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ABSTRACT

During the winter of 1969-70 airborne and ground measurements were made in a
number of storms over the Cascade Mountains of Washington State.

The airborne

measurements included cloud particle sampling, ice nucleus concentrations

liquid

water content, turbulence, temperature

The

dewpoint, and radar observations.

aircraft was also equipped with silver iodide pyrotechnic units for seeding the
clouds with artificial ice nuclei.

At a network of ground stations in the Cas-

cade Mountains measurements and observations were made of ice nucleus concentra-

tions, the concentrations of freezing nuclei and of silver in the snowfall, the
rate and nature of the snowfall, and regular synoptic observations.

In addition,

a radar was located in the mountains and radiosondes were launched from Olympia,

Washington.
The average concentration of freezing nuclei in snow samples collected in

the Cascades was 875 per gram at -15 C, with an increase of about one order of

magnitude for every 5 C fall in temperature.

The concentrations of freezing nu-

clei at -15 C followed a log-normal frequency distribution.

Analysis of the snow

samples by atomic absorption spectrometry showed that the concentration of silver
in the ’snow was never greater than 1 x 10

gram per ml. of water.

The rate of

snowfall was found to increase approximately linearly with the mean mass of the snow
particles.

High snowfall rates were commonly associated with stellar and dendritic

crystals and low snowfall rates with needles; the heaviest riming was often associated with stellars and dendrites.

The concentration of snow particles in the
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air was generally much greater than the concentration of freezing nuclei

but Lhe

ratio of the concentrations approached unity as the cloud top temperature approached
about -25C.

To affect snowfall on the ground in the Cascade Mountains in typical winter
storm conditions by seeding with artificial ice nuclei from an aircraft, it is

necessary to seed well upwind of the target area.

A simple theoretical model has

been used for predicting the location of seeding in order to target the artificial

snowfall to a given location on the ground.
The measurements and observations made in two storms which were seeded from
the air for short periods of time are described.

In one of these storms (December

3, 1969) the effects of the artificial seeding on the concentrations of ice nuclei
in the air and the liquid water content of the clouds were detected from the air-

craft.

Also, a sharp increase occurred in the snow rate on the ground in the tar-

get area following seeding.

However, there were no significant increases in the

concentrations of freezing nuclei or of silver in the snow in the target area.

In

the other seeded storm (December 11, 1969) the snow particles in the target area

changed from graupel and lightly to heavily rimed needles to stellar fragments and

lightly to moderately rimed plates following seeding from the aircraft upwind.

In

this case, some sharp increases were noted in the concentrations of freezing nuclei

in the snowfall in the target area following seeding.

However, the concentration

of silver in the snow collected in the target area again showed no measurable in-

crease over the normal background count.

Measurements and observations made at three different levels on the side of

Denny Mountain in the Cascades revealed the changes which occur in the nature and

Ill

and the sizes of precipitation particles forming in orographic clouds only a
few thousand feet thick.

Snowfall from these clouds could probably be modified

significantly by seeding with artificial ice nuclei from ground-based generators,
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SECTION 1
INTRODUCTION

1.1

Overall Objectives of the Cascade Program

This report is the third in a series from the Cloud Physics Group at the

University of Washington on the Cascade Atmospheric Water Research Program
(hereafter referred to as the "Cascade Program"),

The objectives of this pro-

gram are to determine the mechanisms by which precipitation develops in winter
storms over the Cascade Mountains of Washington State, and to investigate the

feasibility of increasing and redistributing snowfall in this area by artificial
seeding of the clouds.

Measurements of ice nuclei over the Cascade Mountains have shown that the
concentrations are generally very low (Hobbs and Ryan, 1969

li, 1970).

Hobbs and Locatel-

These measurements are substantiated by the fact that severe icing

conditions are common in winter storms over the Cascades.

It should therefore

be possible to increase the precipitation from winter storms in this area by

seeding the clouds with artificial ice nuclei in concentrations of the order 1
liter

effective at cloud top temperatures.

The model which is postulated for redistributing, or targeting, the snowfall is as follows.

Since the concentrations of supercooled cloud droplets in

the winter storms are generally high any ice particles which originate in the

clouds will increase in mass predominantly by riming.
snow particles are of the order of 1 meter sec

The fall speed of rimed

The trajectories of these par-

ticles in a westerly airstream is such that many of them reach the ground on the

western slopes of the Cascades but within a few miles of the crest of the mountains.
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If the supercooled droplets in clouds upwind of the mountains were nucleated by

seeding with artificial ice nuclei

the ice particles in these clouds would grow

mainly by deposition from the vapor phase.
of about 1/2 meter sec

Such ice crystals have fall speeds

Consequently, their trajectories would be "flatter"

than those of the rimed ice particles and, on a westerly airstream, they would

be carried further east and fall out on the eastern slopes of the Cascade Mountains.

1.2

Resume of Previous Work

Early work on the Cascade Program, carried out by E. Bollay Associates and

Battelle-Northwest, concentrated mainly on ground measurements in the Snoqualmie

Pass area of the Cascades to determine the natural precipitation characteristics
and the diffusion and synoptic conditions associated with winter storms.

These

studies indicated that under typical conditions of westerly flow any material

dispersed from ground-based generators was likely to be confined to the valleys
rather than be carried up into the clouds.

During the winter season 1966-67

Battelle-Northwest attempted to fly a Queen Air (Model A80) aircraft into storms
over the Cascade Mountains in order to seed the clouds with solid carbon dioxide.

However, this operation was severely limited by the heavy icing conditions encountered in the supercooled clouds.
The first successful series of research flights into winter storms over the

Cascade Mountains were carried out by the Cloud Physics Group of the University of

Washington during the season 1968-69.

In these flights measurements and observa-

tions were made of cloud and precipitation particles, liquid water contents,ice
nucleus concentrations, air temperatures and dewpoints.

A detailed account of
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this work has been given by Hobbs and Ryan (1969).

The use of radars in the

Cascade Program has been discussed by Wilson and Hobbs (1969).

In addition to the experimental programs outlined above, work has been carried out at the University of Washington during the past two years on developing
a theoretical model to describe the formation of clouds and the growth and fall-

out of precipitation over the Cascade Mountains.

A preliminary account of part of

this work (viz. the airflow model) has been reported by Fraser (1970).
1.3

Objectives and Plans for 1969-70 Program
The principal objectives of the field program carried out during the winter

of 1969-70 were to obtain detailed simultaneous airborne and ground observations

in both seeded and unseeded storms over the Cascade Mountains.
Plans were made for a twin-engine aircraft, instrumented for cloud physics

and weather modification research, to be on standby for two months (November 15
to December 15, 1969 and February 1 to 28, 1970) for flying into storms over the

Cascade Mountains.

During these flights simultaneous ground observations were

to be made at several stations straddling the Cascade Range.

Under appropriate

conditions airborne seeding with artificial ice nuclei was to be carried out
from a specified location upwind of the Cascade Range in an attempt to modify

the distribution of snowfall on the ground.
1.4

Measurements Obtained During 1969-70 Program

During the first month (November 15 to December 15

1969) when the aircraft

was on standby a total of eight storms passed over the Cascade Mountains.

Simul-

taneous aircraft and ground measurements were obtained in five of the storms and
two of these were seeded for short periods of time.

ground observations were made.

In the remaining three storms
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In the second designated period for aircraft and ground observations

(February 1 to 28, 1970) the ai’rcraft was unable to fly due to engine failure.
However, February was unusually dry and warm (Seattle had only eight days with
measurable rain) and only one major storm passed over the area during the month.

Ground measurements in the Cascades continued during this period.

In addition to the measurements mentioned above, a number of ground measurements were obtained at other times during the winter of 1969-70.
1.5

Organization of Report
In the following three sections accounts are given of the general opera-

tional procedures for the program, the aircraft instrumentation, and the ground

measurements.

In 5 the theoretical basis for the targeting of snowfall by

artificial seeding is described, and the methods for seeding from an aircraft
which were used in the present program are discussed.

This is followed in 6

by a detailed account of the measurements obtained in two storms (December 3
and 11, 1969) which were seeded for short periods of time.

Finally, some inter-

esting additional observations and measurements made during the 1969-70 Cascade

Program are described in 7.

SECTION 2

OPERATIONAL PROCEDURES

The main objective of the program was to obtain simultaneous airborne and

ground measurements in seeded and unseeded storms over the Cascade Mountains.
The airborne measurements were made from a modified B-26 aircraft (leased from
the Desert Research Institute, University of Nevada) which was operated out of
the Sandpoint Naval Air

Base, Seattle.

This aircraft was equipped for obtain-

ing a variety of in-cloud measurements and it was also used as the platform for
seeding with silver iodide pyrotechnic units.

Measurements and observations were

made on the ground at several locations in the Cascade Mountains in the neighborhood of Snoqualmie Pass (Fig. 1) and also from a mobile laboratory.

A 3-cm radar

was operated at Keechelus Dam on the eastern slopes of the Cascades, and a radio-

sonde unit and tracking radar were located at Olympia.
central control station

(University of Washington)

Communications between the

the aircraft, and the ground

stations was carried out by two-way VHF-FM radios.

During the period when the aircraft was on standby a forecast was made by
1500 PST each day as to whether or not the following day would be a

"storm" day.

