have established that the riming threshold diameter
for plates is near 15C pm diameter and columns between 30-5CG pm
diameter. Branched planar crystals commenced riming after growing
beyond about 25C¢ pm diameter, radiating crystals at about 300 um.
Measurec¢ and thecretical collection efficiencies have also been
determined (Kajikawa, 1974, Pitter and Pruppacher, 1274; Schlamp et. al,
1975; Pitter, 1977).

A second emphasis of the microphysical studies has been to
determine the orientation of fall of riming crystels, crystal cross-—
sectional area, and distribution of droplets on the crystal face (Ono,
1%69; Sasyo, 1971; Zikmunda and Vali, 197Z; Iwai, 1973; Reinking, 1973,
1974; Barimaya, 1975; D'Errico and Auver, 197&). These studies have
generally concluded that crystals fall presenting the face of maximum
resistance to the airflow. Pime zccumulaztes on the prism face of
columns and sheaths, and on the downward basal face of plates and
branched plenar crystals. The largest accunulztions of drcplets occur

on the edges of the crystals exzcept for sheaths, which appear to rine
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uniformly. One goal of many studies has been to determine the size
distribution of droplets which typically interact with ice crystals
(Wilkins and Auer, 1970; Hariyama, 1978; D’Errico and Auer, 1978;
Pitter, 1977; Schlamp et al., 1975). Such studies have generally
concluded that droplets in the 10-15 pm diameter size range have a high
efficiency for collection by plate-like ice crystals between 15C and 400
um in dizmeter. The lcower cutoff size was generally around 2 pum
diameter.

Another enphasis of accretion research has been tc deterniine the
crystallcographic structure and subsequent diffusional growth of accreted
drops {(Cno, 1969; Brownscombe and Hallett, 1967; Kikuchi and Uyeda,
1979a,b). The studies by Kikuchi and Uyeda attempted to explain the
development of spatial dendritic crystals based on polycrystalline
structure of accreted drops.

Unfortunately, very few studies have attempted to interpret cloud
system structure in terms of accretion processes. Notable exceptions
are the series cf papers by Reirking (1973, 1975, 1979) and the work cf
Hobbs and collaborators in the Cascades (Hobbs et al., 1971; Hobbs,
1975a). Reinking found that many crystals in a giver population did not
begin to rime when the criticel minimum size was reached. Rather, the
onset of accretion was delayed or rnever occurred for large fractions of
the crystals in a sample., Reinking attributed these variaticns to small
scale variations in the liguid water conternt of the clouds. Hobbs used
observations of riming on crystals collected at surface locations and
witb aircraft to specify the altitude and depth of liquid water layers
in pre-frontal, frontal, post-frontal and orographic cloud conditions.

It is interesting to note that many clouds in the Cascades frequently
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have significant liquid water contents at temperatures warmer than
~10°C, a feature found in many Park Range systems.

B. Accretion in upper cloud regions

(1) Cloud top region in warm clouds (tops > -20°C)

Accretion near cloud top is limited by the size of the ice
particles and water droplets as well as the residence time of the
particles in the liquic water zone. Residence time is controlled by the
size and fall velocity of the particle, the vertical velocity and
condensation production rate in the cloud, and the ambient ice crystal
concentration and size distribution. As a consequence, the residence
time in the ligquic water zone and subsequent riming potential of an
individual crystal will vary from cloud to cloud.

In general, cloud systems with tops in the ~10°C to —20°¢C range
will produce crystals with plate-like habits during their earliest
growth., Studies quoted in the previous section have found that the
riming threshold of these crystals is near 150 pm diameter. Using
growth rates measured by Byan et al. (197€) and fall velocities measured
by Davis (1§74}, it is possible to calculate the fall distance of a Pla
erystal prior to growing to the riming threshold. For the Fla habit,
this fall distance is only a few meters. Based on this estimate, it is
possible for riming to at least initiate in the liquid water regions
near the tops of many cloud systems. In cases where the liquid water
depth extends cver a hundred meters, riming could become an important
growth mechanism, particulearly for particles criginating near the very
top of the cloud.

The droplet size distribution in the cloud top region can zlso

stongly influence the effectiveness of the accretion process. Studies
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described earlier have determined that droplets of 106-15 pgm diameter
have high collection efficiencies for small crystals. Comparing the
spectra of 16 Jan 82 and 23 Jan 82 (Fig. 48), it is evident that cloud
top riming can vary ccnsiderably due tc droplet spectra variations.
Both of these cloud systems were shallow with tops near —17OC and were
very similar in many other respects.

Kikuchi and Uyeda (1%79a,b) have established through direct
observation that droplets often freeze in a polycrystalline structure.
Such crystal structures serve as the framework for continued diffusional
growth in many directions depernding on the orientation of the
crystalline axes in the frozen droplets. Riming near cloud top,
particularly in cloud systems with tops in the vicinity of the dendritic
growth region, promotes the development of spatial crystals. In cases
of significant riming, these particles can develop the characteristics
of the R3b spatizl crystal. Crystals encountering few droplets
potentially can develop such spatial habits a= the F7a or P7b crystal.
Unrimed particles would continue to develop as branched planar crystals.
Particle combinations such as those described are ofter present during
aggregation events. In Sec. 6, it is hypothesized thst spatial
dendritic particles promote aggregation particularly well due to their
complex burr-like structures.

In summary, accretion near cloud top in warm (O —20°C) clouds is
highly dependent on many factors including CCN concentration and
subsequent cloud droplet distribution, vertical velocity and condensate
production rate near cloud top, ice particle concertrations and liquid
water depth. When accretion occurs, it most likely will result in the

production of spatial crystels. These crystals, because ¢f their



235

complex shapes, frequently promote aggregation. Because these aggregates
typically have higher fall velocities than the crystals which compose
them, cloud top riming in these clouds may indirectly contribute to
increased precipitation rates.

(2) Riming in upper regions of cold clouds (tops < -20°C)

Despite the ccld temperatures associated with the upper levels of
deer cloud systems, liquid water has been cbserved in these regions.
Datz collected on 21 Dec 81 has confirmed that liquid water contents of
up to 0.15 gm~3 can occur at temperatures between -20°C and -32°C and
that this liquid water interacts with ice particles in the riming
process. The distribution of liquid water along the flight track is
shown in Fig. 82. The conditions which must be present for such liquid
water production are unclear because of the limited data set. However,
this case had very low ice particle concentrations (< 5 1_1) throughout
the region where liquid water wes observed (Fig. 83). The liquic water
in this region contributed to the precduction of rather large rimed
particles. The rapid spread in the particle size distribution through
the depth of the upper cloud layers (Fig. 84) and the shape of the 2D-c
images (Fig. 85) strongly implies that snow pellet formation cccurred in
this region.

The frequency that high level supercooled water layers ocecur in
Park Range cloud systems is unknown. The data available for other
fligats in deep cloud systems did not show any evidence of such large
liquid water layers. Accurate assessment of the role of accretion in
ice darticle development in these cold cloud regicns will reguire a much

larger data set.
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C. Frequency of accretion and effects on precipitation distribution

Surface neasurements of rime intensity in Chapter 3 were used in
coordination with other data sets to examine the temporal evclution of
liquid water in Park Range cloud systems. From these analyses, it was
clear that liquic¢ water frequently occurs in sufficient quantities to
initiate the accretion process. This section presents a mcre general
supmary of surface observations of accretion. This is followed by a
gualitative discussionr of accretion and its effect on ice particle
trajectories.

The summary of ice particle habits presented in Table 9
differentiated rimed particles from unrimed particles only if the rimed
particles were snow pellets or large graupel. Such graupel made up
2.36% of the total sample from the shadow photograph analysis. However,
a much larger number of crystals in the shadow photograph samples were
rimed to scme degree.

To estimate the frequency that rimed particles occur in Park Range
systems, the visual observations of particles on black felt were used.
These were chosen over the shacdow photographs because they were made et
a much higher frequency, covered a wider range of storms, and were
available from more than one site. The observations were divided into
two classes, those where rimed particles were present and those where
only unrimed particles were observed. The results of this
classification are shown in Fig. 86.

During the storm events of 1981-82, 216 individual cbservations
were made at SPL and 254 at RAD. These observations were ccllectively
made during 23 separate storm events. During the storms, 77.7% of the

samples at RAD and 72.2% of the samples at SPL contained rimed crystals.
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34.2% of the RAD samples and 36.1% of the SPL samples contained at least
some heavily rimed crystals. It is importart tc note that in most
samples, many crystals were present which were not rimed, or rimed very
lightly. Often, these were in the majority. Examples of such a mixture
of rimed and unrimed crystals are shown in Fig. &/. As in the Reinking
studies, the degree of rime varied considerably in any one sample. The
percentages quoted here represent the number of observations where rime
was observed on at least part of the crystsls in the sample. These
observations imply that the accretion process is significant in

production of both valley and mcuntaintop precipitatiorn in Park Range

The observations have some implications concerning trajectories of
particles and the subsequent distribution of precipitation across the
mountain. A general conclusion of many studies of ice crystal fall
velocity is that rimed particles fall faster than their unrimed
counterparts. Trajectories of rimed particles are naturally steeper.
In general, the earlier diffusional growth of particles arrivirng rimed
2t RAD or SPL must have occurred much closer to the mountain than
unrimed crystals of similar size and habit. In other words, riming
selectively occurring cn crystals falling within the zcne of liquicd
water production near the mountain causes particles to fall at the same
location as unrimed particles generated much further upwind.

A wide distribution of rime orn a population of particles can be &
consequence of the increase in liquid water producticn near the mountain
in the orcgraphic airflow. The dispersive nature of rime accumulation
in a single sample can also be attributed to small scale veriations in

the liquid water structure. Such factors as small scale turbulence,
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Fig. 87. Shadow photographs showing mixtures of rimed and unrimed
particles.
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convection, wave interacticns, and variations in the ice crysteal
distribution all affect the actual distribution of liguid weter in the
cloud. Consequently, particles whose trajectories differ by only a few
hundred meters may encounter quite different liquid water ccontents.

In any case, the effect of zccreticn is to cause particles to have
steeper trajectories. The net result is te skift the distribution of
precipitation windwerd of that which would have occurred ha¢ diffusionzl
growth processes acted alone.

6. Aggregation

Aggregated ice particles comprise an important component of the
total precipitation falling from Park Range cloud systems. The
mechanisms by which aggregation occurs in these cloud systems are
complex. Significant variations in the intensity and characteristics of
the aggregates coccur over time scales of less than an hour and often as
short as five or ten minutes. The physical processes associated with
the formation cf zggregated snowfall in northwest Colorado wintertime
cloud systems are discussed in the following sections. A review of
previcugs work precedes the analysis.

A. Review

(1) Particle adhesion: Frevicus studies of the aggregation process have

identified five mecharisms by which particles in contact adhere to each
other. These mechanisms include (1) contact freezirg df a liquid legyer
present on the crystals, (2) ice particle sintering, (3} electrical
attraction, (4) mechanical interlocking of complex crystal shapes and
(5) ''cementirg’' of crystals during riming.

Farly experiments concerning the force cf adhesion of ice particles

were done by Nakaya and Matsumoto (1954) and Hosler et al. (1957).
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Nakaya and Matsumoto found that the force of adhesion decreased by a
factor of five as the temperature during the experiment was lowered fronm
-2°C to -15°C. Hosler et al. (1957) found the force of adhesion to vary
from a few dynes at -25°C to 660 dynes at 0°c. Hosler and Hallgren
(1960) measured the ccllection efficiency of very small (<10 um)
crystals on discs with diameters of 127 and 360 um in a wind tunnel.
They found that aggregation occurred over a temperature range of -6 to
—2500, the limits of the experiment. Measured collection efficiencies
were highest at —120C. They associated this maximum with a transition
in crystal habit.

Hosler anrd Hallgren speculated that their experiments could be
explained by the existence of a liquid surface layer on the ice
particles. This liquid surface was assumed to vary in thickness
accorcing tc temperature and to freeze on contact with a colliding ice
particle. They explaired the maximum at -12°¢ by suggesting that the
liquid layer was thicker on the basal plane than the prism face,
enhancing the adhesive capability of platelike crystals. Theoretical
support for the existence of a liquid layer was presented by Fletcher
(1968).

An alternative mechanism for the adhesion of ice particles was
studied experimentally and theoretically by Hobbs and Mason (1964).
This process, called sintering, occurs because ice particles in point
contact form a non-equilibrium system. In order tc minimize the total
free surface energy of the system, a requirement for equilibrium, a

transport of water molecules toward the contact point must cccur. Hobbs
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(1965) showed that ice particles with radii of curvature of the order of
10 pm need to contact about 1€ seconds tco develop ice bonds of
appreciable size.

A third mechanism that may enhance ice crystal aggregaticn is
electrical attraction. Measuremerits of an excess pcsitive charge on the
basal plane of crystals by Smith-—Johannsen (1965) have been used by
Odencranz et al. (1968) and Magono and Tazawa (1972) to explain their
observations of T-shaped aggregates of columns or plates. However,
Smith-Johannsen (1969), in a later paper, calculated the charge
separation induced by temperature gradients across growing crystals and
found them insufficient toc account for the large number of T's
experimentally observed. The first quantitative measurements of the
effects of electrical fields on crystzal collection efficiency were
reported by Latham and Saunders (1$70). In their experiment, ice
crystals of 1-10 pm diameter were carried past 0.2 cm ice spheres in 2
wind tunnel at temperatures ranging from —7°C to —27OC. They found that
the growth rate of the collector in the presence of an induced
electrical field exceeded the rate when no field wes spplied by 15% at
500 V er Y, 40% at 1000 V cx L and 80% at 1500 V cm ©.

OCbservations of aggregation in natural snowfall have strongly
implied that mechanical interlccking is responsible for the initial
collection of ice crystals. Rogers (1974) found that aggregates of
sizes greater than 1 cr were composed primarily of planar dendritic
habits and spatial crystals with habits P7a, P7b and R3b. Chtzke (1969)
concluded that large snowflake formation was due to mechanical
interaction of crystals with fire branched structure. A similar

conclusion was reached by Jiustc and Weickmann (1972) based cn their
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observations of snowflakes in Great Lake snowstorms and upslope storms
near Denver, Colorado.