A "storm" day was defined as one in which snow was forecast to fall over the Sno-

qualmie area sometime during daylight hours.

On designated "storm" days the air-

craft was ready to fly by 0900 PST and the ground crews were on station by
same time.

The exact timing of aircraft flight on a

’the

"storm" day was determined

by the observations received from the ground crews in the Cascades.

Fig.

Locations of ground instrumentation
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The aircraft flight generally commenced with a west to east traverse

across the Cascades over the Snoqualmie and Lake Keechelus areas.

During this

leg a survey was made through measurements and observations of the nature and
extent of the clouds.

At the same time, a radiosonde would be released from

Olympia to determine the upper level winds, air temperatures and dewpoints. On
the basis of the aircraft, ground and radiosonde observations a decision was

made, whilst the aircraft was still in the air, as to whether or not artificial
seeding should be carried out.

The principal criteria for carrying out seeding

were that the winds between ground level and cloud tops should be from

270

180

to

and that it be snowing in the Snoqualmie area.

If the decision was made to carry out seeding, a calculation was made to
determine at which location the clouds should be seeded in order to cause a

change in snowfall in the vicinity of Snoqualmie Pass (see Section 5).

Seeding

was then carried out from the aircraft, using silver iodide pyrotechnic devices

for a period of about one hour.

At the request of the scientist on the aircraft,

radiosondes were released from Olympia during and after the period of seeding.
After the seeding was completed the aircraft would fly downwind in an attempt to
obtain measurements in the regions of the cloud affected by the seeding.

Mea-

surements and observations were made at the various ground stations before, dur-

ing and after the seeding in order to detect any changes in the nature and distribution of the snowfall on the ground which might have resulted from the artificial seeding.
If it was decided that conditions were not suitable for seeding, the aircraft

continued to take measurements and observations in the clouds over the Cascades
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and the ground measurements continued through the day.
unable to fly on

chanical problems

out.

If the aircraft was

"storm" days, due to either’ adverse weather conditions

or me-

the measurements at the ground stations were still carried
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SECTION 3

AIRCRAFT INSTRUMENTATION
The locations of the instruments and sensors in the B-26 aircraft are shown

in Fig. 2.

The sensors for the ice nucleus counter and the dewpoint meter were

located on the fuselage and those for the rate of aircraft climb and air turbulence were mounted in the front cabin.

The remainder of the sensors were con-

tained in two instrument pods mounted under the wings.

Racks for holding fifty

end-burning silver iodide pyrotechnic units and fifty ejection silver iodide pyrotechnic units were mounted under the instrument pods.

From the aircraft’s radar and navigational systems a ground referenced display of the position of the aircraft was derived.
an X-Y plotter onto a map

of. the area (and also

on

This was recorded by means of

magnetic tape) thereby provid-

ing an instantaneous display of the position of the aircraft and a record of the
course flown.

clouds

The position of the aircraft, together with radar echoes from

was also displayed on a storage oscilloscope.

The scope was photographed

automatically at regular intervals with a time-lapse camera.

Two-way radio communication on two channels was maintained with the ground
observing stations

and with the central control station for the project at the

University of Washington, by means of a VHF-FM radio which was independent of
the aircraft communication system.
The following list contains all of the data recorded on the aircraft

Left Instrument
Pod

Indicoted
Airspeed

Pressure
Altitude
Absolute

Pre ssure
To to
Temperature
Liquid

Water
Content
Ejection (delay

~~-l

unit) pyrotechnics

End- burning
Pyrotechnics

\~~~

Fig. 2

Layout

of the instruments and

sensors in

the

aircraft

(Continuous Particle Sampler)

1.

Cloud particles

2.

Output

3.

Time

(WWV voice and tone announcement)

4.

Microphone Front

(Technical information on instruments)

5.

Microphone Rear

(Flight scientist’s comments)

6.

Intercom

(Flight scientist to pilot comments)

7.

Time

(Minute pulses)

8.

Continuous particle sampler on-off pulses

9.

End-burning pyrotechnic fired (pulse)

10.

Ejection pyrotechnic fired (pulse)

11.

X-coordinate of position of aircraft (20 nautical miles V

)

12.

Y-coordinate of position of aircraft (20 nautical miles V

)

13.

Turbulence (0 to 10 cm

14.

Rate of climb

15.

Liquid water content (0 to 5 g m

16.

Ice nucleus concentration

17.

Dew point

18.

Indicated airspeed

19.

Pressure altitude (0 to 35,000 ft. )

20.

Absolute pressure

(0 to 15 psi)

21.

Total temperature

(-30 to

22.

Mach number

23.

True airspeed

24.

True air temperature

from Electrical Particle Counter

2/3

sec

(-10 m sec

(-40 to

-1

)

to +10 m sec
_3

)

)

(0 to 1000 liter

+10C)
(0 to 250 kts)

+20C)

(0 to 0. 5)
(0 to 250 kts)
(-80 to

+20C)

)
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To achieve time synchronization all (except No. 1) of the above data, after

being processed by an on-board analog computer, were recorded on the same magnetic

tape by means of a seven track recorder (4 tracks direct, 2 tracks FM and 1 track

spare FM or direct).

The voice information was recorded on two direct tracks

the front microphone and WWV time announcements were mixed onto one track, and
the rear microphone and intercom were mixed onto the other.

The output from the

electrical particle counter was recorded separately on a FM track.

The input of

the other FM track was shorted to serve as a reference for tape speed compensa-

tion during data reduction.
the remaining data.

The other two direct tracks were used to multiplex

This system consisted of two similar FM multiplex units each

containing its own reference channel for tape speed compensation.

To facilitate

data reduction, and to preserve time synchronization, each unit also contained
the same time-event channel.

This included the information of 7, 8, 9 and 10

above with different pulse heights identifying the four events.

The continuous

recording of time by both electrical pulses and audible announcements greatly simplified the scanning of data by either strip-chart or the playing back of the tape
for copying or digitizing.
test

At the beginning and end of each tape a calibration

was.carried out providing zero, half-scale, and full-scale

levels for each

sensor.

To

provide the flight scientist with real-time data on board the aircraft

the outputs from all the sensors listed above

pler)

were displayed on meters.

(except the continuous particle sam-

A schematic block diagram of the aircraft instru-

mentation system is shown in Fig. 3.

Subcarrier
Sscillators
Package

X- Y
Plotter

Reference
X-Coord.

Ground Ref’d
Rodor Oisptoy

P.M.
Multiplex

Y-Coord,

Unit

Turbulence

Turbulence
Rote of Climb
Indicoted
Airspeed
Pressure
Altitude

Interface

^ate of Climb

Unit

Airsoaed

Indicated

Pressure
Altitude
Mach Number

Analog

True Airspeed

C omputer

Time/Event
Clock
continuous

Particle

Sampler

Subcarrier

Ejection

Oscillators
Package 2

Flares

End Burning
Flares

Reference

P.M.

Time/Event
True Air

Multiplex

Temperature

Totol

Unit

Data

Temperature

Direct

Pressure,,
Liquid Water

Pressure
Liquid Water

Data

Content

Content

Ice Nuclei
Dew Point

Ice Nuclei

Temperature

Absolute

Daw

Direct

Tape
Recorder

Point

Data

Electrical
Particle
Counter

P.M.

Reference
FM
Voice Track
Direct
Voice Track
Direct

Microphone
Reor
Microphone

Fronf
Intercom
Radio Receiver
GMT WWV

Fig. 3

Schematic

of

Aircraft

Instrumentation System
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The continuous particle sampler (manufactured by Meteorological Research

Inc. ) provided replicas of the cloud particles on Formvar-coated 16 mm film.

During the periods that this instrument was operated an electrical pulse was
recorded on the magnetic tape.

The information which can be obtained from this

device, and some of the problems in interpreting the data, have been discussed

by Hobbs and Ryan (1969).
The electrical particle counter, which is under development in the Cloud

Physics Group at the University of Washington (Mach and Hobbs, .1969)
of a metal wire connected to a solid state electrometer.

consists

Charges communicated

to this wire by cloud and precipitation particles which collide with it are de-

tected by the electrometer and recorded, thereby providing a measure of the concentration of particles in the air.

Further testing of this instrument, and com-

parisons with the liquid water content of .the cloud and the types of particles
collected on the continuous particle sampler, were carried out during the present

program.
The turbulence of the air was measured with a universal turbulence indication (MacCready, 1964).

A fast activation continuous ice nucleus counter (Fukuta

and Kramer, 1968) was on the aircraft for measuring the concentrations of ice nuclei in the air.
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SECTION 4

GENERAL SURVEY OF GROUND MEASUREMENTS
The locations of the sites where ground measurements and observations were
made are shown in Fig. 1 and a summary of the data collected at each site is

contained in Table 1.

The ground network consisted of eleven stations (six of

which were manned) located at various points across the Cascade Mountains in the
general vicinity of Snoqualmie Pass.

In addition, a mobile laboratory was used

to take measurements and make observations at points along Interstate 90 which

passes over Snoqualmie Pass.
The methods used, and some of the results obtained, for measuring ice nucleus

concentrations in the air, analyzing snowfall for freezing nuclei and the presence
of silver, photographing and replicating snow crystals

measuring rates of snowfall,

and making radar and radiosonde observations are described below.

More detailed

accounts of the results obtained on particular "storm" days are given in
4.1

56 and 7.

Ice Nucleus Concentrations in the Air
The concentrations of ice nuclei in the air active at

recorded with NCAR acoustical ice nucleus counters

Snoqualmie Pass

Stampede Pass

-21C

(Langer et al.

were measured and

1967) located at

Keechelus Dam, and in the mobile laboratory.

Provided these counters were carefully attended to by experienced observers
reliable data was obtained.

However, it was apparent that

on some occasions the

counters at Snoqualmie Pass, Keechelus Dam, and the one in the mobile laboratory,
were affected by the exhaust from vehicles and generators and from particles thrown

up from the highway.
4. 2

"Drop-Freezing" Analysis of Snowfall
Samples of snow were collected at Keechelus Dam, Snoqualmie Pass, Stampede

Pass, and the mobile laboratory for subsequent "drop-freezing" measurements.

GROUND INSTRUMENTATION

TABLE 1

Ice
Nucleus

Station

Counter

X

Mobile Laboratory

Snow
Rate
Sensor

Barograph

Radar

Radiosonde

.Slide
Replicas

X

X

Snow
Samples

Weighing

Automatic
Snow
Camera

Thermo-

Bucket

graph

Gauge

Wind

Speed
S
)irectior.

X

Alpental (base)

X

X

X

Alpental (summit)

X

X

X

X
X

Bandera

X

Denny Creek

X

i-’

<n

X

Kachess Dam

X

Keechelus Dam

X

X

X

X

X

X

X

X

Nagrom

X

North Bend

X

X

(X)

(X)

X

Olympia

Snoqualmie Pass

X

Stampede Pass

X

(X)

i

1

X
X

X

X

X

(X)

X

(X)

Data available fr 3m ESSA

1

I

1

M

H

M

M

M

i
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The snow samples were collected in the following way.

New plastic bags

were used to line large metal containers and these were left open at the top in

When artificial seeding was being carried out

order to collect falling snow.

the bags were changed every 15 minutes

extending from one-half hour before

seeding to two hours after seeding from the aircraft.

When artificial seeding

was not being carried out the bags were changed once every hour.

The collected

snow was stored below 0C until just before analysis was carried out

The reason

for this is that at a concentration of a few parts per billion silver iodide is
soluble in liquid water

and in solution the silver cations tend to migrate to

the walls of the container where they may become attached and lost for subsequent

analysis.
The "drop-freezing" measurements that were made were similar to those

described by Vali (1968

The purpose is to determine the concentration of

freezing nuclei in a sample of precipitation by measuring the freezing characteristics of a number of uniform-sized drops taken from the sample which are subjected
to constant cooling.

It is assumed that the concentration n of freezing nuclei
or less (i.e. between temperatures -T

effective at a supercooling T

and 0C) is

given by
n

where n

o

n

o

exp (a T

s

The probability P that a drop of volume V contains

and a are constants.

effective at supercooling T 5 is

at least one freezing nucleus

statistics

P

1

(-Vn)

therefore
n

In (1-P)

from Poisson’s
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Now P is given by the fraction of the drops in the array which are frozen at
a temperature -T

s

Hence,
1

~r

"

ln

N(T^)

(-1r^)

(i)

0

where N(T ) is the number of unfrozen drops at temperature -T
number of drops in the array.

and N

the total

The quantity n, defined by eqn. (1) is the prob-

ability that at least one freezing nucleus active at some temperature above -T
will be found in a drop of volume V and it is termed the cumulative spectrum.
The number of freezing nuclei per unit volume which become active in a one de-

gree interval is called the differential spectrum.

Laboratory measurements to determine the cumulative and differential spectra of snow samples were carried out as follows.

A sterile syringe and 26-gauge

hypodermic needle were first rinsed with a small quantity of the freshly melted
snow.

The syringe and needle were then used to place 100 water drops of the melted
-3

_C

snow, each of approximate volume 10

temperature of about

10C.

cm

onto a clean sheet of polyethylene at a

The cold stage for cooling the drops consisted of a

4 x 6 inch thermoelectric cooling unit attached to which was an aluminum plate

which had an array of small holes joined to a common ’/acuum line in its upper surface

(Fig. 4).

The polyethylene sheet could be held down tightly onto this aluminum

plate by connecting a vacuum pump to the common line and reducing the pressure.
The water drops were cooled at a constant rate of about 1.7 C min

As the drops

were cooled to sub-freezing temperatures, an electronic flash lamp was actuated

and the number of drops which had frozen was recorded on video tape. This was done

Television camera
Electronic flash

and video

tape

system

Aluminum plate with holes
Thermoelectric cooler

Heat Exchanger
Circulating

Fig. 4

" Drop Freezing" Apparatus

ice bat^h
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by passing the illuminating light through a polarizer and reflecting it off
the drops through an analyzer and into the TV camera.

The frozen drops then

appeared on the TV monitor as white spots against a dark background, whereas,
the liquid water drops were hardly visible.

gree fall in temperature between 0 and

-25C.

Pictures were taken for every de-

The differential and cumulative

spectra were then derived in the manner described above.
To check the reproducibility of the "drop-freezing" technique, a quantity
of tap water was divided into twelve samples and each of these was analyzed sep-

arately.

The results are shown in Fig. 5 where the mean and extremes of the

twelve cumulative spectra of freezing nuclei are plotted.

At warmer temperatures

the extreme values differ by a factor of about 10 and at colder temperatures by
a factor of about 3.

It was hoped that the "drop-freezing" measurements might provide a method
for detecting the presence of silver iodide in snow samples in those cases where
artificial seeding was carried out.

However, this would be the case only if sil-

ver iodide acts as a freezing nucleus at temperatures significantly in excess of

those of the nuclei present in the snow samples in the absence of artificial seed-

ing.

In fact, recent work by Weickmann et al. (1970) indicates that silver iodide

acts as a contact nucleus.

During the winter of 1969-70 a total of 134 snow samples were collected at

Snoqualmie Pass, Stampede Pass, Keechelus Dam and from the mobile laboratory.

In

addition, on two occasions, samples of ice were collected from the leading edges of
the aircraft after it had returned from flying in supercooled clouds over the Cascade Mountains.
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The overall results from the "drop-freezing" measurements showed an increase in the concentration of freezing nuclei of about one order of magnitude

for every

5C

decrease in temperature.

At -15 C the average concentration was

875 freezing nuclei per gram and the median concentration was 474 freezing nuclei

per gram.

Fig. 6 is a plot on log-normal paper of the frequency distribution of

the concentrations of freezing nuclei at -15 C based on all the measurements
which were made during the winter season.

Since the results lie approximately

on a straight line the distribution is close to log-normal.

The snow samples

collected from the mobile laboratory at points along Interstate 90 showed higher

concentrations of freezing nuclei than did those from the other sites (Fig. 7).
The concentrations of freezing nuclei in the samples collected from the mobile

laboratory had a median value of 770 nuclei per gram, whereas

those from Sno-

qualmie Pass and Keechelus Dam had median values of 290 and 410 nuclei per gram
respectively.

The higher concentrations of freezing nuclei in the snow samples

collected from the mobile laboratory is probably due to contamination from the

highway.
Cumulative spectra of the freezing nuclei in the ice collected on the air-

craft on November 23 and December 3, 1969 are shown in Fig. 8.

The concentrations

of freezing nuclei in the ice on the aircraft on November 23 were lower than those
in the snowfall collected at ground level at Snoqualmie Pass.

However, on December

3 (when artificial seeding from the aircraft was carried but for about one hour)
the concentrations of freezing nuclei in the ice on the aircraft was similar to

that in the snow collected at Snoqualmie Pass

4.3

Analysis of Silver Content in Snow
Samples of snowfall, -collected in the Cascade Mountains in the manner des-

90
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10
Cumulotive frequency of observations (%)

95

98 99

99.9

of ^"’"fl
Frequency distribution on a log normal plot of the concentrations
nuclei at -15C. (Results based on 134 snow samples collected at four ground.
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(Nov. 23. 1969)
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Fig. 8

Cumulative spectra of freezing nuclei in ice collected on
aircraft compared with snowfall at ground
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Denver, for analysis

scribed in 4. 2 were sent to the Bureau of Reclamation

by atomic absorption spectrophotometeryto determine the concentrations of silver
in the snow.

When the sample of snow weighed less than 100 grams

one

gram of

snow was evaporated and the residue excited in the flame of the spectrophoto-

meter (i.e. "flash" technique).

In this case the minimum concentration of silver

which could be detected was 1 x 10

of snow

(greater than 100 grams)

gram per ml of water.

a chemical concentration

In this case the lower limit of detectability was 1 x 10
In some case, after first "flashing" several samples

For larger samples

technique was employed.

-12

gram per ml of water.

they were combined to pro-

duce a sample large enough for chemical concentration.
The results of the analyses are shown in Table 2..

centration of silver in the snowfall greater than 1 x 10

In no case was the con-

gram per ml of water.

Since these results include some cases when seeding with silver iodide was car-

ried out for short periods of time from the aircraft positioned upwind from the

ground stations

it appears that the seeding rates were not great enough to raise

the concentration of silver in the snowfall at ground level above the normal back-

ground concentration.
Also shown in Table 2 are the measured concentrations of silver in three

samples of ice collected from the leading edges of the aircraft after it had flown

through clouds over the Cascade Mountains.