Hobbs et al. (1974) identified five types of aggregates in snowfall
over the Cascade Mountains of Washington:

(1) combinations of two or more bullets, side planes, columns,
assemblages of plates, assemblages of sectors;

(2) combinations of needles;

(3) aggregates of planar dendrites;

(4) aggregates of radiating assemblages of dendrites;

(5) combinations of planar dendrites and radiating assemblages of
dendrites.

The first two groups contained very small aggregates, seldom exceeding 2
mm. The latter three groups formed aggregates of size 2-6 mm, but often
as large as 15 mm. The latter three categories have a high potential
for interlocking.

The importance of supercooled water in enhancement of the
aggregation process has received little attention in the literature.
Rogers (1974) reported that many of the spatial crystals had a rimed
core, but he did not observe rime on the branched region of the
crystals. However, Jiuste and Weickmann (1973) reported that sggregates
in Great Lake snowstorms were frequently rimed.

(2) Physical parameters controlling aggregation

a. Temperature: Studies of the relationship between the maximum diameter
of aggregates and surface temperature (Magono (1953), Rogers (1974),
Hobbs et al. (1974)) have all shown a distinct peak in the maximum
dimension of aggregates when the surface temperature was near 0°c.

Hobbs et 2l1. (1974) showed a secondary maximum near -15°C with aircraft
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observations. Magono (1953) attributed the erhanced aggregation to a
better sticking efficiency. Hobbs et al. concluded that differences in
the sizes of the various aggregates were dve to differences in the
crystals composing them rather than differences in the ground
temperature or the precipitation rate. Rogers (1974) attributed the
observations to three effects: 1) the depth of the ’''aggregation zone'’,
between the dendritic zcne and the surface, was larger allowing for more
collisions; (2) warrer temperatures allow for more effective adhesion;
and (3) the rate of vapor diffusion may te larger in the 0°c layer.

b. Crystal concentration: Modelling studies such as Jiusto (1971) have

implied that aggregatior is much more effective when cloud crystal
concentrations are large. The only measurements of the effects of
crystal concentration were provided by Hobbs et al. (1974). Hobbs et
al. found from sircraft measurements with a continuous replicator and
particle decelerator that the probability of aggregate occurrence
increased as crystal concentration increased. Their data covered a

1

range of 10-1C000 1 ~, but had no size or habit discrimination.

c. Crystal size and habit: The size of individual crystals in aggregates

varies considerably. Rogers (1974 rcted that 75% of the aggregates in
his sample contained an ’'origir'’ crystal of significantly larger size
and of differernt habit. His observation, together with those of Hobbs
et al. (1974) and Jiustc and Weickmann (1973) suggest that aggregation
initiation may be due to ordered ccllisions of particles of different
size and habit. This agrees qualitatively with the theoretical results
of Passarelli and Srivastava (1979) who found that, at smell dispersion
of particle fallspeeds, the most effective collisions were between large

and small particles.
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(3) Collection efficiency and size spectra evolution

Lirberne studies of precipitation evclution have generally shown
that snow size spectra obey expcnential relationships similar to those
described by Marshall and Palmer in 1948 (Passarelli, 1978b; Houze et
al., 197%; Lo and Passarelli, 1982). Passarelli (1978b) used his
analytical model (1978a) anc snow size spectra in one storm to deduce
collection efficiencies of dendrites between —-15°C and -12°C. Houze et
al. (1979) found from studies of size spectra evclution that observed
particles grow particularly well by collectior. Lo and Passarelli
(1982) implied from their measurements that aggregate breakup may also
be important in the low cloud levels.

B. Surface observations of ice particle aggregation

Three aspects of the aggregation process were investigated using
measurements collected at RAD and SPL. These include: (1) the role of
surface temperature as a controlling parameter in the flux of aggregate
precipitation, the number of crystals composing aggregates and aggregate
formation; (2) the relationship between precipitation rate, the flux of
aggregates tc the surface and the number of crystals compoeing
aggregates; and (3) the role of crystal habit ir zpggregate formation.

(1) Surface temperature: Several papers reviewed in the previous

section precented evidence showing that the maximum diameter of
aggregates increased as the surface temperature approached 0°C. One
hypothesis suggested by several authors was that the 0°¢c layer is a
region of erhanced collection efficiency due to the increased sticking
efficiency of the ice crystals.

To examinre this effect quantitatively for Park Range cloud systems,

surface data on aggregation was stratified according to temperzture
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measured at RAD. During the 1981-82 experiment, precipitaticn samples
were collected every 15 minutes on a 250 om2 felt board. The number of
single crystals and crystals composing aggregates were counted under
magnification for each sample. Simultaneous measurements of
precipitation rate were made by weighing 15 minute samples of
precipitation collected in a plastic container with a 160 sz crifice.

These measurements were used to determine aggregate fluyx defined as

Here, Fa is the aggregate flux (mm/hr), R is the precipitation rate

(mm/ hr) , n, is the total number of crystals contained in aggregates
collected in the sample and ns is the total number of single crystals in
the sample.

Figure 88 shows the aggregate flux as a function of surfzce
temperature for all observations at RAD during the 1981-82 field season.
No significant trend in the aggregate flux with surface temperature is
evident from these deta. During the experiment, the mejority of the
observations were made between -2.5 and +1.0°C. 55% of the samples in
this temperature range contained no aggregates despite consideratle
variation in the precipitation rate (see next section). Values of
aggregate flux greater than 1 mm/hr were observed over the temperature
range of +2.2 to -7.2°C. Considerable variability was evident in all
storms regardless of the surface temperature.

In Figure 29, the number of crystals compcsing aggregates is shown
as a function of surface temperzture. The vertical bars in the diagram
represent the range of values observed in a single sample. Again, no
significant trend is evident in the data. Aggregates with greater than

20 crystals were observed over a wide range of surface temperatures.
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However, observations of aggregates with over 50 crystals were limited
to the range -1.2 to -4.4%.

Durirg most storm periods, simultaneous observations of crystal
structure were available at RAD and SPL. SPL, approximately one
kilcmeter above RAD, generally has a temperature 6-10°C colder than RAD
during storm pericds. A comparisicn of observations at both sites
provided an opporturity tc assess the importance of the warm surface
layer in promcting aggregation.

Figure 90 presents the complete climatology of cbservations of
aggregetion at both sites for all storms when simultanecus observations
were available. On these figures, the boxes represent periods when
routine observations were carried out at each site. DTarkened areas
indicate that aggregates were present in the collected samples. White
areas indicate that only unaggregated particles were present. The
surface temperatures at both sites are located directly below the boxes.

A summary of 21l simultaneous observations produced somewhat
surprising results. Seventy-five percent of the observations were in
agreement, that is, SPL and RAD both observed aggregates (30% of the
observations}, or neither observed aggregates (45% of the observations).
However, 14% of the time, SPL observed aggregates and RAD observed only
single particles. These cbservations occurred almost exclusively in
shallow cloud systems. The precipitation mechanism which led to such
observations will be discussed in a case study in Sec. C. Eleven
rercent of the time, only RAD observed aggregates. A third of these
observations occurred in the 27 Jan 82 storm when the SPL temperature

was -11°C and the surface temperature at RAD was between -2 and -3%.
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These observations strongly suggest that the aggregation process
initiates at temperatures well below ¢°C in Park Range cloud systems and
that a warm surface layer is not a general condition for the development
of large aggregates. An important observation is the high degree of
variability in the aggregation process in individual storms at the sanme
temperature. Possible mechanisms for such variability will be discussed
in Sec. D.

(2) Precipitation rate

Empirical assessment of observations of precipitation and liquid
water structure presented in Chapter 3 suggested that higher
precipitation rates were c¢ften associated with a higher degree of
aggregated precipitation. This observation is examined more
quantitatively in this section. Figure 91 shows the aggregate flux as a
function of precipitation rate for each measurement at RAD during the
1981-82 experiment. Four slcping lines are placed on the diagram for
visual interpretation. These are where 100%, 50%, 25% and 10% of the
total precipitation was in aggregated form. Several important
characteristics of aggregated precipitation are evident in this diagram.

In moderate to heavy precipitation (> 1 mm/hr}, sggregates have a
greater tendency to appear in the samples, but they often do not
contribute substantislly to the total precipitation flux. Aggregates
appeared in 58% of the samples collected when precipitation rates were
greater than 1 mm/hr. However, aggregates contributed over half the
precipitation mass in only 28 of the samples. Many of the samples
(42%) with precipitation rates > 1 mm/hr contained no aggregates. A
general tendency toward increased riming was observed during heavy

precipitation events where no aggregation occurred.
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In light precipitation (< 1 mm/hr), 40% of the samples observed
contained aggregates. In 20% of the samples, aggregates comprised over
half the totel precipitation mass. As indicated on Figure 92,
aggregates were frequently observed at very low precipitation rates.

A high degree of variability in the zggregation potential of ice
crystals cccurred withir short time pericds in individual storms even
when the precipitation rate did not change substantially. A good
example is the data of 19 Jan 82 (see Fig. 91).

The relationship between precipitation rate and the number of
crystals contained in aggregates is shown in Fig. 92, No significant
trend is evident in this data. The nmost interesting aspect of the data
is the occasional tendency for rather large aggregates of 20-40 crystals
to form during periocds with very low precipitation rates.

The general tendency for aggregates to form regardless of
precipitation rate suggests that changing cloud ice crystal
concentrations may play only a secondary role in the ice crystal
aggregation process. Although high ice crystel concentrations in clouds
will undoubtedly erhance the frequency of collision, the collection
efficiency of these crystals is often low. However, particular habits
exhibit high collection efficiencies due to their complex shapes. These
particular crystals dominated all moderate to large sized aggregates.
The effects of crystal habit are considered in the next section.

(3) Crystal habit

The characteristics of aggregates collected at RAD are examined in

this section using shadow photography and visual observations on black

velvet boards. The data are presented on a case study basis. Sixteen
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storms are examined. Shadow photographs for these storms are presented

in Figs. 63, 93, 94, and 95.

a. 13 December 81: Two pericds of aggregation occurred on 13 Dec 21.

The first occurred between 150G and 1800. The crystal habits were
predominantly S1 and CZa. Based on the available photographs, these
crystals were irregular, consisting of combinrations of side planes. An
example of these aggregates is shown on Fig. 63a. Aggregates were
small, generally consisting of 2-3 crystals. Individuzl crystals were
less than 1 mm. During the aggregation event, snowfall rates varied
between 1.C¢ and 0.1 mm/hr,

The second aggregation event occurred during a 30 minute period
beginning at 1940. Crystals in these aggregates were planar dendritic
types with various degrees of rime (Ple, P1d, P1f, R2b, Rld). The
snowfall rate was 0.1 mm/hr during this event. Shadow photographs were
unavailable.

b. 14 December 81: Aggregates cn 14 Dec 81 consisted almost entirely of

planar dendritic forms, primarily Ple and P1f. Aggregates were observed
over a six hour period. Durirg this time, echo tops from the radar
indicated that the cloud system was shallow, with tops near -16°c.

Three shadow photographs from 14 Dec 81 are shown on Fig. 63. The
aggregates on 14 Dec &1 were often composed of 10 crystals and
frequently as many as 40. One characteristic evident on all the shadow
photographs was that an unusually large (3-5 mm) well-branched planar
dendrite was present in many of the aggregates. This was particularly
true in large aggregates. Examples are clearly evident in Fig. 63c in
the center and in all the large aggregates on Fig. 63d. Close

examination of the large aggregate in Fig. 63b shows similar structure.
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Fig. 93. Shadow photographs of aggregates in the 15 Dec 81 (a,b) and 29
Dec 81 (c,d) storms.
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Fig. 94. Shadow photographs of aggregates in the 29 Dec 81 (a), the 30
Dec 81 (b,c) and the 4 Jan 82 (d) storms.
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It is evident from these photographs that the presence of large
delicately branched crystals contributed substantially to the collection
efficiency through mechanical interlocking. Light rime was alsc present
on many of the aggregetes. This rime appears to have accumulated after
the aggregate formed. Aggregates of similar type were observed
throughout the periocd at SPL (—7°C) indicating that the zone of
aggregation formation extended well above the elevation of the -7°
isotherm. In fact, aggregates continued to be observed at SPL during

several periods when only single crystals were observed at RAD.