The concentrations of silver in the ice

were similar to those in the snowfall at ground level.

4.4

Photography and Replication of Snow Crystals
Automatic snow cameras

made at the University of Washington, for obtaining

semi-continuous photographs of snow crystals were located at the base and at the
summit of Alpental ski area and at Keechelus Dam.

This device consists of a
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TABLE 2
SILVER CONTENT OF SNOW SAMPLES

Date

Location

Time (PST)

Silver Content

(Gram of silver per ml of water

Nov. 23 1969

Dec. 3 1969

Dec. 3 1969

Dec. 3 1969

Denny Creek

Denny Creek

Snoqualmie Pass

Keechelus Dam

0930

1000

7 x 10

1030

1100

7 x 10

1353

1415

< 1 x 10

1415

1430

1445

1500

1500

1515

1515

1530

1545

1600

1600

1615

1615

1630

1630

1645

1645

1700

1700

1715

1715

1730

1345

1600

1600

1615

1615

1630

1 x 10

1630

9 x 10

1645

1645) com) bin1700) ation

1430

1530

1530

1630

1630

1700

-11

< 1 x 10

< 1 x 10

< 1 x 10

-10
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TABLE 2 (continued)
Date

Location

Time (PST)

Silver Content

(Gram of silver per ml of water)
Dec. 11 1969

Dec. 11 1969

Snoqualmie Pass

Keechelus Dam

Denny Creek

10-10

1500

1500

1530

1530

1545

1545

1600

1600

1615

3 x

10’-11

1615

1630

1 x

10’-11

1630

1645)

1645

9 x

10’ -12

1700

1700)
) com1715) bin-

1715

1730)

1300

1400

1400

1500

1500

1600

1600

6 x 10

1630

1615)
) corn1630) bin) ation
1645)

1645

1700

< 1 x 10

1200

1300

< 1 x 10

1300

1520

1520

1600

1600

1615)

1615

1630) Corn) bin1700) ation
)
1715)

1615

Dec. 11 1969

< 1 x

1400

1645
1700

-10

< 1 x 10

ation
< 1 x 10

3 x 10

-10

-11

-10
-10

-11
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.TABLE

2 (continued)
Silver Content
(Gram of silver per ml of water

Date

Location

Time (PST)

Dec. 11 1969

Denny Creek

1715

1730

<

Aircraft icing
over Cascades

1150

1350

< 1 x 10

Nov. 23 1969

1 x 10

10’11

Dec. 3 1969

"

1400

1645

2 x

Dec. 5 1969

"

1500

1630

5 x 10
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moving belt onto which snow particles fall after passing through a small opening
in a protective case.

After the particles land on the belt they are automatical-

ly photographed by a 16 mm time-lapse movie camera.

The snow crystals are then

swept off the belt and the cycle is repeated.

Formvar slide replicas were taken routinely at Snoqualmie Pass, Keechelus

Dam, and the mobile laboratory.

Due to the fact that air temperatures are often

close to 0 C and relative humidities near to 100% at ground level in the Cascades

"blushing" of the slides was common.

It was found that this problem could

be overcome by cooling the slides to just below 0C in a small cold box while at
the same time passing a 0C stream of dry air from a cylinder over the slide.

Us-

ing this technique good replicas were obtained even when the air temperature was
above
4. 5

0C.
Snow Rate Sensor

Snow rate sensors (manufactured by EG&G Inc. ) were located at Stampede Pass,

Alpental (base and summit), Keechelus Dam, Kachess Dam, and the mobile laboratory.
This instrument is designed to record continuously the rate of solid precipitation.

It consists of a light source which is aimed at a photoresistor from which

it is separated by distance of 1 meter.

When a snow particle passes through the

light beam, it interrupts the light signal received by the photoresistor.

This

event is transformed into an electronic square wave of fixed amplitude but with
a length which is dependent on the residence time of the particle in the light

beam.

A series of particles will cause a series of such square waves which are
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integrated electronically and recorded on a strip chart.
ample of such a record.

Fig. 9 shows an ex-

Although the residence time of the snow particle in

the light beam determines the output from the photoresistor, observations in
the field have shown that the output is generally unaffected by wind speed or

direction.

All the electronics and the light source for this instrument are

powered by a 6-volt storage battery.

The strip chart can be powered either from

the same battery or by 110V AC power supply.

The instrument can generally oper-

ate unattended for about a week, however, in blowing snow the instrument may

become inoperative if snow collects around the photoresistor.
The electrical output from the snow rate sensor may be converted into snowfall rate by calibrating the instrument.

This is done by weighing the snow which

falls during a .certain time interval (5 to 15 minutes) and comparing this with
the integrated chart value.

For dry snow it has been found that full-scale de-

flection on the chart corresponds to. a snowfall rate of 0.3 inches per hour.

The

snow rate sensor is particularly valuable in that it provides a nearly instantaneous measure of the rate of snowfall.

However, it is inaccurate when used to es-

timate total snowfall over periods greater than a few hours.
4.6

Mean Mass of Snow Particles and Rate of Snowfall
If a pulse counter is placed before the integrating circuit in the snow rate

sensor it can be used to count individual snow particles greater than about 0. 5
mm in size.

During the 1968-69 Cascade Program it was found that the concentra-

tion of snow particles (i.e. the number flux) measured in this way was in good agree-

ment with the number of snow particles reaching the ground per cm 2 per sec as

Fig. 9

Example of strip chart recording of snow rote

sensor data recorded on December 3. 1969
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determined from the automatic snow camera

(Burrows, 1970).

By dividing the

number flux of particles into the mean snowfall rate (i.e. the mass flux)

as

measured by a weighing bucket gauge, the mean mass of the snow particles may be
found.

Fig. lo shows the mean mass of the snow particles plotted against the snowfall rate.

It can be seen that as the mean mass of the particles increases so

does the rate of snowfall.

The data obtained in.the Cascades during storms in

December, 1969, showed a greater increase in the mean mass with snowfall rate
than did the data collected in the Cascades during the 1968-69 winter season.

This difference could be due to the generally higher temperatures which were encountered in December, 1969 than in the 1968-69 season.

4. 7

Ratio of Concentration o’f Freezing Nuclei in Snow to Concentration of
Snow Crystals
One of the outstanding problems in cloud physics and weather modification

is to determine the exact role which ice nuclei play in forming ice particles in
natural clouds.

There is mounting evidence that under certain conditions the

concentrations of ice particles in clouds can far exceed the measured concentrations of ice nuclei.

In measurements made in orographic clouds over the Olympic

Mountains, Hobbs (1969) found that the ratio of concentrations of ice particles
i^

to ice nuclei was about 10

for clouds with tops at a temperature of about -7 C

but this ratio was close to unity when the cloud top temperature was

-25C.

Sim-

ilar results were obtained by Burrows and Robertson (1969) in measurements.made

in the Cascade Mountains and by Auer et al. (1969) for measurements made in cap
clouds in Wyoming.
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O.I

Fig.

O.I

10

Meon moss of snow particles (mg)
Meon mass of snow particles versus rate of snowfall for
data collected in the Cascades during December, 1969
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During the 1969-70 Cascade Program further measurements of the I’ypr- ma’le

by Burrows and Robertson were obtained.

The number of freezin.p: nuclei in a

unit mass of snow was determined in the manner described in fi’l.2 and the num-

ber of snow particles in a unit mass was determined from the automatic snow crystal camera.

The ratio of the number of ice particles to freezing nuclei is then

obtained by dividing the number of snow particles in a unit mass by the number of

freezing nuclei per unit mass of snow.

The results are shown in Fig. 11 where they

can be compared with the earlier measurements made by Hobbs and with the measurements made in the Cascade Mountains during winter 1968-69 by Burrows and Robert-

son.

It can be seen that in all cases the ratio of ice particles to ice nuclei

is in excess of unity but decreases with decreasing cloud top temperature.

As emphasized above, in the measurements made in the Cascade Mountains only
the concentrations of freezing nuclei in the snow were determined.

It is

of

course, possible (and indeed likely) that the nucleation of ice by deposition and

by contact nucleation also play a role in natural clouds.

However, in the mea-

surements made by Hobbs in the Olympic Mountains the concentrations of ice nuclei
in the air were measured with the NCAR acoustical ice nucleus counter which should

detect freezing, deposition, and contact nuclei.

Nevertheless

as can be seen in

Fig. 11, both methods of measurements produced similar results.
The reason for the high concentration of ice particles to ice nuclei observed

in certain clouds is not known with certainty.

However, it is likely that various

mechanisms exist whereby the number of ice particles in a cloud may increase without the action of ice nuclei.

It might be noted here that if the concentration of

snow particles exceeds the concentration of ice nuclei by a factor of about one

thousand when seeding with silver iodide pyrotechnics

then the observed absence of

appreciable quantities of silver in snowfall samples collected in seeded storms

(4. 3) is understandable.
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4. 8

Radars and Rawinsondes

A M-33 (3 cm) radar was located at Keechelus Dam (Fig. 1).
calibrated so that the power returned as a function of distance

angle

and azimuth angle could be determined.

From this data isolines of

the normalized power return could be plotted in the form of range

time sections.

elevations

Automatic gain control data was

obtained as the clouds were scanned with the radar.

tions and height

The radar was

height sec-

This allowed studies to be made of the

tions in precipitation and also of cores of convective activity.

varia-

However, these

could not be followed in detail due to the long time (15 minutes) required for
one RHI sweep.

A rawinsonde launching and tracking site was located at Olympia (Fig. 1)
in order to obtain wind, temperature, and humidity measurements upwind of the
Cascades during storms.

sondes

Initially, a T9 (3 cm) radar was used to track the rawin-

but it was found to be incapable of tracking in heavy precipitation.

Later in the program it was replaced by a manual radiosonde tracking unit.
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SECTION 5
SNOW PARTICLE TRAJECTORIES AND ARTIFICIAL SEEDING
When carrying out artificial seeding from aircraft over the Cascade Moun-

tains in winter storms

in. which there

are strong winds, it is necessary to- know

the distance upwind and the altitude at which seeding should be carried out in

order to cause modifications in the snowfall in a given area on the ground.

A

detailed theoretical study is being made by this group to determine the characteristics of the airflow over the Cascade Mountains and the manner in which pre-

cipitation particles grow and fallout.

A preliminary account of the airflow

model has been given by Fraser (1970).

Since this detailed model was not avail-

able during the 1969-70 winter program, a much simpler model was used to construct
a series of nomograms which were used to estimate the position at which seeding

should be carried out under a given set of conditions.

nomograms is described in

5.1.

The construction of these

In 5.2 a description is given of the techniques

that were used for seeding from the aircraft.

5.1

Growth Equations for Ice Particles and Construction of Nomograms

Ice particles in a mixed cloud can increase in mass by three mechanisms

deposition from the vapor phase, collecting supercooled droplets (i.e. riming)
and aggregating with other ice particles.

Since very little quantitative infor-

mation is available on the aggregation of ice particles it will not be considered
here.

However, it should be noted that when the concentration of ice particles in

a cloud becomes very high

(e.g. by artificial overseeding) the aggregation of ice

particles might become important.
The rate of increase in the mass m of an ice particle due to deposition from
the vapor phase is given by (Houghton, 1950)
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d m

(1)

4n C G S p

d t

where, C is the electrical capacity of the particle, S the supersaturation
of the environment with respect to ice, p the density of ice, and G is a

factor defined by

G

^

[l

p

. ^^v
f*
T\
v

where, D is the diffusivity of water vapor in air, p
density over a plane surface of water, p
latent heat of deposition, R

(2)

R

the saturation vapor

the density of liquid water, L the

the gas constant for water vapor, T the tempera-

ture, and K the thermal conductivity of air.
The rate of increase in the mass m of an ice particle by riming is given by

^

A E w (V

V,)

(3)

where A is the area of a cross-section of the particle normal to the direction
of fall, E the collection efficiency of the particle for cloud droplets

liquid water content of the cloud (in grams per cc of air)

w the

V the fall-speed of

the particle, and V- the fall-speed of the cloud droplets.

The growth of an ice particle by deposition from the vapor phase and by

riming is from eqns. (1) and (3)

^
d t

4n C G S p +

A E w (V

V, )

(4)

d

By substituting approximate values into the right-hand side of eqn. (4) Jiusto
(1967) has demonstrated that when an ice particle is small (and therefore E is

small)

growth

by deposition dominates over-growth by riming.

At a temperature

of -15 C, an ice crystal in the form of a plane dendrite will reach a radius of
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100 microns in about 100 sec and 1000 microns in about 1000 sec by deposition
alone in an environment saturated with respect to liquid water.

However, by the

time an ice particle reaches a radius of about 100 microns the rate of increase in

its mass by riming is comparable to that by deposition, and for ice particles in
the size range 100 to 1000 microns growth by riming dominates.

Therefore, in the

following calculations we assume that an ice crystal is initially in the form of a
plane dendrite 10 microns in radius and that it grows by diffusion alone to a radius
of 100 microns.

Thereafter, the particle is assumed to. be a spherical graupel par-

ticle and to grow only by riming.

Nakaya and Terada (1934) found that the mass m (gm) of a plane dendrite is
./

related to its radius r (cm) by
m

= 15.2 x

10~4 r2

(5)

10~4

(6)

Therefore,
30.4 x

dm

r dr

Also, assuming that a plane dendrite can be represented by a flat disc,
C

=

2r

(7)

IT

From eqns. (1)

(6) and (7)
fir"

2.66 x 10

^

GS p

(8)

dt

and,

\. .______
o

2.66 x

103

GS p

pJ
r

o

-

(9)

that is

1________

ti

2.66 x

103

(r^

r^)

(10)

GS p

where, t, is the time taken for the crystal to grow from an initial radius r
(taken as 10

-3

cm) to a radius ri (10

-2

cm).

The fall velocity of a plane den-

drite is independent of its size and is equal to about 30 cm sec

Terada, 1934).

(Nakaya and

Therefore, in time t, the crystal will have fallen through a

vertical distance

HI

(cm) given by

Hi

(11)

30 ti

For a spherical graupel particle of radius r, eqn. (3) becomes
dT"

TT

r2

Ew (V

V^)

(12)

dt

Nakaya and Terada (loc. cit. ) have shown that the mass m (gm) of a graupel
particle is related to its radius r (cm) by
m

0. 52

r3

(13)

Therefore,
dm

l. SG

r2

dt

^
(14)

dt

From eqns. (12) and (14)
dr

ir

Ew
(V

dt

V )

1. 56

In the numerical calculations the collection efficiency E will be taken as
unity.

(15)
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Langleben (1954) found that the fall velocity V of an ice particle can
be related to its melted diameter d (cm) by the equation

For graupel particles d

/^>
r\^f

d-31

k

V

(16)

r and k

221, therefore

V

r0-31

221

eqn. (16) becomes

(17)

From eqns. (15) and (17)

EW

dr:

ff

dt

1. 56

^

Y (221

r0-31 V^)

(221

(18)

or,

r0’31

(19)

V )
d’

dt

where,

=

Y

v Ew

1.56

From eqn. (19)
dr
0.31 /

dt

(1-

Now, for cloud droplets 10 microns in radius V
r > 10

-3

cm,

V^ /^9-,

0. 31

dt

1.

Integrating eqn. (21)

^

1. 3 cm sec

)^
and, if

Therefore, eqn. (20) becomes

1
221Y r

V,

0-31

^

fl
V

vdd

r0-31

221 r

\^
\dr

^

(21)
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r,

/.

dt

^r

221Y

o

(1

r

0.31

+

^-^^
_^d____
221 r

therefore,
0.69

^ P[

r!

-2

?21Y
221Y

where

(10

_2

t

0.69

’P

T*

V

d

0.38

"P

r!

0. 38

-T1

^2

221 x 0.38

0.69

is the time taken for the ice particles to grow from radius r

cm) to radius r- by riming.
The vertical distance dH (cm) through which the particle falls during

time dt is given by

dH

V dt

dH

221

or,

r0’ 31

dt

From eqns. (21) and (25)
dH

221 r

^

[h^
r’31 V

0.31

221Y
or.

dH

1 +

r0-31

221

vd

\

221r-31

d r

Integrating eqn. (27)

f H2
o

dH

^2

1

Y

1 +
r

\

"d
221 r

dr
0.31

or,

^2

~y~

(r^)
/

\

+

V^ (r^

0.69.

-69

r^

221x0.69

)

dr
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where H

is the vertical distance through which the graupel particles fall in

growing from radius r

(10

-2

cm) to

r^

by

riming.

Eqns. (10) and (11) can be used to find
found for various values of r

distance H (= H

t^

and

H^,

from eqns. (23) and (20).

and

t^

and

H^

The total vertical

+ H ) through which the ice particle falls in time t (=

is then determined.

can be

t^ + tg)

In practice, it is required to know the distance upwind

a
from a target area at which artificial seeding should be carried out from

reach
given altitude in order that ice particles initiated by the seeding should
in
the ground in the target area. In this case, H is equated to the difference

height between the level at which seeding is to be carried out and the altitude
of the target area, and the time t for the ice particles to fall through this

height is determined in the manner described above.

The horizontal distance up-

wind from the target area at which the seeding should be carried out is then

given by t u, where u is the mean wind speed between the target area and the
level of seeding.

Figs. 12

22 are a series of nomograms showing the distances upwind from

the target area at which seeding should be carried out at various altitudes and
under various environmental conditions.

The growth rate during diffusion is de-

However, since the distance which the ice particles travel

pendent on temperature.

during growth by diffusion is small compared to the distance they travel during

growth by riming, the final result is relatively insensitive to temperature. The
22 are applicable for air temperatures in the range

results shown in Figs. 13
-10 to

-25C.

For temperatures between -5 and

-30C

the lines in the body of these

figures need to be displaced to the right by 0.18 nautical miles, and for temperatures of

-35C

and

-40C

the lines are displaced to the right by 0.54 and 0.8

nautical miles respectively.
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The effect of riming under various conditions on changing the trajectory

of an ice particle can be deduced from the nomograms.