¢. 15 December 81: Aggregation occurred during five periods on 15 Dec

81, totalling about 3 hours of a ten hour storm event. Aggregation was
generally light, despite a large precipitation rate at times. The two
extended periods of aggregation were from 1260-1320C and 1520-1640. A
shadow photograph from each of téese periods is shown on Fig. 93a and
93b. The characteristics of aggregates in the samples were somewhat
masked by rire accumulztion and breskage. FHowever, it is evident in the
shadow photograph of Fig. 93z that large branched dendrites serve as
collectors for many of the irreguler crystal shapes. In the sample at
1530, the collection of rime on the aggregete is uncoubtedly serving to
consolidate the ice mass intc a firmer structure. Although a large core
erystal cannot always be identified in these photographs, many of the
aggregates do contain the larger dendritic crystals. These may serve as
the foundation of the aggregate structure. Only light aggregation was
observed durirg these periods at SPL (-6°¢C). Aggregates at SPL were
composed of plenar dendritic forms.

d. 16 December 81: Crystals on this day were very smell with irregular

shapes characteristic of ccld clouds. Nearly all crystals were
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unaggregated. The few aggregates which did fall were primarily compcsed
of 2-3 P7a crystals. £An exception to this were occasicnel aggregates of
up to 20 crystals. These only occurred during pericds when planar
dendritic forms were also observed. Unfortunately, shadow photographs
were unavailable for periods with aggregated snowfall.

e. 21 December 81: One mejor zggregation event occurred during the 12

hour stcrm on 21 Dec 81. Durirg this period, which lasted 1.5 hours,
riming was significant. The component crystals of the aggregates were
P1f, P7b, and P72, but in most cases identification was difficult
because of heavy rime. Only one pcor quality shadow photograph was
available. In this case, riming clearly aided in cementing crystals
into a single ice mass. Very light aggregation occurred occcasionally
lzter in the day. These aggregates were also heavily rimed.

f. 29 December 81: Several excellent photographs of aggregates which
fell during light snowfall (<C.2 mm/hr) were available for 29 Dec 81.
These are shown on Figs. 93c,d and %4a. These aggregates are typical of
the two types of large aggregates cobserved in Park Hange snowfall. All
of the aggregates contained rather large (4-5 mm) planar dendrites of
P1f habit. The first type of aggregate (Fig. 93c,d) alsc contains
numerous R3b and P7b crystals. These spatial crystals most frequently
have a visibly rimed core upon which dendritic extensions grow. The
rimed core present in these crystals indicates that riming occurred
prior to the diffusional growth of the extensions. This is strong
evidence that superccoled water was present within the dendritic growth
regime. Evidence of such high level supercooled water was presented in
Chapter 3. These crystals appear to collect on a "'platform’’ provided

by the larger planar crystals. Once the aggregate growth initiates, the
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""platform’’ then continues the capture of smaller crystals as the fall
velocity of the aggregates increases. A second type of large aggregate
which occurs in the absence of R3b and P7b spatials ie an assemblage of
very large P1f planar dendrites. An exarple of such an aggregate is
shown on Fig. %4a. These aggregates have been observed in very light
snowfall at RAD.

g. 30 December 81: Three distinct periods of aggregation occurred on 30

Dec 81. The first period, which lasted 30 minutes, involved very light
aggregation and extensive riming. The only photograph available had
virtually 21l single particles except for cne small aggregate with only
one identifiable crystal. The second period, 2 hours long, was a heavy
aggregation event. These aggregates were typical of large aggregates
associated with moderate to heavy snowfall. FExamples are shown on Fig.
94b and c. Again the core crystals were dendritic with few large
crystals identifiable. The primary characteristic of these aggregates
was the rime accumulation. It is this large mass accumulation that
contributes substantially to the increase in precipitation rate. It
appears that the rime accumulation occurred well after the initial
formation stage of the aggregate indicating that the superccoled water
occupied the lower cloud levels. From the phctographs, it also appeared
that fragmentation may have occurred aleng the aggregate edges. The
third aggregation episode occurred late in the storm after a change in
habit tc colder crystals occurred. Unfortunately, no pictures were
available to estimate the effectiveness of the aggregation during this

period.

h. 4 January 82: This day was examined because aggregation did not

occur despite the presence of many large planar dendritic crystals.



267

Figure 94d shows an example of such crystals. Aggregates were alsc not
observed at SPL, despite light-moderate snowfeall ccmposed almost
entirely of these crystals. Three factors contributed to the lack of
aggregates on this day. Close examination of the majority of the
crystals photographed indicated that these dendrites had a complex
internal structure more similar to a P2d crystal, rather than the
delicately branched P1f. A good example is the large dendrite in the
upper right corner of Fig. 94d. These crystal forms do not have as
great a capability to interlock with other crystals of similar type
because few gaps exist in their structure. It is likely that collisions
of these crystals result in few successful captures. The second factor
which prevented aggregation was that the spatial dendritic forms (P7b,
R3b) were not present. These crystals have arms perpendicular to the
basal plane of a dendrite falling in hydrodynamic equilibrium and can
interlock easier to provide a base for subsequent crystal capture. The
last and possibly most importart factor was that the precipitation rates
were very low (0.025 mm/hr) during the dendritic snowfall period. Such
low rates imply that collisions in the cloud were infrequent.

i. 5 January 82: This storm is presented as a major case study in

section C.

j. 13 January 82: Aggregates fell throughout the day from this cloud
system. Snowfall rates were light-moderate (0.2-0.8 mm/hr), despite the
fact that the cloud was orographic and quite shallow, with echo tops at
the -16°C level. Heavily aggregated snow fell much of the day at SPL
(-10°¢) indicating that the aggregation process operated very
efficiently in the upper layers of the cloud. Aggregates durihg the

early part of the storm were primarily composed of R3L and P7b crystals
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although some planar dendritic crystals were evident. Figure 95a shows
an example of a chain of seven spatials. As the storm progressed, both
planar and spatial crystal types became more common. Figure 95b shows
large aggregates composed of planar dendritic forms and primarily R3b
spatials. Given the shallow nature of the cloud, the rapid formation of
such aggregates requires specific conditions in the upper cloud region.
These conditions will be described in the second majer case study
described in section C,

k. 16 January 82: This storm is presented as a majcr case study in
section C.

1. 19 January 82: Aggregation was observed in association with strong

convection on this day. Unfortunately, only limited observaticns were
available. Spatial dendritic crystals dominated the aggregates but
other crystel types, primarily S1, S2 and F7a were observed.

m. 21-22 Januery 82: This storm system was interesting because cnly one

short period in the storm had aggregated precipitation. During mcst of
the storm, the crystals were extremely small and unaggregated. Near the
end of the storm, a rapid change occurred in the size and habit of the
crystals, and large aggregates began to fall. An exarple of a 2.5 cn
aggregate is shown on Figure 95c. The surface temperature at the time
the sample was collected was -4.7°C. The primary crystal habits again
were planar (P1f) and spatial (R3b) dendrites. Other crystals may be
present in the aggregate, but its large size prevented a more deteiled
examination. This particular sample contained over 200 crystals.
Aggregates were observed simultaneously at SPL (-13°C), although windy

conditions prevented detailed observations.
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n. 23 January 82: Data were not collected at RAD durirg this storm.
However, measurements were made at SPL and with aircraft. The aircraft
penetrations were during the shallow storm stage, late in the storm’s
evolution. During the entire period, the SPL temperature was -12 to
-14°¢. Heavy aggregation occurred. The primary crystal habits were Pif,
R1b, and R2Zd. Some R4b snow pellets were observed. Aircraft
measurements confirmed that the cloud was shallow and stable, with
strong wave motion to the lee of the Range. Cloud top was 1.5 km above
mountain top. A substantial quantity of supercooled liquid water was
present at cloud top. This case study was very similar to the 16 Jan 82
storm described in section C. A detailed discussion of this type of
cloud system will be given in that section.

0. 27 _January 82: Aggregates on 27 Jan 82 were composed primarily of

small highly rimed spatial crystals and fragmented dendritic forms. The
habit of the majority of the crystals was masked by large rime
accumuletions. This storm was the only storm where aggregation occurred
at RAD and not SPL for an extended period. During this period, however,
aggregation was extremely light, with 96-98% of the crystals at RAD
remaining unaggregated. Figure 95d shows an example of a rimed
aggregate which fell during the early part of the storm. It appears in
this case that rime accumulation was instrumental in solidifying the
aggregate structure.

p. 31 January 82: Two types of aggregates appeared during this storm.

The first type were very small aggregates of C2a, P7a, and R3¢ crystals.
Aggregates were generally limited in size tc 2-3 crystals. During a
later phase of the storm, large planar dendritic forms appeared.

Numerous spatial crystals (R3c, B3b) were also present. The switch in



270

crystal habit was accompanied by an increase in the size ané number of

aggregates.

C. Physical models of aggregation in cold cloud systems

(1) Aggregation in a deep cloud system

The storm selected for detailed study was the § Jan 82 system.

This storm has also been discussed in Secs. 2 and 4. The § Jan €2 storm
system evclved through several distinet stages durirg its passage
through the study area. The storm developed in association with a
rapidly moving trough system which passed over the Northern Colorado
mountains. Warm advection occurred throughout the period.

Figure 66, three infra-red satellite images taken zt 1315, 1415 and
1515, illustrate the stages of evolution of the storm. Two deep cloud
regions are evident on Fig. 96s: the first, a narrow band extending
southward into Colorado from Wyoming, and the second, a deep cloud
region covering much of the state of Utah. Between the deep cloud
regions a shallow corographically induced system was present. The deep
cloud regions were characterized by heavier precipitation rates and
aggregated precipitation. The orcgraphic system produced 1ight
precipitation rates, with single rimed particles. The deepr cloud region
which covered the state of Utakh (Fig. 96a) arrived in the Park Range
region at 1450 (see Fig. 96b,c). Upon its arrival, a 2 hour quasi-
steady period of heavy precipitation consisting primarily of unrimed
aggregates commenced.

Figure 97 shows a sounding taken €C km upwind of the crest of the
Park Range at 1500, directly after the system moved over the region. Two
important features are evident on this sounding: 1) the atmosphere was

stable throughout the depth of the troposphere and 2) the winds aloft
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f the 5§ Jan 82 storm at 1315, 1415, and 1515

lmages o

Fig. 96. Satellite i

GMT.
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were particularly strong. Winds veered with height from southwesterly

1 at 7C KPa to westerly at 34 ms—1 at 50 KPa. The sounding

at 18 ms~
shows the magnitude of the westerly component of the wind velocity.

The ground based physical and remote sensing observations for the
entire storm are shown on Fig. 98 and Fig. 99. The two hour quasi-
steady period of heavy aggregated precipitation began at 1500, Crystal
habits, degree of rime zrnd aggregation were observed at SPL and RAD.
These data zre displayed in Figs. 98a,b and 99a,b. The data are
segregated into rimed particles, unrimed particles and aggregates.

Under aggregation, the symbols D and # for SPL indicate the degree of
aggregation (0, no aggregation, M, moderate aggregation, A, virtually
all particles aggregated) and the estimated number of crystals in the
aggregate (#). On the figures, % is the percent of crystals in
aggregates at RAD and #, the number of crystals in aggregates at RAD.
Precipitation rate was estimated at SPL (Figs. 98¢ and 9%9:) and measured
at RAD (Figs. 98d and 99d). The SPL estimate was visual and classified
as O (nore), L (light), M (moderate) or H (heavy). Figures 98e and 929%e
show the integrated liquid water content measured cver the radiometer
during the period. In the figure, 15o values are rnormalized by
multiplying by the sine of 15° so that they can be compared to the
vertical values. Figures 98f and 99f show the time-height display of
reflectivity measured by the radar.

Throughout the 2 hour period, echo cloud tops ranged from 5.5 - 6.0
km. Radiometric measurements indicated that the cloud was devoid of
supercooled liquid water. This was confirmed by crystal cbservations at
SPL and RAD. Initially after the deep cloud system developed, rimed

crystals were cobserved at both sites. Within a short time after the
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onset of the deep cloud, virtually all crystals collected at both sites
were unrimed and highly aggregated. Precipitation with these
characteristics continued to fall throughout the remzinder of the twc
hour period. Crystal habits observed at both sites were all Ple, PI1f,
P6d and P7b. Based on these observations, the majority of the
diffusiocnal growth of precipitating crystals occurred within the
dendritic temperature ranges. Precipitation rates at RAD varied from
0.70 to 1.55 mm/hr. Precipitation at SPL was moderate to heavy
throughout the period.

The flight track for the Cheyenne II aircraft on § Jan 82 is shown
on Fig. 100, Aircraft observations of the physical structure of this
cloud between 6800 m and 4400 m from a sounding taken just upwird of the
mountain between 1538 and 1546 were discussed in Sec. 4 and are shown on
Figs. 71 and 72. Figure 71 shows the liquid water content measured by
the FSSP and total ice crystal concentrations measured by the 2D-c¢
probe. Throughout the sounding, liquid water contents were near zeroc.
Ice particle concentrations ranged from 5 1_1 rnear cloud top to 100 1_1
at 4400 m. The size distribution of these ice particles at selected
points on the sounding are shown in Fig. 72. Two important features
concerning the evoluticn of the ice phase in this cloud system were
evident from these spectra: 1) a large number of small (<200 pm)
crystals were present above and within the dendritic growth region, and
2) the upper cloud layers were dominated by diffusional growth
processes. Aggregation growth began in the lower portion of the
dendritic growth zone and accelerated rapidly between this region and

the mountaintop level.
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An example of the rapid acceleraticn of the aggregation process in the
lower region of the dendritic zone was available from the earlier
sounding near Craig. On this sounding, the aircraft was able to descend
to 4100 m, 300 m lower than the sounding over the radar. 2D-c images
from this sounding were shown on Fig. 61. It is evident from these
images that rapid growth of derdritic crystals occurred by vapor
diffusion and then by aggregation in the region between -16°C and -13%.

From ice crystal observations in the valley, at mountaintep and by
the aircraft as well as radar reflectivity returns, a physical model of
the aggregation process in this cloud system was developed. This is
shown on Fig. 101. Four zones of particle growth were identified.

These were:

1) Colder than -17% crystal growth was principally by diffusion.
Crystal concentrations varied tetween 20 to 40 1—1 between -29 to -15%.
The majority of the crystals were < 200 pym in size. Examples of the
largest 2D-c¢ images observed on the sounding are shown on Fig. 102.

2) BRetween -15% and —12°C aggregate embryoes were identified
(i.e., double crystal aggregates) and ice crystal concentrations were as
high as 1CO0 l~1. The grest majority of the crystals were small implying
fragmentation (Sec. 4). Only the larger crystals interacted in the
aggregation process.

3) Between -12°¢ and -1¢°C significant scavenging of the single
crystal population by mature aggregates was prevalent. By the time
precipitation particles reached the mountaintop observation site,
virtually all crystals were significantly aggregated.

4) From -10°C to the valley floor (-5%C) aggregate—aggregate

collection/breakup processes prevailed, although single crystal
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collection by aggregates continued. By the time precipitation particles
reached the valley floor, they consisted of large aggregates.

This case study illustrates the aggregation process in a deep cloud
system. In this case, the primary components of the aggregates were
planar dendritic crystals. Although many variations are sure to occur
in other deep cold cloud systems which produce heavily aggregated
precipitaticon, the importance of the dendritic growth zone is evident.
In the following section, aggregation in a shallow clcud system is
examined. Again, the dendritftic growth region was an importént feature.

2. Aggregation in a shallow cloud system

Four shallow cloud systems, 14 Dec 81, 13 Jan 82, 16 Jan &2, and 23
Jan 82, produced significant aggregation events during the field
program. These clouds all had tops between 4.0 and 4.5 km (1.6 to 1.5
km above the mountaintop) and cloud top temperatures between -15 and
-20°C. The first two cloud systems, 14 Dec 81 and 13 Jan 82, were
studied using surface and remote sensing measurements. Aircraft support
was available for the 16 Jan 82 and 23 Jan 82 storms. In this section,
the 16 Jan 82 case is used to illustrate the processes in shallow clouds
which lead to the production of aggregates. This caée was alsc
discussed in Sec. 2 on dendritic crystal growth.

The 16 Jan 82 cloud system was shallow, stable, and had a well
defired edge about 60 km upwind of the Park Range crest. Figure 103
shows a vertical profile of the cloud structure during the period when
aireraft measurements were collected. The flight track is indicated on
the figure.

Surface measurements of ice crystal structure at EAD during the

flight period are compiled in Table 11. During the flight, snowfall was
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Table 11
SURFACE OBSERVATIONS AT RAD ON 16 JAN 82 DURING FLIGHT PERIOD

Time Sample Number of single Single Babits Precip
GMT time crystals and crystals crystal rate
(s) in aggregates size (mm) (mm/h)

1910 10 single: 16 1.0-3.5 R3b, P1d, P7b 0.075
agg: 4,7,15

1920 10 single: 3 1.0-3.5 P1f, R3b 0.025
agg: 4

1937 10 single: 7 1.0-3.5 P1f, P1d, R3Db 0.025
agg: 3,7

1950 20 single: 3 2.0-3.5 P1f, R4a 0.025
agg: 7

2008 30 single: 4 1.0-3.5 P1f,R3b 0.025
agg: 3,4,8

2020 10 single: 12 2.0-3.5 P1f, R3b, Pld 0.025
agg: 7,7,7,7,7

2035 10 single: 15 1.5-3.5 P1f, R3b 0.075
agg: 20,20,40,40,50

2047 10 single: 4 1.5-3.0 Pif, R3b 0.100

agg: 3.4.5
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light, consisting primarily of aggregates of unrimed planar crystals and
R3b spatials. At SPL (—9°C), snowfall was moderate and primarily
composed of aggregates of planar dendrites. The sizes of these
aggregates were not measured, but were estimated visually as large.
Individual dendrites in the aggregates were 2-3 mm in diameter.

These particular habits, P1f and R3b, both require an environment
at or above water saturation to grow. In addition, cloud droplets must
be present within or above the dendritic growth region (-16 to ~13°C)
for the R3b crystal to develop a rimed core prior to growing dendritic
extensions. Such conditions were found to exist near the top of the 16
Jan 82 cloud system.

Aircraft measurements of crystal concentrations, liquid water
contents and state parameters from the horizontal transect near 3.9 km
between 1932 and 1946 are shown on Figure 104. 2D-c¢ images at two
points along the track are shown on Figure 105,

Liguid water was observed at -16°C, 200 m below cloud top,
throughout the transect. In addition, ice crystals were present in
concentrations of 1-5 1—1. Such an enviromment provides the necessary
conditions for the production of the crystal habits observed in the
snowfall or. 16 Jan 82. The 2D-c¢ images exhibit shapes characteristic of
planar dendritic crystals as well as circular particles typical of the
rime core. Spatial dendrites are difficult to separate from planar forms
on the images because the projection often appears similar in two
dimensions.

Typical droplet spectra from FSSP measurements during the
transect are shown on Figure 106, Based on Pifter's (1977) calculations

of ice particle/droplet collection efficiencies, particles of 200-400 pm
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(size of many images on the 2D-c¢ record) and 10 um diameter droplets
have collection efficiencies of 6.6 to 0.8. BRased on the 2D-c and FSSP
observations, regions of high liquid water content in this cloud would
support development of the rimed core of the R3b crystal. Other regions
may be more effective in producing planar habits.

In such a shallow cloud system, time is an essential parameter for
aggregation. Figure 62 shows a profile of a typical shallow cloud
system such as the cloud of 16 Jan 82. Also shown are the trajectories
of particles arriving at SPL and RAD for constant fall speeds of 10, 25,
50 and 100 cm/s. The dashed lines on the figure indicate the points in
the cloud where the maximum diameter of individual dendritic particles
would reach 500 pym and 1000 um assuming an average growth rate of 1
um/s. Typical crystals observed in aggregates at RAD had at least 1600
pm diameters. The 1000 pm boundary may be considered a somewhat
arbitrary minimum threshold for aggregation initiation.

Individual planar dendritic particles have typical fallspeeds of
30-60 cm/s (Brown, 1970). Rimed spatial dendrites vary in fallspeed
between 80 and 160 cm/s (Locatelli and Hobbs, 1974). These two crystal
habits, because of their large differential fall velocity, have a high
potential for ordered collisions. Aggregates of these crystals have the
greatest potential to reach RAD in the short time available. From Fig.
62, it is clear that such aggregates can reach RAD, provided that
aggregation proceeds quickly. The low snowfall rates at RAD (0.0625
rrm/h) and crystal habits (P1f and R3b aggregates) suggest that only a
few of the cloud particles did aggregate in time to precipitate at the

mountain base.
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At SPL, the time requirement is relaxed considerably. 1000 pm particles
have as long as 40 minutes to grow and collide in the upwind cloud and
fall at SPL. 1In particular, aggregates of planar dendrites can easily
form over the 35 km region within the 1000 um threshold line and reach
the mountain peak. The precipitation rate was much higher at SPL,
individual crystals larger and aggregates much more commor. These
observations suggest that time and crystal habit are the most important

parameters governing aggregation in cold cloud systems.



CHAPTER V SUMMARY AND CONCEPTUAL MODELS OF PRECIPITATION FORMATION
Data presented in the previous chapters were obtained during 22

separate storm periods. These storms occurred in a wide variety of
enviromments, including convective bands, embedded cellular convectiocon,
widespread stratiform systems and shallow orographic clouds, and
represent most major storms types affecting the region. In Chapter III,
the temporal variation, physical distribution, and ﬁicrophysical
structure of supercooled liquicd water were addressed. In Chapter IV,
ice phase characteristics were analyzed. These included general
characteristics such as ice crystal concentrations, crystal habits and
precipitation climatology as well as detailed analyses of nucleation,
secondary ice particle production, and growth by deposition, accretion
and aggregation. In this chapter, the major results of the data
analysis are summarized. This information is then assembled into
conceptual models of microphysical processes in three generalized Park
Range cloud systems.

1. Summary of data analysis

A. Supercooled water

(1) Temporal variations of the supercooled water field

The case studies of temporal variations in the superccoled liquid
water field discussed in this paper represent various stages in the
synoptic scale evolution of storms which affect the northern Colorado

Rockies. Liquid water was found to occur in all stages of most of these
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storms but the temporal variatiocns in the magnitude of the liquid water
contents were significant.

The cloud systems presented in Chapter III were divided into three
general groups based on their relationship to the general synoptic
features. These groups include pre-frontal and frontal storms, post-
frontal storms and orographic storms.

a. Pre-frontal and frontal cloud systems

The analysis of the pre-frontal and frontal cloud systems was
included in Chapter III. An additional case (5 Jan 82) was discussed in
Chapter IV. The pre-frontal and frontzl cloud systems exhibited the
most variability in atmospheric structure of the three groups. Because
of this variability, each of the four storms is summarized here.

On 22 Jan 82 and 30 Dec 81, the highest liquid water contents
occurred prior to the onset of precipitation. In both cases, low level
potential instability was present and deep convective motions occurred.
In both cases, after the onset of precipitation, liquid water contents
decreased substantially. However, later in the storm, after a reduction
in precipitation rate, the magnitude of the liquid water content in the
22 Jan 82 storm stayed low, while the liquid water in the 3C Dec 81
storm increased again. The differences between the later evolution of
the liquid water field during these cases were associated with
differences in cloud depth, cloud top temperature and cross—barrier wind
speed, all factors which favored liquid water production in the 30 Dec
81 storm.

The third pre-frontal cloud system occurred on 15 Dec 81. Regions
of potential instability in this system were confined to temperature

levels colder than -25°C. Durirg this storm system both shallow (-18%
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tops) and deep (-30° to -35° tops) cloud regions were observed. The
deeper cloud regions most likely formed in association with weak
convective motions in the upper troposphere. During this storm, no
significant change in vertical temperature structure or cross-barrier
wind speed occurred. The deep cloud regions were associated with high
precipitation rates and low liquid water contents. The highest liquid
water contents cccurred during periods when the precipitation rates were
low and the clouds were shallow.

The fourth pre-frontal system occurred on $§ Jan 82. The liquid
water contents in this cloud system evolved in a similar way to 15 Dec
81. However, no potentially unstable layers were evident during this
storm. The deep cloud periods of the 5§ Jan 82 storm were associated
with a wide area cloud region which advected into the area from the
west. As with the 15 Dec 81 case, the highest liquid water values
occurred when the cloud tops were warm and the.precipitation rates were
low.

Summarizing, three common features concerning the evolution of the
liquid water field were observed in these cases: (1) an inverse
relationship between precipitation rate and liquid water content was
evident; (2) a direct relationship between cloud top temperature and
liguid water content was observed; and (3) the amount of the liquid
water content was consistently higher over the mountain slopes. The
exception to the first relationship was the 22 Jan 82 storm, where a
reduction in precipitation rate was not accompanied by an inerease in
liquid water content. However; in this case, the cloud top temperature

remained very cold, between -30°C and -40°C.
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b. Post-frontal cloud systems

The post—-frontal cloud systems in this study exhibited more
similarities. In all three cases, low level instability developed a few
hours after frontal passage. The liquid water content in the three
cases exhibited little variability upwind of RAD. However, in the
vicinity of the mountain, liquic water contents varied considerably. As
with the pre-frontal cases, the magnitude of the liquid water content
over the ridge was inversely related to the precipitation rate at RAD.

Liquid water production near the ridgeline was associated with
strong cross-—-barrier wind speeds and the release of low level potential
instability. Fluctuations in the magnitude of liquid water and
associated fluctuations in the precipitation rate upwind at RAD
suggested that the liquid water was modulated by the ice crystal flux
through the liquid water zone.

¢. Orographic cloud systems

The three orographic cloud systems discussed in this paper formed
in similar synoptic environments. The three systems were shallow, had
tops warmer than —22°C, and had limited horizontal extent. In two
cases, no significant changes in cloud top occurred. In the third, a
deeper clcud layer advected intoc the region during the case study.

As in the previous cases, the changes in the liquid water field
were inversely associated with changes in precipitation rate at RAD. In
the case where the deeper cloud region advected into the area, a
decrease in liquid water content was also associated with a decrease in

cloud tor temperature.
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(2) Location of the liquid water in Park Range cloud systems

Supercooled liquid water will be produced locally in a cloud system
when the condensate supply rate exceeds the diffusional growth rate of
ice crystals present in the cloud volume. Three regions of stratified
cloud systems over the Park Range satisfied these conditions. The first
region, cloud top, was characterized by a local minimum in the crystal
mass diffusional growth rate. This minimum resulted because the
crystals near cloud top were quite small. The water balance near cloud
top was examined quantitatively. Results of this theoretical study
predicted that supercooled liquid water would be produced with minimum
updraft velocities of a few ci/s, if the size distribution of the
crystals was narrow and the crystal sizes were small. These
calculations covered the range of crystal concentrations normally
observed in Park Range clouds. Aircraft observations confirmed the

theoretical predictions —— liquid water contents between 0.01 and 0.40

n

gm ° were consistently observed near cloud top in several shallow storms
with tops between -15°C and —ZOOC, as well as at the top of a deep storn
with a top temperature of -31°C. Consideration of radiative processes
strengthened the argument that liquid water would be produced at cloud
top. Estimates of radiative cooling based on the work of Chen (1984)
suggested that radiative cooling may often be as effective as adiabatic
cooling in a narrow layer at cloud top.

The second region of liquicd water production occurs near cloud
base, particularly in shallow clouds with tops warmer than about -20°C
and bases significantly warmer than -10°C. The presence of liquid water
in this low level region was attributed to three factors: (1) Park Range

cloud systems generally contain few ice particles nucleated and grown
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within the warm temperature column/needle regime. Columnar crystals and
needles have significant growth rates near -6°C. Their absence limits
the rate at which diffusional growth can act to remove the available
condensate; (2) Crystals with a—axis orientation falling through clouds
at temperatures warmer than —10°C exhibit minimal diffusional growth
rates; and (3) Condensate production rates are large near cloud base due
to the warm temperatures present in this region. In shallow cloud
systems, these three effects act synergistically. In clouds with tops
colder than —20°C, the increased flux of ice particles and the larger
flux of crystals with c—axis orientation from cold cloud levels limited
liquid water production in the warmer low levels. For these reasons,
liquid water occurs most often near cloud base when the tops of the
clouds are warmer than -20°C.

The third region of liquid water production was observed in regions
of strong orographic forcing near steep rises in topography. The most
consistent and highest concentrations of supercooled water in most
storms occurred over the windward slopes of the Park Range. Other
topographic features had similar, but less pronounced effects. Liquid
water production near steep topography is associated strong vertical
motions induced by airflow deflection over the complex terrain.

Only weak evidence was available to determine the distribution of
supercooled water in convective systems. Based on radiometric
measurements and ground based observations of accretion, significant
liquid water production was probably limited to the developing
convective regions. In later stages of convective development, liquid

water contents decreased and the cloud glaciated. Continued research is
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necessary to specify the mechanisms of liquid water production and
depletion in convective systems more precisely.

(3) Microphysical characteristics of the supercooled droplet population

Droplet concentrations in all cloud systems were very low compared
to those expected for continental cloud systems. Mean droplet
concentrations never exceeded 3C0 cm_s and varied by as much as an order
of magnitude at similar liquicd water contents. In all cases, liquid
water content was a function of droplet condcentration. Four
envirommental factors were identified which contribute to the low
droplet concentrations found in these systems: (1) during winter,
inversions frequently limit the mixing which occurs between boundary
layer air and the mid-level cloud layers inhibiting the rate at which
cloud condensation nuclei (CCN) are resupplied to the cloud system; (2)
a large fraction of the land surface in the area is frequently snow
covered during winter inrhibiting mechanical interaction with the surface
and reducing the supply of CCN; (3) the northern Colorado region is
relatively free of large anthropogenic sources of CCN and (4) scavenging
of CCN may occur in cloud systems developing over upwind barriers such
as the Wasatch and Uinta Ranges of Utah.