For example

an ice par-

ticle which starts out at a height of 9 ,842 ft. and grows by diffusion and riming
as it falls through a cloud with liquid water content 0.1 g m

_3

will reach a

height of 3281 ft. after traveling a horizontal distance of about 35. 5 nautical
miles in a mean wind of 38. 8 knots (Fig. 13).

However, the corresponding dis-

tance of horizontal travel in the case of growth in a cloud of liquid water content 0. 5 g m

5. 2

3

is only 27. 3 nautical miles.

Seeding Operation
In the 1969-70 Winter Cascade Program seeding with artificial ice nuclei was

carried out from the aircraft using pyrotechnic devices.
of two types

end-burning flares and ejection flares.

The pyrotechnics were
The end-burning flares,

each of which had an output of 10 grams of silver iodide during a time period of
30 to 40 sec, were ignited while still attached to the aircraft.

The ejection

flares were dropped from the aircraft and fell 2,000 feet before ignition; 10

grams of silver iodide was then released in the next 1,000 feet of fall.

The

numbers of effective nuclei per gram of silver iodide for the end-burning and

ejection flares are shown in Fig. 23.

These results are based on calibrations

carried out at Colorado State University.

The pyrotechnics were supported in racks attached to the underside of the instrument pods on the wings of the aircraft (Fig. 2).

The racks could hold a max-

imum of fifty end-burning and fifty ejection flares.

The flares could be individ-

ually electrically ignited by the flight scientist in the aircraft.
The decision as to whether or not carry out artificial seeding was made on
the basis of the measurements and observations from the aircraft and also those
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on the ground.

If conditions were suitable for seeding, the aircraft and radio-

sonde measurements were used in conjunction with the nomograms to determine the
location at which the seeding agent should be released in order to affect precipitation in the Snoqualmie Pass area.

If it was feasible to fly in the clouds

at this location the end-burning flares were used if, on the other hand, it was

preferable to fly 2,000 or 3,000 feet above this point the ejection flares were
used.

During seeding the aircraft maneuvered in a circle of a few miles radius and
10 gram pyrotechnic units were released.once every minute for a period of about

one hour.

This operation should have produced a continuous "curtain" of silver

iodide particles which would be carried downwind to nucleate a large volume of

cloud.

The number of artificial ice nuclei produced per unit volume of air by

this type of seeding will depend, of course, on the temperature, wind speed, and
diffusion characteristic of the silver iodide plume.

Neglecting diffusion and

for a wind speed of 30 mph and a temperature of -15 C, the number of ice nuclei
downwind from the region of seeding should have been of the order 500 per liter.
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SECTION 6
CASE STUDIES OF TWO SEEDED STORMS

In this section we describe the results of airborne and ground observations
made during two storms which passed over the Cascade Mountains on December 3 and
Both of these storms were seeded with artificial ice nuclei for short

11, 1969.

periods of time.
6. 1

December 3, 1969 Storm

6.1.1

Synoptic Situation

On December 3, 1969 a weak surface warm occluded front passed over Western

Washington between 1200 and 1900 Pacific Standard Time (PST).

The surface synop-

tic map for 1600 PST (Fig.. 24) shows conditions which were typical of the period

during which aircraft and ground observations were being made in the Cascade
Mountains.

Behind the front the winds were light and from the south to south-

west, there was light rain and rain showers
some clearing.

temperatures from 37 to 49 F, and

Ahead of the front the winds were more easterly, and over the

Cascades there was light snow with temperatures around 20 F.

On the eastern

slopes of the Cascades, the winds were light easterly, there was light snow, and

temperatures were in the upper twenties.
It should be noted that the surface front was very weak.

Fig. 25 shows the

more important vertical structure based on the soundings taken at

Olympia.

At

1100 PST and below 800 mb there was warm advection into the region, but above 800
nib cold air was being advected.

The cold advection was caused by an upper level

cold front which passed over the Cascade Mountains between 1200 and 1300 PST.

The

500 mb map for 1600 PST (Fig. 26) shows that this front was over Eastern Washington,

31"
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The differential temperature advection with height caused the air mass to become increasingly unstable towards late afternoon and evening on December 3.

This instability, together with the winds below 5,000 feet becoming more westerly,

resulted in increasing precipitation in the Cascade Mountains where it started
to snow at about 1400 PST and the precipitation reached a peak after midnight.

Aircraft Observations

6.1. 2

The aircraft took off from Sandpoint Naval Base, Seattle, at 1350 PST, at

which time it was overcast and raining.

Most of the instruments on board were

operational, however, the computed values of true air speed and true air temper-

A sketch of the flight route is shown in Fig. 27.

ature were not available.

The first leg of the flight was east from Seattle, over the Cascades in the

vicinity of Snoqualmie Pass
Elum.

and on to a point 12 nautical miles northeast of Cle

The aircraft passed through cloud base on the eastern shore of Lake Wash-

This layer of stratocumulus extended up to about 12,000 ft.

ington at 400 ft.

Above this there was a thin layer of altocumulus at about 13,000 ft.

Ice nucleus

concentrations throughout this section of the flight were less than 1 per liter
of air at

-21C.

Estimates based on the number of particles collected on the continuous particle sample at a point 7 miles east of Maple Valley, and at an altitude of 7,100
ft. showed there to be 3040, 230, and 9.2 water droplets per liter with diameters
75

in the ranges 15
369

75

125, and greater than 125 microns respectively, and

323, and 45 single ice particles per liter with maximum dimensions in the

size ranges 15

75

75

125, and greater than 125 microns respectively.

concentration of ice crystal aggregates was about 0.81 per liter.

The

The single ice

*.

^

gi8~’^s^ Region

PST

where seeding
carried out from
1507 to 1552 PST

was

\

Mt.
Rainier

Fig. 27

Sketch of flight route

on

December 3, 1969
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particles included solid and hollow columns

The ice crystal

and some bullets.

At a point 25 miles east of Maple

aggregates were lightly to moderately rimed.

Valley (1405 PST), and at an altitude of 11,200 ft. there were 3163, 168, and 0
water droplets with diameters in the ranges 15

75, 75

and greater than

125

125 microns respectively, and 494, 198 and 0 single ice particles per liter with

maximum dimensions in the same size ranges.

gregates was 0.175 per liter.
and columns.

The concentration of ice crystal ag-

The single ice particles included hexagonal plates

The ice particles were lightly rimed.

A run

On the east side of the Cascade Divide the clouds were more scattered.

made with the continuous particle sampler at 1411 PST between Kachess and Cle Elum
Lakes

at an altitude of 11,500 ft. and a true air temperature of -7 C, showed

851, 170 and 104 water droplets per liter in the size ranges 15

75

75

125

and

greater than 125 microns respectively, and 766, 306 and 93.6 single ice particles
75

125, and greater

There were no aggregates of ice.

The ice particles

per liter with maximum dimensions in the size ranges 15
than 125 microns respectively.

included solid columns and hexagonal plates

75

Riming was light to moderate.

It can

be seen from these results that the concentrations of cloud droplets was much less
on the eastern than on the western side of the Cascades.

A summary of some of the other measurements obtained during the first leg of
the flight is contained in Fig. 28.

It is interesting to note that the air turbu-

lence was greater on the western side of the Cascade Divide than it was on the eastern side.

Tinn (Non-linear)

15

Fig.

20
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40
36
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25
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50

made from aircraft between Maple Volley and point 12 miles northeast of Cle Elum
on December 3, 1969

28 Observations
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After reaching a point 12 nautical miles northeast of Cle Elum, the aircraft
returned to the west side of the Cascades.

Operation of the continuous particle

sampler on the west side of the Cascades at 1436 PST (Fig. 27) in the stratocumulus
cloud showed that all of the cloud droplets were less than 75 microns in diameter
and the concentration in the size range 15

There

75 microns was 1033 per liter.

were 2068, 398 and 533 single ice particles per liter with maximum dimensions in

the size ranges 15

75

75

025, and greater than 125 microns respectively.

concentration of ice aggregates was 2.62 per liter.

large hexagonal plates

solid and hollow columns

particles were lightly rimed.

The

The ice particles included

and frozen droplets. The larger

The altitude at which these measurements were taken

was 8,400 ft.

Based on the aircraft and ground observations, and the radiosonde soundings at

Olympia, it was decided that conditions were suitable to test whether seeding the
stratocumulus clouds with silver iodide from the aircraft on the west side of the

Cascades would affect snowfall on the ground in the Snoqualmie Pass area.

At 9 ,000

ft. the wind was 30 mph from south by southwest and the air temperature approximately
-10 C.

The nomograms showed that in order for ice crystals produced by seeding at

this level to reach the ground in the Snoqualmie Pass area, the seeding would have
to be carried out a distance of 18 nautical miles upwind.

The aircraft therefore

circled in this location (Fig. 27) and seeding was carried out as described below.
The first period of seeding started at 1507 PST and finished at 1524 PST.

The

aircraft moved in a circle of radius about 2 1/2 miles at 9,000 ft. in cloud. Fifteen

end-burning pyrotechnics, each containing 10 gm of silver iodide, were ignited at
one minute intervals.

During this period of seeding the count on the ice nucleus

counter in the aircraft increased sharply to in excess of 1,000 per liter at -21 C
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(Prior to seeding the ice nucleus count was less than 1 per liter at

-21C. )

The continuous particle sampler operated at 1514 PST showed 10,750, 0.267 and
0 water droplets per liter in the size ranges 15

than 125 microns respectively.

75

75

125, and greater

The concentrations of single ice crystals were

0. 534, 0.267 and 3.20 per liter in the size ranges 15

75

75

125, and

greater than 125 microns respectively, and the concentration of ice aggregates
was 0.267 per liter.
The second period of seeding extended from 1537 to 1552 PST.

This was car-

ried out using the ejection pyrotechnic flares which were dropped from an altitude of 10,500 ft. so that the silver iodide was dispersed in the stratocumulus
cloud between 8,500 and 7,500 ft.

A total of fifteen ejection pyrotechnic flares

were released spaced at time intervals of one minute.

Following completion of seeding

the aircraft headed downwind to a point just

past Keechelus Dam and then back upwind to a point northwest of the area where
seeding had been carried out (Fig. 27).

Due to FAA restrictions the aircraft could

not descend below 10,000 ft. during this leg, however, at this altitude it was

flying in the main stratocumulus cloud layer.

As described below, there is good

evidence from the liquid water content readings that the aircraft intercepted
regions of cloud affected by the first period of artificial seeding.

Unfortun-

ately, the continuous particle sampler was inoperative during this period so additional evidence from this source was not available.
The liquid water content readings measured on the aircraft between 1555 and

1612 PST are shown in Fig. 29.

The aircraft left the area where seeding was car-

ried out at 1555 PST and started to descend to 10,000 ft. as it headed downwind.

^

-------W---

"w
0.

Q.

sm

0

Q
in

^

in

(0
in

fme

m

w
a.

n

in

IQ

.e
g

i---------i J

0.4

0.3

u

n?

-S^e-

0.1

^

r

-s(0

U)

m

CM

0

<o

Fig. 29

0
<0

Liquid water content readings downwind of

0)

0)

0-

0
<0

(0

seeded area on December 3. 1969

;- -T

’--1--

:.a

-.-W^
E

-

7.

^

^\^

-^v’-

-,

’"

jtp^^^.
W.
MM^^^^
’"W^T
^^^~--J^

J\

Aircraft tixninq
MOT- ’KW*^*

s<.
:-s; : .:

---w-

’(^

A

a.

<L

46

.’ T1

^

^~V
~>^--^fcjrvt^
J

-.;

-A9- ;:::..:

}

.Anif.

s^A-

1;

<D

^^^
m

-o^

0

s

5

Fig. 29 (continued)

?

^ ^ -"-.- ^-’^^’ ~~"’"^^-^ S

(0

.^

Oom.

fe
w

S

71

Between 1555 and 1557.5 PST the liquid water content was essentially zero (Section AB on Fig. 29).

At 1557.5 PST the aircraft penetrated the top of the strato-

cumulus cloud and the liquid water meter showed appreciable readings until about
1558. 5 PST (BC on Fig. 29).

However, from 1558.5 to about 1602 PST (Section CD

on Fig. 29) when the aircraft was flying at a constant altitude of 10,000 ft. in

cloud, the liquid water content was again very low.

It is postulated that during

this period of time the aircraft was flying in the region of cloud glaciated by

the first period of seeding.

If this is the case, the trailing edge of the glaci-

ated cloud at 1558. 5 PST should have been at a distance 13.1 miles (218 mph x 0.06
hr. )southwind from the position of the aircraft at 1555 PST.

Similarly, the lead-

ing edge of the glaciated cloud at 1602 PST should have been at a distance 25.4
miles (218 mph x 0.12 hr. ) from the aircraft position at 155’5 PST.

Now, seeding

was started at 1507 PST, therefore, in a 30 mph wind, the leading edge of the

seeded portion of the cloud should have traveled a distance 27.6 miles (30 rnph
x 0.92 hr. ) by 1602 PST.

This is in reasonable agreement with the distance of

25.4 miles at which the aircraft left the region of low liquid water content.

The

first period of seeding finished at 1524 PST at a distance of 4.5 miles southwest

of the position of the aircraft at 1555 PST.

Therefore, at 1558. 5 PST the trail-

ing edge of the seeded portion of the cloud should have been at a distance 12.9
miles (30 mph x 0. 58 hr

4. 5 miles) from the 1555 PST position of the aircraft.

This is in excellent agreement with the observed distance of 12.7 miles at which
the liquid water content first decreased.

These calculations

therefore

confirm

the postulate that the low liquid water content observed at 10,000 ft. between

1558. 5 and 1602 PST -was the result of the artificial seeding.

Since the seeding

72

material was released at 9,000 ft. there must have been sufficient mixing in
the cloud to carry the silver iodide particles upwards to at least 10,000 ft.

As the aircraft continued to head northeast, the liquid water content rose

sharply after about 1602 PST.

The aircraft turned through

180

at about 1604

The liquid water content

PST, when it was near Keechelus Dam, and headed upwind.

remained comparatively high until 1608 PST and then fell close to zero where it
remained until about 1611 PST (Section EF oh Fig. 29).

It is postulated that

from 1608 to 1611 PST the aircraft again flew through the region of cloud glaciated by the artificial seeding.

Based on this hypothesis

the observed point at

which the leading edge of the glaciated cloud was intercepted as the

traveled upwind was within 1. 5 miles of the calculated position.

aircraft

Moreover, the

length of the glaciated region of cloud encountered by the aircraft as it headed

upwind was 9.4 miles compared with the measured length of 11.0 miles when the
aircraft was traveling downwind.

Ground Observations

6.1.3

Precipitation started at most of the ground stations in the Cascade Mountains
at about 1400 PST on December 3 1969.

in Fig. 30.

The precipitation and snow rates are shown

Due to the easterly flow at the surface, low clouds were present east of

the Cascade Divide throughout the morning, and precipitation started at Keechelus

Dam about one hour before it did at most of the stations on the west side.
precipitation also ceased on the east side before it did on the west.

The

During the

period 1300 to 1730 PST the temperature at Snoqualmie Pass (3,000 ft. ) was -7 C,
whereas, at the top of Alpental (5.400 ft. ) it was

precipitation started at about 1400 PST.
at the top of Alpental was -4 C.

1C

but decreased to

-2C

when

Between 1700 and 1900 PST the temperature
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The types of snow particles and the snow rates observed at Denny Creek are
shown in Fig. 31.

It can be seen from these results that high snow rates were

generally associated with predominantly stellar and dendritic crystals and low
snow rates with needles.
and dendrites.

Moreover, the heaviest riming was observed on the stellars

The snow particles observed at Alpental between 1400 and 1700 PST

were primarily of two types:

lightly to moderately rimed needles and columns

and

moderately to heavily rimed stellars and plates.
The aircraft observations 5 6.1.2 an<^ calculations based on the nomograms show
that the precipitation particles affected by the first period of artificial seed-

ing should have fallen in the vicinity of Denny Creek between 1602 and 1619 PST.
It can be seen from Fig. 31 that the snow rate at Denny Creek started to increase

sharply at about 1605 PST and reached a peak value at 1630 PST.

Since it can be

argued that this increase in snow rate may have been due to natural variations
rather than to artificial seeding, we do not wish to draw any general conclusions

from these limited observations

other than to note that they are in agreement

with the result to be expected due to seeding with artificial ice nuclei.

The concentrations of freezing nuclei in snow samples collected at Keechelus

Dam, Denny Creek, and Snoqualmie Pass are shown in Figs. 32

34.

There are no

indications of any significant changes in the concentrations of freezing nuclei
which might be attributable to the

artificial seeding, however,

as previously noted,

silver iodide may be relatively inefficient as a freezing nucleus.

The concentra-

tions of silver in snow collected at Denny Creek, Snoqualmie Pass and Keechelus Dam
on December 3 did not show

any significant changes during the day (Table 2).
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Radar Observations

6.1.4

A total of 52 automatic gain control profiles taken at range increments of
out to a maximum distance of 20,000 yards were recorded with the M33

500 yards

radar at Keechelus Dam on December 3.

These scans were taken along a bearing of

from Keechelus Dam, that is, in approximately the southwest direction.

210

Figs. 35 and 36 show a time sequence of the isoecho contours extending out
to a distance 7 miles from Keechelus Dam and up to altitudes of about 12,000 ft.

It should be noted that ,the contours are labeled in terms of dbm, so that the
higher the absolute value attached to a contour the smaller the reflectivity it

represents.

The .only approximately steady-state feature that can be seen on

these time sequences is the echo directly over the crest of the Cascades at a distance of about 2 miles from Keechelus Dam.

The development of convective cells

can be seen, particularly during the period 1646 to 1700 PST.

contours the cloud top appears to be at about 11,000 ft.

From the isoecho

which agrees with the

aircraft observations.

Fig. 37 shows a height-time section of the isoecho contours which has been
constructed from the data obtained when the radar at Keechelus Dam was pointing

vertically upwards.

An increase in reflectivity can be seen during the period

1430 to 1530 PST which correlates with the increase in the rate of snowfall observed at Keechelus Dam (Fig. 30) during the same period.
6. 2

December 11, 1969 Storm

6. 2.1

Synoptic Situation

At 1000 PST an occluded front was just off the Pacific Coast of Washington.

By 1600 PST the front had passed over Western Washington and was well into Eastern
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Washington (Fig. 38).