The functional relationship between droplet concentration and
liquid water content indicates that peak supersaturations are achieved
at a number of locations in the cloud at the leading edge of local
liquic¢ water production zones. These zones may be associated with
gravity waves generated in the flow by topographic variations as well as
vertical motions generated by convective or shear instability. In all
observations, liquid water contents were found to vary significantly

over short distances in the cloud systems.
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The mean droplet diameter and standard deviation of the droplet
spectra in Park Range cloud systems was strongly related to the ambient
droplet concentration. A systematic broadening of the spectra was
evident as the concentration of droplets available to the cloud system
decreased. In cases where large droplet concentrations occurred, small
mean diameter and narrow dispersion characteristics were observed.

B. The ice phase

(1) General characteristics

a. Ice particle concentrations

Variations in ice particle concentrations were significant in all
Park Range cloud systems. A wide range of ice particle concentrations,
spanning three orders of magnitude, were measured at all temperatures.

1

The highest concentrations measured were 290 1 ~ at -15°C to -16%c. 50%

of the measured values were less than 20 1_1 except at the warmest
temperatures. A general trend toward higher crystal concentrations was
evident at temperatures warmer than the dendritic growth temperature
range (> —17°C). This trend was particularly pronounced in certain data
sets where dendritic crystals were observed. The striking feature of
the ice particle distribution was the extreme variability which can
occur at all temperatures. Complexities associated with both nucleation
and secondary ice particle production processes in these clouds give

rise teo such variability.

b. Crystal habits

Surface precipitation was dominated by irregular crystal habits and
dendritic snowfall. The irregulars were made up of three crystal
classes: (a) various combinations of side planes, plates, columns,

bullets and randomly oriented crystal faces; (b) rimed particles and (c)
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fragments too small to be clear;y associated with any particular crystal
habit. The dendrites were in four broad classes: (a) planar dendritic
forms; (b) broken branches; (c¢) dendrites in aggregates and (d) spatial
dendritic forms. Irregulars accounted for approximately 70% of the
snowfall, dendrites about 20%. The remaining crystals were a mixture of
plates, plate assemblies, columns, bullets, capped columns, needles and
heavily rimed particles.

Aircraft decelerator measurements were limited to five flights.
Two shallow orographic cloud systems, penetrated near cloud top, had
high liquid water contents near cloud top and contained dendritic
crystals. Surface observations confirmed that dendrites were the
dominant crystal habit produced. All deep cloud systems were dominated
at aircraft levels by columnhar habits and, to a lesser extent, plates.
Crystal habits observed at the ground in all but one system were
substantially different suggesting at least some decoupling between the
lower and upper levels of the cloud systems.

¢. Precipitation rates

Low snowfall rates, measured at mountain base, were very common
during Park Range storms. 40% of the time that measurements were
conducted, the snowfall rate at the base of the mountain was between 0.0
and 0.2 mm/h. This snowfall accounted for only 6% of the total
accumuleation. Snowfall rates between 0.2 and 1.0 mm/h accounted for 35%
of the total precipitation. Such snowfall rates also occurred during
40% of the observation period. Snowfall rates between 1.0 and 2.0 mm/h
accounted for 37% of the precipitation. These events occurred during

15% of the cbservation period. Snowfall rates greater than 2.0 mm/h
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accounted for 22% of the precipitation, although they only occurred 5%

of the time.

(2) Growth by vapor deposition

Diffusional growth and habit characteristics of ice particles
depend upon their temperature of formation and growth as well as the
vapor density excess in their vicinity. Most of the precipitation from
Park Range cloud systems was found to originate at temperatures colder
than -20°C. Crystals arriving at the surface from such high levels of
the cloud probably had trajectories which began well over a hundred
kilometers upwind. During their fall, crystals generally encountered
continuous changes in vapor density excess and temperature as well as
variations in the concentration of liquid water droplets. As a result,
most crystals arrived at the surface as irregular particles. The
presence of a significant number of irregular cold temperature particles
was seldom accompanied by a large flux of dendritic crystals. The
mutually exclusive nature of these crystal habits suggests that the flux
of cold temperature crystals through the dendritic zone reduces the
vapor density excess in this region to below water saturation so that
dendrites cannot form.

Crystals require a water supersaturated enviromment in a narrow
temperature range (—13°C to —17OC) to form dendritic habits. Despite
these restrictive limits, dendritic particles accounted for about 20% of
the precipitation. A common feature of all but one dendritic snowfall
event was the shallow nature of the clouds. In all of these cases, the
top of the cloud system was in or near the dendritic growth temperature
range. Aircraft flights near the top of several of these cloud systems

confirmed that liquid water was present, indicative of possible water
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supersaturated conditions. Estimates of dendritic growth rates based on
2D-c images through the dendritic region indicated that these crystals
grow at rates near 1.0 pm/s. Calculations of dendritic trajectories in
shallow storms indicated that dendrites could reach the mountain base if
nucleated in the dendritic growth region provided that the cloud has
sufficient horizontal extent (about 60 km). In general, a much larger
proportion of the crystals formed in the dendritic growth region
precipitate on the mountain crest due to the proximity of the crest
altitude to the dendritic growth regime. Dendritic crystals dominated
the precipitation in only one deep storm. In this case, the dendritic
zone was only penetrated at one location near the mountain crest. Water
saturation in the dendritic zone was not observed. The characteristies
of the cloud upstream were unknown.

Warm temperature crystals (O —10°C) generally contributed little to
the total crystal flux. The scarce population of these crystals was
attributed to the inefficiency of nucleation at these temperatures and
the lack of an active secondary ice multiplication mechanism.

(3) Ice nucleation

The study reported by DeMott et al. (1986) has shown that
condensation freezing nucleation occurs rapidly in regions of orographic
cloud systems where water droplets are present and water
supersaturations exist. One such region is near cloud top, particularly
in shallow stable clouds. A second possible region is the zone of rapid
condensation near rapidly rising topography. DeMott et al. showed
evidence of possible rapid nucleation in the descending currents to the
lee of the mountain. In this region, contact nucleation through

thermophoretic collection may be possible. The 21 Dec 81 study provided
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limited evidence that deposition or sorption nucleation may also play a
role in crystal formation. However, of these mechanisms, only
condensation freezing nucleation has strong observational support.
Surface observations of crystal flux and echo top temperature implied
that cilouds with echo tops colder than about -22°C produce substantially
more ice particles at the surface than clouds with warmer echo tops.
These data suggested that nucleation occurs more rapidly in the cold
upper levels of deep clouds.

(4) Secondary ice particle production

Three mechanisms for secondary ice crystal production were reviewed
and assessed for Park Range cloud systems. The first, crystal
fragmentation, occurred during dendritic snowfall events. Shadow
photograph analysis of over 11,000 crystals indicated that dendritic
crystals have a large potential for fragmentation. Over 50% of all
dendritic particles were fragmented. Enhanced crystal concentrations
were measured in and below the dendritic growth temperature range by
aircraft during two storms which contained dendritic crystals. Crystal
concentrations in and below the dendritic growth range were factors of 2
to 5 higher than concentrations at colder temperatures during these
storms. In one storm where no dendrites were observed in the
precipitation, no increase in concentration was associated with the
dendritic zone.

The second mechanism of secondary ice crystal production, ice
splintering during riming, is constrained by temperature limits to the
region around cloud base in Park Range systems. The limiting factor on
the activity of the mechanism in this location is the presence of

droplets with diameters greater than 25 pym. Under certain
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circumstances, the proper conditions for the Hallett-Mossop (1974)
mechanism may develop. One case during the experiment clearly had the
potential for such ice multiplication. A second case may have had the
proper conditions. In neither of these cases was the mechanism
conclusively identified.

The third mechanism, droplet shattering during freezing, is
probably rare in Park Range systems due to the very small number of
droplets with diameters greater than 50 pym present in the clouds.

(5) Accretion

Liquid water was found in three cloud regions in stratified cloud
systems: (1) near cloud top; (2) near cloud base at temperatures warmer
than -10°C; and (3) in regions of strong orographic forcing.
Supercooled liquid water was also associated with the developing
convection at the leading edge of a convective region. Significant
riming generally occurred in all these liquid water regions. Based on
individual case study analysis, the magnitude of the accretional growth
in individual storms was closely related to the magnitude of the
integrated liquid water content in the cloud system. When liquid water
was present, accretion contributed significantly to the precipitation
process.

In pre-frontal, shallow stratiform cloud systems, cloud particles
arriving at RAD were often lightly rimed. At SPL, the concentration of
rime on the particles was considerably greater. Precipitation rates
were generally low at RAD and moderate at SPL. With the onset of deep
cloud systems, the amount of rime observed on crystals sometimes
increased initially, but rapidly reduced in intensity and often was

completely eliminated. Precipitation observed during convective periods
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was heavy at both sites and consisted initially of rimed and aggregated
particles followed by a decrease in rime. In cases where a deep upper
level stable cloud overruns the shallow stratiform system, the amount of
riming decreased at both sites.

During post-frontal stratiform events, generally light rime, no
rime or no precipitation was observed at RAD, while nearly all
precipitation observed at SPL was moderately to heavily rimed.

One general characteristic of many precipitation samples was that
rime selectively occurred on only a portion of the crystal population.
These observations were attributed to two factors, the general increase
in liquid water content due to orographic lift near the mountain and
small scale variations in the liquid water field due to convection,
turbulence or gravity wave structure. In general, over 70% of all
samples contained lightly rimed particles at mountain and valley sites.
Over 30% of all samples contained at least some heavily rimed particles.

Riming near cloud top was found to occur on certain days. The
magnitude of riming near cloud top was related to many factors including
the water droplet and ice crystal concentration and size distribution as
well as the depth of the liguid water layer. Riming near cloud top may
have been responsible for the development of spatial crystals,
particularly when the cloud tops were near the dendritic growth region.
Riming also was observed in the upper levels of a deep cold cloud
system. Liquid water contents and ice particle size distributions in
this cloud system were such that some snow pellets observed at the
ground may have developed their rime structure at temperatures colder

than -20°C.
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(6) Aggregation

The primary component of aggregates in Park Range cloud systems are
planar dendritic crystals and radiating assemblages of dendrites. In
virtually all cases, the primary mechanism by which the crystals
aggregated was mechanical entanglement. When the proper particles were
present in the snowfall, aggregation occurred independent of surface
temperature and precipitation rate. Significant aggregation failed to
occur when these crystals were not present, even during heavy
precipitation events. Substantial riming of the aggregates was observed
on several occasions. JSimultaneous riming and aggregation generally
produced heavy precipitation rates. A feature of many aggregates was
the presence of a large (4-5 mm) P1f planar dendrite within the
aggregate. In aggregates composed entirely of planar dendrites, several
of these crystals were contained in the aggregate structure. In cases
where radiating and planar crystals were present, the radiating crystals
attached to the basal face of the large planar crystal.

Many single and aggregated spatial crystals had a rimed core at the
center of the dendritic arms. This rimed core is evidence of
supercooled liquid water in the upper layers of the clouds. It was
hypothesized that these crystals, because of their '"'burr'’ structure,
were excellent collectors.

Aircraft and mountaintop measurements during the storms provided
strong evidence that the aggregation process proceeds rapidly within and
below the dendritic growth region. In the 5 Jan 82 study. an average
effective collision rate of 1 crystal/100 m was deduced. On 23 Jan 82,

large aggregates of dendrites were observed at mountaintop at -13%, the

base of the dendritic region.
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The aggregation process underwent significant temporal variation.
The intensity and characteristics of aggregates were observed to vary
over time scales of an hour or less, and often as short as 5-10 minutes.
These variations were attributed to mesoscale variations in storm system
structure over the Park Range as well as to more subtle changes in the
value of water supersaturation present in the dendritic growth
temperature range.

2. Conceptual models of Park Range cloud systems

From the data presented in the previous sections, conceptual models
of the liquid water distribution and ice phase processes in Park Range
cloud systems have been developed. These are presented schematically in
Fig. 107.

A. The shallow stratiform cloud system with cloud top temperature >
-20°C

Figure 107A depicts a shallow stratiform cloud system with a warm
cloud top (—15°C to —20°C). Based on a radar cloud top climatology of
412 hours of significant cloud cover over the Park Range (Fig. 108),
these shallow clouds are present about 30-40% of the time that
significant cloud cover existed. This type of cloud system generally
had supercooled water in all three regions discussed in the text. The
magnitude of the liquid water content varied significantly from one
cloud system to another. A number of factors can contribute to these
variations. These include temperature, humidity, ambient crystal
concentrations, the magnitude of the cross-barrier wind speed, the cloud
stability, and the ambient droplet concentrations and resulting droplet
size spectra. However, it appears from data presented in previous

sections that the primary control on the magnitude of the liquid water
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content is the ice crystal concentration present in the cloud system.
This conclusion is supported by the inverse relationship between liquid
water concentrations and precipitation rate at RAD observed during many
individual storm systems.

Data presented by DeMott et al. (1986), Rogers (1982), and Cooper
and Vali (1981) all strongly support condensation freezing nucleation as
a primary nucleation mechanism in these winter orographic cloud systems.
By nature, this mechanism is limited to regions of the cloud where
liquid water production occurs. In the shallow orographic cloud systems
described in this work and in these three studies, cloud top and the
upwind edge of the cloud were source regions for the newly nucleated ice
particles. These regions met both requirements of liquid water
production and a continuous source of ice nuclei.

Ice nucleation may not be limited to these regions. Condensation-
freezing nucleation may occur interior to the cloud in regions of liquid
water generation near steep topography. Data were not available to
investigate this possibility. Evidence presented by DeMott et al.
(1986) also suggested that contact nucleation may be important in the
strong descending motion to the lee of the mountain due to
thermophoretic capture. The size of crystals nucleated in these latter
two locations would be limited by the short transit time to the lee side
evaporation region.

In addition to promoting nucleation, the liquid water layer near
cloud top strongly influences the subsequent diffusional growth of the
ice particles. Evidence from many shallow storms confirm that the
primary habits of crystals formed in these clouds are dendritic.

Dendrites require a water supersaturated enviromment in a narrow
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temperature range (-13°C to —17°C) to form, conditions satisfied at the
top of many shallow Park Range cloud systems. Variations can be
substantial. For example, a change in relative humidity of a few
percent in the inflow air near cloud top or a change in the depth and
temperature of cloud top by a few degrees can significantly alter the
habits of the crystals produced in the cloud. The results of such
changes near cloud top affect the later growth of particles by both
aggregation and accretion and consequently affect the entire
precipitation process.

In general, aggregation, fragmentation and accretion were all
active processes in these shallow systems. As discussed in Chapter 3,
riming occurred in three locations, at altitudes between cloud base and
approximately the —10°C isotherm, in the viecinity of strong orographic
lift near the mountain crest, and at cloud top. The formation of the
liquid water in the lower regimes was attributed to three complementing
factors: (1) the highest condensate production rates were generally in
these cloud regions; (2) columnar crystals, which exhibit large
diffusional growth rates at warm temperatures, were absent from these
clouds; and (3) planar crystals exhibit minimal diffusional growth rates
at temperatures warmer than —10°C. Near cloud top, riming may have
contributed to the development of spatial dendritic crystals.

Aggregation and fragmentation occurred when dendritic crystals were
present. As discussed in previous sections, these fragile habits have
great potential to both fragment and interlock. On many occasions,
aggregation was more frequent at the mountaintop than in the valley. In
these clouds, a large fraction of dendrites nucleated near cloud top

could not reach the valley floor in their short transit through the



310

cloud, even with the slightly enhanced fall velocities associated with
aggregation. As discussed earlier, the majority of the particles in
these systems impact on the mountain due to the shortened fall distance.
Other mechanisms of ice crystal concentration enhancement were not found
to be important in these clouds. The limiting factor inhibiting the
Hallett—Mossop ice splintering process in these clouds was the lack of
large droplets between -3°%C and -8%C, a consequence of the proximity of
this temperature range to cloud base.

In general, shallow orographic cloud systems seldom produced
snowfall rates at mountain base greater than 0.7 mm/h. Snowfall from
this type of cloud can occur for a short periocd of time or for many
hours. The majority of the measurements were much less than that value.
Snowfall rates were somewhat dependent on the horizontal extent of the
cloud system. Crystals falling through cloud systems of large horizontal
dimensions have sufficient time to grow and fall to the valley. In
smaller systems, time simply was unavailable. Snowfall rates at
mountaintop were generally heavier and not as critically dependent on
the extent of the cloud system, due to the proximity of mountaintop to

the dendritic growth temperature range and cloud top.

B. Deep stratiform cloud systems with tops colder than ~20°C.

Figure 107B depicts the changes which occur in the liquid water
distribution when a deep cloud system with cold tops (K —25°C) is
present over the Park Range. Based on Fig. 108, these deep cloud
systems occur over the region about 30-40% of the time. Deep cloud
systems have reduced liquid water both over the barrier and in the low
level water zone. Crystal rime observations at RAD indicate that many

times, the low level zone is completely eliminated. These storms are
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often accompanied by higher precipitation rates. The higher ice crystal
concentrations associated with the enhanced precipitation rates and
large crystal flux to the surface most likely enhance removal of the
water present in the system by accretion and suppress liquid water
production by increasing the bulk diffusional growth. The cloud top
region was sampled only once when deep cloud systems were present.
Liquid water was observed at -31°C in this case. However, the data
sample is too small to jﬁstify a strong conclusion concerning the
presence of liquid water when the cloud tops are this cold.

Details of the nucleation processes in the upper levels of deep
cold stratiform systems were not investigated. It is clear from surface
measurements of crystal number flux that clouds colder than -20°C often
produce higher precipitation rates and many more ice particles than
their warmer counterparts. The lack of liquid water throughout a large
depth of most deep cloud systems suggests that deposition or sorption
nucleation may be important at low temperatures. However, liquid water
observations at temperatures as cold as —31°C near cloud top indicate
that cloud top may still be an important source of crystals in these
systems. Limited evidence presented in Sec. 3 suggests that all
nucleation mechanisms may be active. However, the nucleation mechanism
responsible for the large number of ice particles present in these cloud
systems has not been conclusively established.

The diffusional growth process in these cloud systems is complex.
In general, the largest proportion of particles produced in these clouds
were irregular. The source of most of these crystals was from
temperatures below -20%C. The high percentage of irregular particles

falling from these clouds was explained by considering typical particle
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trajectories. In general, crystals arriving at the surface must have
originated over a hundred kilometers upwind. During their fall,
crystals formed at the colder temperatures encounter continuous changes
in temperature, vapor density excess, and possible changes in cloud
liquid water content. The net result of these many environmental
changes is a complex crystal form.

In certain cases, a partial decoupling of upper and lower cloud
levels was evident. In such cases, trajectories of many crystals in the
upper cloud levels were quasi-horizontal —— the crystals fell slowly
relative to the horizontal wind speed. In three cases studied, the
crystal habits characteristic of the upper cloud levels (generally
columnar) did not appear in significant quantities in the precipitation
at the base of the mountain. Such decoupling is highly dependent upon
the scale and lifetime of the cloud system, as well as the magnitude of
the horizontal wind speed. Crystals from a large scale long-lifetime
deep cloud system with low upper tropospheric wind speeds have a much
higher probability of completing the transit from upper cloud levels to
the surface. Such cloud systems frequently occur in association with
the passage of a large scale trough system. Crystals falling from a
cloud system with smaller scale features and higher upper tropospheric
wind speeds will assume more horizontal trajectories, having less time
to fall before their transit over the mountain. Such cloud systems are
often associated with short waves embedded in the storm track of the
polar jet stream.

Accretion in deep cloud systems was generally negligible, except in
two cases where decoupling between the upper and lower levels of the

cloud was evident. In these two cloud systems, precipitation was
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dominated by rimed particles, snow pellets and needles. In one case (21
Dec 81), liquid water and snow pellet formation was observed at
temperatures colder than -20°C. The needles may have been produced by a
secondary ice splintering process, but liquid water contents measured in
the Hallett-Mossop temperature range at mountaintop did not support such
an argument. In the second case (15 Dec 81), high radiometric liquid
water contents, a large needle flux and high crystal concentrations at
temperatures warmer than -10° did, circumstantially, satisfy the
Hallett-Mossop requirements. These two cases, about 4.5 hours of
precipitation, were the only documented times when ice splintering
during riming may have occurred. Firm confirmation of the process was
impossible because droplet spectra between -3°C and -8°C were
unavailable.

With the exception of one cloud system, aggregation was generally
limited to small combinations of cold temperature particles, such as
aggregates of side planes (S1, S2, S3), bullet combinations (C2a), and
irregular plate assemblages (P7a). These aggregates were generally
small. In one cloud system (5 Jan 82), aggregates of dendrites
occurred. This type of snowfall was characteristic of the shallow
systems described in the previous section. In nearly all cloud systems,
a large flux of dendrites was seldom accompanied by a large flux of cold
type irregular crystals. The mutually exclusive nature of these habits
suggests that the cold temperature crystals falling through the
dendritic temperature range eliminate the potential for water
supersaturation and effectively stop the production of dendrites. 1In
the 5 Jan 82 case, where dendritic snowfall did occur from a deep cloud,

decoupling of upper and lower levels was evident from crystal habit
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observations at the surface and with aircraft. In this case, weak
visual evidence from pilot records suggested that the cloud layer may
have been split upwind of the mountain crest, allowing water
supersaturation conditions to develop within the dendritic temperature
range. With the data available, this explanation is no more than
speculation. However, such an explanation does satisfy the physical and
microphysical requirements necessary for the production of dendritic
snowfall.

In summary., the general characteristics of deep wide—area
stratiform systems are low liquid water contents, a large flux of
irregular cold temperature crystals, minimal accretion and light
aggregation. The aggregation is generally associated with these cold
temperature crystals. In cases where the scale of the cloud system, the
vertical moisture distribution and horizontal wind speeds at middle and
upper levels promote decoupling, or layering within the cloud, many
growth processes can occur. The structure, temperature, moisture
content and depth of each cloud layer can effect the final means by
which precipitation forms and reaches the surface.

C. Organized convection

Figure 107C depicts a period when a deep cloud region containing
active convection moves through the Northern Colorado River Basin.
Organized convection occurred on several occasions during the field
program. Unfortunately, no aircraft data was available to study the
internal structure of these bands. The lack of aircraft data reflects
the difficulty in forecasting such convection in the northern Colorado
mountains. General inferences can be made about such convective regions

based on the surface and remote sensing data. Limited radiometric
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evidence indicated a general increase in liquid water content in the
cloud just prior to the onset of precipitation, followed by a period of
reduced liquid water contents and heavy precipitation. Precipitation
generally consisted of a mixture of particles from all temperatures
colder than -10°C. These crystals were frequently rimed and often
aggregated, particularly during the initial precipitation period.
These observations suggest that liquid water develops in the
initial rising currents at the leading edge of the convective region.
Such a water supersaturated environment supports all nucleation modes.
Ice crystal formation probably occurs rapidly., as does diffusional
growth. These high crystal concentrations promote aggregation and
further water removal by accretion. Although such a scenario for
precipitation development in these convective regions is supported by
reasonable physical arguments, physical evidence must be amassed to
determine if it is truly the case. Such questions remain the topic of

future research.



CHAPTER VI PRECIPITATION AUGMENTATION

The primary purpose of weather modification operations in
wintertime mountain cloud systems is to augment seasonal water supplies.
The complete process of precipitation augmentation is complex. Research
to determine the effects of weather modification efforts on single cloud
systems and on total seasonal streamflow requires a multi-phase program
of investigations conducted in a step-by-step logical sequence. The
studies of the natural physical structure of the cloud systems presented
in the previous chapters are the logical first step. From such studies,
hypotheses concerning the evolution of precipitation in seeded cloud
systems can be proposed. Testing such hypotheses in individual cloud
systems is the second logical step in the overall research effort.

The purpose of this chapter is to propose physical hypotheses which
can serve as the basis for future weather modification research efforts.
These hypotheses are based on the physical results discussed in the
previous chapters. The next phase of research in Northern Colorado
River Basin cloud systems should focus on exploratory physical
experiments to confirm or reject these hypotheses. Experiments within
the current observational capabilities of cloud physics research
programs are suggested to test the hypotheses. If such experiments are
successful, a combined physical/statistical randomized approach should
be undertaken. With such a careful approach, the ultimate goal of the
research, evaluation of the use of weather modification technology as a

tool to augment seasonal water supplies, can be achieved.
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1. Requirements for modification of precipitation processes

Four basic requirements are necessary for effective modification of
cloud systems: (1) supercooled water must be present; (2) sufficient
time must be available for dispersion of the seeding agent, growth of
the newly formed ice particies to precipitation size, and fallout to the
surface; (3) artificial nucleants capable of glaciating the liquid at
the appropriate temperatures must be available; and (4) an effective
delivery system must be used. This thesis has primarily been concerned
with the first of these requirements, supercooled water. The
characteristics of ice nucleants used in weather modification operations
have been recently studied by the Colorado State University Cloud
Simulation and Aerosol Laboratory (CSAL). The technology of delivery
has been refined, although no optimum solution exists at present. The
least understcod of all the requirements is time. Such information
concerning the dispersion of seeding material, growth of particles, and
changes in precipitation can only be understood by careful
experimentation.

A. Supercooled liquid water

In Chapter III, physical arguments and supporting data were
presented concerning the distribution of supercooled water in different
cloud system types. Three regions of high liquid water contents were
identified: near the top of the cloud, between cloud base and the -10°C
isotherm, and in regions of strong orographic forcing near steep
topography. The general hypothesis of weather modification is that
introduction of additional ice nuclei into these liquid water zones will
enhance nucleation, diffusional growth of additional particles, possible

iater growth by riming and aggregation, and finally additional
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precipitation on the ground. For such a process to be effective, liquid
water is required in three stages of growth of the additional particles.

Based on the CSAL results described in the next section, liquid
water is necessary in most cases to initiate nucleation. The mechanism
of all nucleants, with the possible exception of AgI-AgCl at cold
temperatures, requires either the presence of droplets or water
supersaturation (which will lead almost instantly to the presence of
droplets). According to CSAL results, the introduction of additional
ice nuclei into a glaciated cloud will have little effect of the ice
crystal population. Any seeding strategy must be designed so that
nuclei are targeted into cne of these high water content zones to
initiate the growth processes.

Once initiated, the diffusional growth process of the newly
nucleated particles should proceed in the manner where cloud droplets
evaporate at the expense of the growing ice particles. Although ice
particles will grow most rapidly in a water droplet enviromment, the
presence of liquid water is not a requirement for ice particle growth.
However, maximum utilization of the available liquid is best
accomplished by growth of the ice particles in an enviromment containing
liquid water droplets.

The third growth mechanism which requires supercooled liquid water
presence is accretion. Accretion acts rapidly to deflect particle
trajectories downward by significantly enhancing fall velocities. In
cloud systems with relatively short particle residence times, the
process may often be critical to precipitation production.

Three generalized cloud system models were proposed in Chapters V.

These included the shallow orographic cloud system with cloud tops
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warmer than -20°C, the deep stratiform system with cloud tops colder
than -20°C, and the convective band. In general, liquid water in the
deep cloud systems was limited to the region near the mountain crest.
Such cloud systems were generally efficient at precipitation production.
Only one of the hypotheses discussed in the following section may apply
to these clouds. However, in some deep cloud systems, such as the 15 Dec
81 and 21 Dec 81 cloud systems discussed in the previous chapters, a
distinct decoupling of the upper and lower cloud regions occurred. Such
decoupling was due in part to the quasi-horizontal nature of the
particle trajectories associated with strong middle to upper
tropospheric wind velocities. During such events, riming was observed
on a portion of the crystal population collected at the surface. In
these systems, the potential for liquid water production in the low-
level cloud region may have been enhanced. These clouds may have a
greater modification potential.

Convective bands observed during the program were generally very
efficient precipitation producers. These clouds were observed to have
liquid water production in their developing stages, but appeared
extremely efficient at converting this liquid to the ice phase
naturally. The processes within these cloud systems leading to the
rapid utilization of the liquid water could not be studied because of
sparse data. However, based on the high precipitation rates usually
associated with these systems, it is clear that the processes were very
efficient. In addition to the natural rapid utilization of liquid water
in these systems, an even more difficult problem faces any effort at
modification. With present data collection capabilities, the current

‘sparse data neiwork in the western United States, and the complexities
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of western topégraphy, the onset and duration of these systems is
virtually unpredictable. Even satellite data is generally insufficient
due to the frequent presence of high clouds. These bands are complex
moving targets. Seeding strategies for such systems are difficult to
develop and would be even more difficult to test. For these reasons, a
seeding hypothesis for such systems will not be discussed.

The cloud system with the largest potential for precipitation
augmentation is the shallow orographic cloud. This type of cloud system
frequently has liquid water present in all three cloud regions, is
quasi-stationary with respect to the mountain, can persist for several
hours, frequently has rapid replacement of condensate by strong winds
orthogonal to the barrier, and is the least efficient of all natural
cloud system types. Because this cloud system has the highest potential
for precipitation augmentation, all seeding hypotheses discussed in the
following section can be applied to this cloud system.

B. Artificial ice nucleants

In recent years, the characteristics of materials commonly used in
weather modification operations have been re-evaluated using the
facilities of the CSAL. New, more efficient nucleating agents have also
been developed. The results of the CSAL research have been reported by
DeMott et al. (1983), Finnegan et al. (1984), Rilling et al. (1984),
Morrison et al. (1984), and Blumenstein (1985). These studies have
considered three aspects of the nucleation process: the yield or
effectiveness of the various nucleants, the rate at which nucleation
occurs, and the mechanism by which nucleation takes}place. The major

results of the CSAL investigations are important because of their direct
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application to arguments concerning modification hypotheses. The major
conclusicns of the CSAL research are reviewed here.

Three aerosols have been characterized extensively by the CSAL.
These include AgI-AgCl (DeMott et al., 1983), AgI-AgCl-NaCl (Finnegan et
al., 1984), and AgI-NaI (Blumenstein, 1985). The AgI-Nal system was
characterized under conditions of water saturation and three degrees of
water supersaturation. The magnitude and duration of the
supersaturations were unknown. The other systems were only
characterized at water saturation. -

The results of measurements of yield (effectiveness) from these
studies are shown on Fig. 109, On this diagram, the degree of
supersaturation associated with AgI-Nal is indicated by the values of
1/4 X (smallest supersaturation), 1/2 X, and X (largest
supersaturation), following the notation of Blumenstein. It is clear
from these measurements that the AgI-AgCl and AgI-AgCl-NaCl systems are
far superior at warm temperatures. At cold temperatures, all systems
approach values of 2 X 1015 g_l, although the AgI-Nal system has a
slight advantage at water supersaturation. Measurements of the
effectiveness of AgI-Nal at cold temperatures and water saturation were
not reported.

The rate at which nucleation occurred varied considerably in these
studies. The time required for 90% of the crystals to be produced with
AgI-AgCl aerosols after introduction into the cloud chamber varied from
25 min at -8°C to 12 min at -20°C, The AgI-AgCl-NaCl aerosol completed
the reaction more quickly, producing 90% of the total crystal population
in 18 min at -6°C and in 1 min at -20°C. Both of these aerosols react

very quickly when introduced into the cloud chamber with transient
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temperatures, the choice can be based on rates and mechanisms. The
contact nucleation mechanism is limited by low droplet concentrations
and inhibiting thermophoretic forces around the growing droplets. In
contrast, the AgI-AgCl-NaCl aerosol serves initially as a cloud
condensation nucleus. In a cloud region with developing liquid water
contents, such nuclei have a distinet advantage. The rather rapid rate
of ice crystal formation of this nucleus also provides an advantage in
allowing the maximum potential growth time of the growing ice particles
before encountering the barrier crestline. For these reasons, the best
choice of nucleant to initiate cloud modification appears to be the
AgI-AgCl-NaCl aerosol.
(2) Growth processes

Many investigators (e.g. Ryan et al., 1976) have shown that
crystals growing at temperatures warmer than -10°C develop columnar or
needle-like habits. A dramatic minimum in growth rates of both crystal
axes occurs at -9°C, with a maximum in c-axis growth rate between -4°C
and -6°C. The growth rates measured by Ryan et al. were near 0.3 um/s
at -9°C and 1.1 um/s at -6°c. Typical maximum lengths of columns
reported by many authors (e.g. Auer and Veal, 1970; Ono, 1969; Locatelli
and Hobbs, 1974) seldom exceeded 2000 um. If a growth rate of 0.5 um/s
1s assumed for the lifetime of a column growing by diffusion of water
vapor, and the column grows to a size of 2000 um, its residence time
within the cloud must be on the order of 4000 seconds or about one hour.
Considering a mean wind speed in the growth layer of about 10 m/s, this
time corresponds to an advection distance of about 40 km. Such
particles in an unrimed state have fall speeds which increase from less

than .1 m/s to over 1 m/s depending on size. Again, assuming a mean
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fall velocity of about 0.5 m/s over the lifetime of the particle, this
particle will fall about 2 km. Allowing for orographic lifting (which
will decrease the net fall distance) and riming (which will increase the
net fall distance), it is reasonable to expect that particles generated
in the low-level liquid water zone, 30-40 km upwind of the mountain,
have a high probability of arriving at the surface as precipitation.
Such particles have an even greater probability of impacting the
mountain crest,

These simple calculations were presented to illustrate the general
feasibility of such a process. The magnitude of the effect on
precipitation is much more difficult to assess because it depends
critically on the particular cloud system microstructure and the actual
activity of the generated nuclei in natural clouds. A detrimental
effect will occur on trajectories of natural ice particles originating
at colder cloud levels if there is a sufficient reduction of supercooled
water. The partial or total elimination of the riming process on these
natural crystals will result in a horizontal modification of the
trajectories from those which would have occurred naturally. The timing
of all of these processes is critical to the final effect on surface
precipitation. The details of this complex redistribution of
precipitation can only be assessed by direct testing.

(3) Hypothesis

Seeding the warm low-level water zone to increase precipitation
should be done with the AgI-AgCl-NaCl aerosol because it functions by
the condensation-freezing mechanism and has a high yield at warm
temperatures. The best level for introduction of the nuclei should be

between ~8°C and ~12°C. This temperature crosses the range where a
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distinet minimum in both the c-axis and a—axis growth rates of crystals
and is a probable location for sufficient water droplet production to
initiate nucleation. Crystals produced in this region should fall into
warmer cloud regions and grow primarily as columns. The crystals should
grow initially by diffusion and possibly by accretion depending on
liquid water availability and the distance between the nucleation point
and cloud base. If introduced at least 30-40 km upwind, most of the
particles should fall to the surface within the target area. The effect
on natural cloud system particles falling from colder levels should be
to decrease their rime accumulation and redistribute them further
downwind. If seeding is conducted far enough upwind, these natural
cloud particles should still fall in the target area. The net result
should be increased precipitation within the target.
B. Precipitation modification by cloud top seeding

The tops of the shallow cloud systems discussed in previous
chapters were consistently composed of supercooled liquid water. The
presence of liquid water in this region presents an ideal opportunity
for initiating nucleation because of the cold temperatures associated
with cloud top. In addition, the distance of fall and temperatures of
particle growth permit development of large particles. A physical
hypothesis for nucleation and precipitation development resulting from
cloud top seeding is presented in this section.
(1) Nucleation

Cloud tops of the shallow orographic cloud systems observed in the
field study generally varied in temperature from about -15°C to -20°C.
Within this temperature range, all nuclei function particularly well.

However, the AgI-AgCl and AgI-AgCl-NaCl systems maintain high yields
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over a wider range of temperatures at both water saturation and water
supersaturation. Although a detailed discussion of delivery of seeding
material is beyond the scope of this discussion, it is obvious that the
most effective targeting would require direct delivery either by balloon
releases, ridgetop generators or by aircraft releases. In such cases,
dispersion of the material becomes a problem. In the case of AgI-AgCl-
NaCl, the rapid rate of reaction would contribute to this problem rather
than alleviate it. The slower rate of reaction of AgI-AgCl would
provide a natural mechanism of dispersion and, as a consequence, affect
more of the cloud volume,

(2) Growth processes

The evolution of ice particles introduced into the cloud top by
seeding should closely parallel those of natural ice particles in the
cloud systems. Particles exiting the cloud top region and falling
through the -17°C to -13°C temperature range should grow as dendritic
crystals. Based on growth rates of natural particles observed in the §
Jan 82 storm, these particles should grow at rates near 1.0 um/s.
Assuming dendritic habits, and higher crystal concentrations than occur
in natural clouds, aggregation should occur below the -13°C level. If
the particles pass through the low levels of the cloud in their transit
to the surface, riming may alsc take place. The most critical factor in
successful seeding of the cloud top region is proper targeting so that
the crystals terminate within the target area. Large variations in wind
speed and direction in storms, variations in cloud depth, and vertical
wind shear will all significantly affect the transport of ice particles
to the target. A few kilometers error in this case can be the

difference between successful targeting and redistribution of
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precipitation into the lee side evaporation region. A technique for
assessing the proper seeding location is discussed in the following
section on hypotheses testing. As with the case bf seeding the low-
level zone, a detrimental effect on the growth of natural ice particles
may occur. Competition for available condensate between cloud ice
particles will increase substantially after seeding. This may not only
reduce the size of individual ice particles, but may also change their
primary growth habits. An effective reduction in water supersaturation
of less than a few percent to water saturation or below can
substantially alter the growth habits of the crystals. Such changes may
affect later growth by aggregation, decrease (or possibly increase) mean
particle fall velocities, and, as a consequence, affect the entire cloud
system microstructure. The effects on precipitation on the ground are
unpredictable. Such effects can only be assessed by well designed
physical tests. Possible strategies are discussed in a later section.
(3) Hypothesis

Seeding the cloud top region requires nuclei with high yield and
sufficiently low rates of reaction to allow dispersion. Based on the
CSAL results, the best choice is the AgI-AgCl system. Seeding cloud top
utilizes an ideal enviromment for initiating nucleation because of
persistent liquid water and cold temperatures. By proper selection of a
targeting location at cloud top, the additional particles which develop
will have sufficient time to grow, fall, and impact within the target
area. Initial particle diffusional growth should occur at a rate of
about 1.0 pm/s and result in the formation of branched planar crystgls.
. Due to higher crystal concentrations, many of these particles will

aggregate. The majority will impact on the mountain due to the
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decreased fall distance between cloud top and the mountain crest. Those
particles which do fall into the low-level liquid water content region
will continue growth by accretion. Maximizing this effect requires that
seeding be conducted further upwind so that particles can fall well

upstream of the crest of the mountain.

C. Precipitation modification by seeding the region of strong orographic

lift

Changes in cloud processes associated with seeding the region of
strong orographic lift over the mountain slopes are restricted primarily
by time. 1In general, flow acceleration due to airflow compression near
the mountain crest complicates the time problem. Modification
strategies to increase precipitation must deal critically with this time
element. In this section, a hypothesis which incorporates this element
is presented.
(1) Nucleation

Clearly, the nucleant with the most rapid rate of formation and
highest effectiveness at warm temperatures is required. The most
favorable choice is the AgI-AgCl-NaCl system.

(2) Growth processes

Limited physical evidence of effects of seeding the zone of strong
orographic 1ift have been presented by Rhea et al. (1969). In their
study, seeding this zone was associated with the appearance of very
small (less than 100 pum) plates on crystal replica slides collected at
mountaintop. Such particles contribute very little to the total
precipitation. Based on low fall velocities of such particles, the
majority of the particle population created by seeding probably advects

to the lee side of the mountain. Production of a large number of these
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particles probably decreases the total precipitation falling on the
target ridge, since water utilized in the growth of these particles is
no longer available for accretional growth of natural cloud particles.
However, the downwind effects of such a redistribution of precipitation
from the target ridge are unknown. In locations where several ridges
are parallel to each other, and only short distances (10-20 km) exist
between crestlines, the effect of a large flux of small particles into
downwind liquid water zones could be substantial. Hypothetically, it
could be possible to redistribute snowfall from one mountain ridge to
another downwind, decreasing precipitation on the first ridge,
increasing precipitation on the downwind ridge, and having a net effect
of increasing the snowfall over the area encompassing both ridges. The
most promising location for such an operation is the central mountain
region of Colorado. In the Park Range region, the nearest downwind
ridge is the Front Range, about 60 km to the east. The transport of
particles such a long distance downwind at this location is not assured.
However, the Park Range area does provide an excellent location to
determine the lifetime of such particles. Possible methods to examine
the lee side transport process are discussed later.
(3) Hypothesis

Seeding the zone of strong orographic l1ift requires a nucleus with
a fast reaction rate and high yield at warm temperatures. The AgI-
AgCl-NaCl nucleus meets these requirements. It is expected that direct
seeding of the zone of strong orographic lift will result in a net
decrease in precipitation on the primary target barrier. This will
~oceur because (1) the newly formed particles have insufficient time to

grow to appreciable sizes to acquire large fall velocities and (2) the
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riming potential of natural ice particles entering the zone from higher
levels will be decreased. The net effect will be an increase in small
particles crossing to the lee side of the mountain. In regions where
downwind ridges are present and the distance between the primary ridge
and the downwind ridge is small, complete particle evaporation may not
occur. The small particles entering the cloud and primary lift region
associated with the second ridge will continue growth by diffusion and
accretion and fall as precipitation. The overall impact on
precipitation is a decrease on the upwind ridge, an increase on the
downwind ridge, and an overall combined increase on both ridges.

3. Hypothesis testing

The hypotheses presented in the previous section require extensive
physical testing to substantiate or refute their validity. In this
section, a basic field experiment is discussed which can address many of
the physical questions associated with these hypotheses. The design
utilizes instrumentation currently available. The experiment is
designed for the Park Range region, but can be adapted to other mountain
locations with suitable modifications.

A. Instrumentation

Figure 110 shows a cross—section of the Park Range region with the
instrumentation network required for the studies. Three north—scuth
ridges transect the area. The primary ridge and target for
precipitation enhancement is the Park Range. Directly upwind of the
Park Range is a second ridge, Quarry Mountain. A third ridge, Mt.
Harris, is located 30 km upwind of the Park Range crest. A network of

generators should be placed along the crest of each of these smaller
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ridges. All generators should be equipped to burn AgI-NH4I-NH4CIO4—
NaCl0,-acetone solutions to generate AgI-AgCl-NaCl aerosol.

| Four major instrumentation locations are required. Approximately
half way between the small ridges, a rawinsonde, Ku-band radar, ground
microphysics station and operation center should be colocated.
Colocation is important because information from this network will
provide the primary information for seeding decisions. At mountain
base, a K-band Doppler radar with RHI capability should be colocated
with a dual-channel radiometer and a ground microphysics station. Both
remote sensors should be used in an RHI mode during seeding experiments.
At mountaintop, a complete cloud physics laboratory is required. To the
lee of the mountain, a lidar should be colocated with a ground
microphysics station. Two additional ground microphysics stations are
required, one far upwind of the network to monitor cloud system extent
and one half way up the Park Range to monitor seeding effects.

A minimum of two aircraft will be required for these experiments, a
research aircraft and a seeding aircraft. Preferably, two or more
seeder aircraft would enhance coverage and make it easier to detect an
effect.

B. Physical experiments

Prior to a seeding experiment, the instrumentation should assume a
climatological mode of scanning with the K-band doppler radar and
radiometer performing azimuth scans. The Ku-band radar will monitor
cloud top height. Rawinsondes should be launched every three hours.
The experiment should commence when measured cloud tops are warmer than
—ZO/uo/dC. Prior to the launch of the aircraft, the presence of

supercooled water should be verified with the radiometer. If
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computer to determine the appropriate location to seed at cloud top.
This model should start with developed precipitation particles at the
target and determine their reverse trajectories using appropriate
parameterizations for growth by riming, aggregation, and diffusion. A
model such as the one described by Rauber (1981) can be easily adapted
to such a task and used on a mini-computer. The results of this model
guidance would be used to direct the aircraft to the appropriate
location to seed at cloud top and establish the plane for RHI scans for
the radiometer and radar.
(1) Seeding the low-level region

Delivery of seeding material to the —8°C to -12°C levels cannot be
done with aircraft adequately in most mountainous enviromments in
Colorado due to safety precautions associated with terrain restrictions.
Two alternatives, ground-based seeding or balloonborne releases, can be
used. It is imperative to release the material at the highest elevation
possible to minimize transport time and avoid valley channelling flows.
The material must be released far enough upwind so that a detectable
effect can occur. The best approach for ground seeding, within the
limitations of a physical experiment, is to release the aerosol from the
upwind ridgeline of Mt. Harris. This experiment should only be done when
the wind at low cloud levels will carry the material to the target in
the vicinity of the radar/radiometer. The radar/radiometer should be
operated in the RHI mode along the trajectory plane, established by the
model. The expected responses should be the simultaneous increase in

low-level reflectivity, a change in Doppler—derived fall velocities, a
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reduction in integrated liquid water content, an increase in
precipitation rate, an increase in the number of columns and needles in
the precipitation sample, all timed with the model predicted time of the
effect. Such a large number of variables could also be used as
covariates in later statistical experiments if the results of the
initial physical experiments are successful. Before such statistical
experiments begin, repeatability should be established with the physical
experiments.
(2) Seeding cloud top

The key to a successful cloud top seeding experiment is proper
targeting. Prior to the start of a field experiment to test a cloud top
seeding hypothesis, a simple three dimensional model of crystal
trajectories should be developed and adapted to a small computer. The
input parameters should be the rawinsonde—derived wind field, a simple
parameterization of mountain generated vertical motions, and the crystal
size and habit expected for the particles arriving at the target
location. Growth equations and trajectories should be run in reverse,
starting at the target and working backward to cloud top. The point of
intersection of the trajectory with cloud top should give a reasonable
idea of the seeding location to observe an effect at the ground. Care
must be taken to account for the rate at which nucleation occurs, since
the AgI-AgCl system should be used. This effect should also be
incorporated into the model so that the real time output of the model is
an x (latitude), y (longitude) and z (altitude) coordinate to seed.
Seeding should actually be done along the y axis, parallel to the
ridges, so that the center of the line corresponds to the point y.

During the seeding experiment, the radiometer and radar should perform
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RHI type scans along the plane connecting point (x,y,z) with the
radiometer site and the cloud physics aircraft should fly along the same
plane. The expected responses should be an increase in crystal
concentrations along the seeding track at flight levels, a change in
optical phenomena at cloud top from water droplet phenomena (glory) to
ice particle phenomena (halos), the development of high reflectivity
streaks emanating from cloud top within the seeding zones, a decrease in
integrated cloud liquid water content, an increase in the precipitation
rate, and an increase in the concentration of aggregates of branched
planar crystals. Again, all of these effects should occur in a time
window predicted by the model.
(3) Seeding the region of strong orographic 1if

This seeding hypothesis is the most difficult to test. Initial
tests of this hypothesis should be limited to the downwind transport of
particles during seeding. The purpose of these tests is to determine
the minimum and maximum distance necessary between mountain crests for a
seeding effect to occur. These tests should be conducted with aircraft
and lidar during storms where the visual cloud does not extend far
downwind of the Park Range. Crystal concentrations in the downwind
region should be measured continuously before, during and after the
passage of the seeding effect. The lidar should be used to monitor
continuously the presence of ice crystals and the level of transport.

It is most important to measure the rate of evaporation of crystals with
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aircraft. This is best accomplished by flying the aircraft along the
wind vector and observing changes in the particle size spectra. These
data can be incorporated into a more advanced hypothesis to determine
the most appropriate separation distance required between mountain

barriers to achieve a positive weather modification effect.



CHAPTER VII  CONCLUSIONS

This paper describes the physical structure and temporal evolution
of wintertime cloud systems over the Yampa River Basin, one of the eight
major subbasins supplying water to the Colorado River. The primary
purpose of this work was to provide a firm physiecal foundation for the
evaluation of precipitation augmentation potential of these cloud
systems. This work also extends the current understanding of the
microphysical structure and evolution of the liquid and ice phases in
cold cloud systems.

The information presented in this paper is based on data collected
during two wintertime field programs conducted near Colorado'’s Park
Range. A complement of remote sensing and airborne instrumentation were
utilized, including the recently developed dual-channel radiometer,
which allowed continuous monitoring of the evolving supercooled water
field. Data were obtained during 22 separate storm periods. A wide
variety of cloud systems occurred, including convective bands, embedded
cellular convection, widespread stratiform systems and shallow
orographic clouds. Data have been analyzed to determine the temporal
variation, physical distribution, and microphysical structure of
supercooled liquid water. Ice phase characteristics studied have
included crystal concentrations and habits, nucleation, secondary ice
particle production, and growth by deposition, accretion and
aggregation. This information has been consolidated into conceptual

models of precipitation development in three generalized cloud systems,
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the shallow orographic cloud with cloud top temperature greater than
-20°C, the deep cloud system with cloud top temperature colder than
-20°C, and the convective band. A detailed summary of the results of
this study is contained in Chapter V. The following are the most
important conclusions of this work:

(1) The shallow orographic cloud system with cloud top temperature
warmer than about -20°C has been identified as the system with the
largest potential for precipitation augmentation. This type of cloud
system was found to have persistent and significant liquid water
contents in three regions: (1) near cloud top, (2) between cloud base
and approximately the -12°C level, and (3) in regions of strong
orographic forcing. Evidence is discussed which indicates that
nucleation observed near cloud top in these clouds results from the
condensation—freezing mechanism upwind of the mountain crest. The
primary habits of crystals produced by these cloud systems were found to
be dendritic. Aggregation, fragmentation and accretion were all active
processes in these cloud systems. Riming occurred in all three liquid
water zones. Aggregation and fragmentation were associated with
dendritic habits. In general, these cloud systems seldom produced
snowfall rates greater than 0.7 mm/hr at mountain base, but did produce
greater snowfall rates at mountain top.

(2) Cloud and precipitation processes in deep cloud systems with tops
colder than -20°C were identified. These cloud systems generally were
found to have less potential for precipitation augmentation based on
their reduced liquid water contents and frequent larger precipitation
rates. Liquid water contents in deep stratiform cloud systems were

génerally limited to the region near the mountain crest. Exceptions



341

were cloud systems where considerable decoupling between the upper and
lower cloud layers occurred. Such decoupling was attributed to quasi-
horizontal crystal trajectories induced by strong middle and upper level
tropospheric winds. In these cases, more widespread liquid water was
observed. Large precipitation rates and the frequent lack of liquid
water throughout a large depth of these clouds suggested that deposition
or sorption nucleation may predominate at cold temperatures. In
general, most particles arriving at the surface were observed to have
irregular crystal habits. Accretion was found to be negligible, except
in cases where decoupling occurred. Aggregation was generally limited
to small combinations of cold temperature particles.

(3) The evolution of the supercooled water field in organized convective
regions was studied. Radiometric data suggested that organized
convective regions initially contained significant supercooled water,
but in a short time convert to the ice phase naturally. Particles
falling from such clouds were frequently rimed and aggregated. Many
crystal habits were observed, suggesting complex growth processes.

These cloud systems, because of their rapid evolution, large
precipitation rates and short period of large liquid water presence, are
the most difficult cloud system group for which a hypothesis for
precipitation augmentation can be considered.

(4) New measurements were presented showing the rapid evolution of the
liquid water field. Variations in the magnitude and distribution of
liquid water in most of the cloud systems observed during the program
were significant and occurred on short time scales (< 1 hr). Despite
these variations, important trends were evident in the evolution of the

liquid water were evident.
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Three common features concerning the evolution of the liquid water
field were observed in the pre-frontal cloud systems: (1) an inverse
relationship between precipitation rate and liquid water content
occurred; (2) a direct relationship between cloud top temperature and
liquid water content was observed; and (3) the magnitude of the liquid
water content was consistently higher over the mountain slopes.

In the post-frontal cloud systems studied, the supercooled water
exhibited little variability upwind of the mountain base but varied
considerably in the vicinity of the mountain. In these storms, the
magnitude of the liquid water content over the ridge was inversely
related to the precipitation rate at mountain base. Liquid water
production near the ridgeline was associated with both orographic and
convective forcing.

The orographic systems discussed in this paper were shallow, had
tops warmer than -22°C, and had limited horizontal extent. In these
systems, the changes in the liquid water field were inversely associated
with changes in precipitation rate. In one case, a decrease in liquid
water content was also associated with a decrease in cloud top
temperature.

Based on these studies, it appears that in any particular cloud
system, the highest liquid water contents are most likely to be
associated with periods when (1) the precipitation rate at the base of
the mountain is low and (2) the cloud top temperature is warm.

(5) The importance of cloud top in precipitation processes was
demonstrated. In this paper, the cloud top layer was shown to be
composed primarily of liquid water using both theoretical arguments and

direct observations. Because of liquid water presence, all nucleation
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mechanisms are possible in this region. Consequently., cloud top serves
as a source region for newly nucleated ice particles. In addition to
promoting nucleation, the liquid water layer near cloud top strongly
influences the subsequent diffusional growth of the ice particles. For
example, evidence from many shallow storms indicated that the primary
habits of crystals formed in these clouds are dendritic. Dendrites
require a water supersaturated enviromment in a narrow temperature range
(-13°C to -17°C) to form, conditions satisfied at the top of many
shallow Park Range cloud systems.

(6) Three hypotheses for precipitation augmentation have been formulated
based on the physical distribution of liquid water and evolution of
precipitation processes observed in Park Range clouds. Field
experiments which can be used to test each of the individual hypotheses
were formulated. For each hypothesis, the physical processes which
might occur in the seeded cloud system were specified and several
observable parameters which should change during the seeding event are
identified. Methodology and logistical procedures to conduct the
observations are discussed.

In coneclusion, thé future of weather modification technology rides
on our ability to integrate the knowledge gained from the physical
studies of cloud systems into appropriate modification efforts. With a
strong base of physical measurements of natural cloud system structure,
changes in cloud systems resulting from modification efforts can be
evaluated. The potential for seasonal precipitation augmentation by
application of weather modification technology can then be assessed.
Through these efforts, the final goal, effective water management, can

be attained.



CHAPTER VIII FUTURE RESEARCH EFFORTS

Often in a study such as this, more questions are raised than
answered. Much of the material presented here is based on data sets of
limited scope. Confirmation of many of the conclusions of this work
must be made with independent data sets.

More detailed case studies of the evolution of the liquid water
field are required. A continuing effort must be made to compare
radiometric liquid wéter measurements with an independent instrument. In
this experiment, detailed measurements of CCN were unavailable. Such
measurements would help to explain variations in the droplet spectra in
these clouds. Detailed measurements with aircraft in the low-level
liquid water region were lacking. In future experiments, it may be
possible to investigate this region further upwind of the mountain where
low-level flights may be possible. Much more detail is required
concerning the liquid water region near cloud top, particularly in deep
cloud systems where only limited measurements were presented.

The nucleation problem has only begun to be addressed. In
particular, the mechanism of nucleation in deep cloud systems has
received limited attention. Diffusional growth processes were found to
be complex in deep cloud systems. Laboratory experiments are necessary
to simulate the real growth of natural particles by exposing the
particles to continuous variations in temperature, pressure, water vapor
density excess, and liquid water content in a way characteristic of the

fall of a natural ice particle. The details of the riming and
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agpgregation process below flight level were not directly observed in
this study. Such data must be collected and analyzed if we wish to
understand the details of these processes. The potential for the
activation of the Hallett—-Mossop (1974) ice splintering process was
shown to depend crucially on the droplet spectra near cloud base in Park
Range clouds. To assess the activity of the process in a climatological
sense, measurements of the droplet spectra in this region must be
analyzed from many storms. Such research can be done at the mountaintop
laboratory.

Only limited research concerning convective bands was presented in
this work. Much more detail is necessary to fully characterize the
physical processes in the systems. Research using scanning surveillance
radars is necessary to establish the extent of the banded structure of
these cloud systems, and the relationship of these bands to the
mesoscale and synoptic scale aspects of these storms.

This research emphasized natural cloud system structure. It has
provided the basis for research of modified cloud system structurs.
Detailed experiments to test the hypotheses presented in this work are
now required. A field experiment to accomplish such research has been

suggested in Chapter V.
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