The 700 and 500 mb maps at 0400 PST showed considerable

warm advection ahead of the front.

Behind the front there was cold advection.

At 0400 PST the temperature at 700 mb over Quillayute (on the Pacific Coast)
was

7C

higher than that at 700 mb over Spokane (in Eastern Washington).

How-

ever, by 1600 PST the temperature at 700 mb over Quillayute was 7 C lower than
that over Spokane.

6.2.2

The front was almost vertical from the surface up to 500 mb.

Aircraft Observations

The aircraft first left Sandpoint Naval Station, Seattle

at 0955 PST and

However, due to the severe icing conditions encoun-

flew east over the Cascades.

tered, after reaching the crest of the Cascades the aircraft was forced to return
to Seattle where it landed at 1052 PST.

A second and successful attempt at flying into the storm was made later in
the same day.

The aircraft left Sandpoint at 1312 PST; it was raining at the air-

port at this time.

The flight was first south to Olympia where cloud base was
in excess of 19,000 ft.

at 6,000 ft. and cloud top

Operation of the continuous

particle sampler at 1345 PST at an altitude of 7700 ft. over Olympia, where the
air temperature was approximately -3. 5 C, showed

lets per liter in the diameter ranges 15

microns diameter respectively;

75, 75

3680, 455 and 45. 5 water drop125, and greater than 125

81. 8, 318 and 682 ice particles per liter with

maximum dimensions in the ranges 15

-. 75

75

125, and greater than 125 microns

respectively, and 3.98 ice crystal aggregates per liter.

The ice crystals in-

hexagonal plates.

cluded solid columns and

At 1355 PST twelve miles south of Olympia, at an altitude of 11,900 ft. and
air temperature of -12.

5C

the aircraft was in thick cloud.

Concentrations of

1004

Fig.

38

Surfoce synoptic observations at 1600 PST on

December II, 1969
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75

water droplets were 124, 54 and 0 in the di.ime1.er ranges 15

greater than 125 microns

75

and

125

2620, 705 and 747 ice particles per liter with maxi-

mum dimensions in the ranges 15

75

125, and greater than 125 microns

75

The ice nucleus counts

respectively; and 5.64 ice crystal aggregates per liter.
were less than 1 per liter of air at -21 C.

The subsequent flight path is shown in Fig. 39.

The aircraft headed north-

east from Olympia and climbed steadily from 12,000 ft. to a maximum altitude of
19 ,000 ft.

Above 13,000 (about -16 C) ft. very few liquid water droplets were

detected but the concentration of ice particles tended to increase with height.

At 19,000 ft. the aircraft was still in cloud.

Operation of the continuous part-

icle sampler at 1430 PST at an altitude of 18,400 ft. (-26.

of Eatonville (about 25 miles west of Mt.

Rainier), showed

5C)

two miles NNE

that there were no liquid

water droplets present but 8180, 1255 and 953 ice particles per liter with maximum

dimensions in the size ranges 15

75, 75

125 and greater than 125 microns re-

spectively, and 12.2 ice crystal aggregates per liter.

The ice crystal aggre-

gates were significantly larger than those encountered at lower elevations
the ice particles comprising the aggregates were also large.
included solid columns, hexagonal plates and bullets.

and

The single crystals

It is likely that at this

location the orographic effect of Mt. Rainier was being encountered.

Turbulence

was quite high.

After reaching 19,000 ft. and failing to break through the cloud, the aircraft
started to descend but continued to head northeast.

At 1440 PST and 16 miles south-

east of Enumclaw, altitude 16 ,700 ft. and temperature -22.5 C, there were no liquid
water droplets, but the concentrations of single ice particles were 2570

594 and

Fig 39

Sxetch of

port

of flight

route

on

December II, 1969
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223 per. liter with maximum dimensions in the size ranges 15

75

75

125 and

greater than 125 microns respectively, and there were 2.18 ice crystal aggregates per liter.

These aircraft observations on the western side of the Cas-

cades showed that the clouds were wide spread and very deep.

At about 1450 PST the aircraft passed over the crest of the Cascade Mountains.
On the eastern slopes of the Cascades the clouds were fairly scattered.
PST at an altitude of 11,500 ft.

(-12C)

eleven miles north of Cle Elum, there

were 355 water droplets per liter in the size range 15

particles per liter in the size range 75

gregates per liter.

At 1455

125 microns

75 microns

46.3 single ice

and 0.09 ice crystal ag-

The aircraft subsequently headed west, that is back across the

Cascades, and then south to a position northeast of Carbonado to carry out seeding
with silver iodide pyrotechnics.

During seeding the aircraft flew in a circle of radius about 5 miles
position shown in Fig. 39

and at an altitude of 10,000 ft.

1511 PST and sixteen ejection flares

were released at one minute intervals.

in the

Seeding started at

each containing 10 grams of silver iodide
The seeding finished at 1527 PST.

ing seeding the aircraft flew downwind, at an altitude of 9,000 ft.

Follow-

toward the

target area, and the continuous particle sampler was operated every five minutes.

However, there was no definite evidence from the measurements made from the aircraft that regions of cloud affected by the artificial seeding were intercepted.

This was probably due to the aircraft flying too high.

It will be seen in the

following section that there was evidence of effects due to the seeding at the
ground stations.
6.2. 3

Ground Observations

Precipitation started at most of the ground stations on the west side of the

88

Cascades at about 0600 PST on December 11, 1969.

Precipitation rates obtained

from the weighing buckets at a number of stations are shown in Fig. 40.

From

0600 to 1300 PST the precipitation rates showed wide variations both in space

and time.

The precipitation of 0.325 inches recorded at Bandera between 0900

and 1000 PST was the highest rate recorded anywhere in the network for all of
the storms studied during the winter of 1969-70.

At the top of Alpental (5400

ft. ) the temperature was -6 to -8C and at the base of Alpental (3000 ft.

4C warmer.

it was

Therefore, the lapse rate in this layer was close to pseudo-adiabatic.

After 1300 PST there was marked warming at higher elevations and somewhat less

warming at lower elevations

which produced more stable conditions.

Between 1000 and 1300 PST

graupel particles formed the dominant precipita-

tion at Alpental and Snoqualmie Pass

rimed needles were also common.

although at Snoqualmie Pass light to heavily

From 1300 to 1600 PST lightly to heavily rimed

crystals were dominant at both’ stations.

Between 1600 and 1730 PST some interesting variations in crystal types occurred at Snoqualmie Pass.

At 1600 PST the replicas at Snoqualmie Pass showed

that the snowfall consisted mainly of graupel particles and lightly to heavily
rimed needles.

At 1615 PST

ately rimed plates

however, the snowfall consisted of lightly to moder-

stellar fragments

lightly to moderately rimed capped columns

and only a few moderately rimed needles.

By 1630 PST, lightly to heav-ily rimed

meedles dominated, but lightly to moderately rimed columns
rimed plates and stellar fragments were also common.

unrimed to lightly

Slide replicas taken at 1645
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1700 and 1715 PST showed only moderately to heavily rimed clusters of needles
and columns, and at 1730 PST the snowfall was similar to that observed at 1600

PST and earlier in the day.
The disappearance of graupel particles and the appearance of unrimed to mod-

erately rimed plates and stellar fragments at Snoqualmie Pass between about 1600
and 1630 PST might have been related to the artificial seeding carried out from
the aircraft

(6. 2.2).

During the afternoon of December 11 the average wind

speed in the area between 5 ,000 and 10,000 ft. was approximately 47 mph from 205
Silver iodide was released between 9,000 and 8,000 ft.

Snoqualmie Pass

between 1511 and 1527 PST.

and 31 miles southwest of

Application of the Pasquill-Gifford

formula for the dispersion of a plume under the existing conditions
the plume should have passed over Snoqualmie Pass.

shows that

If we assume direct transport

by the wind with no diffusion along the direction of propagation, the effects of
seeding should have been felt at Snoqualmie Pass between 1551 and 1607 PST.

As we

have seen, graupel particles and lightly to heavily rimed needles were replaced by

lightly to moderately rimed plates and stellar fragments (a transition which is
to be expected when seeding with concentrations of ice nuclei of the order of a

few hundred per liter) sometime between 1600 and 1615 PST at Snoqualmie

Pas’s?

the

lightly to heavily rimed needles returned sometime between 1615 and 1630 PST and

by 1730 PST the graupel particles were falling once again.

It seems likely, there-

fore, that the observed changes in snow crystal types at Snoqualmie Pass between
about 1600 and 1630 PST were due to the artificial seeding, and that the effects
of the seeding at ground level lasted for at least twice as long as did the actual

period of seeding from the aircraft.
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The measured concentrations of freezing nuclei in

precipitation at Denny

Creek, Snoqualmie Pass and Keechelus Dam are shown in Figs. 41

43.

The results

for Denny Creek are particularly interesting in that they show a sharp increase
in the concentrations of freezing nuclei active at -12.7 and -17 C between 1530
and 1600 PST, that is

at about the time predicted for the effects of the arti-

ficial seeding to be felt at Denny Creek.

At Snoqualmie Pass the fluctuations in

the concentrations of freezing nuclei were greater, and there is no significant ef-

fect which can be associated with the seeding.

At Keechelus Dam there were signi-

ficant increases in the concentrations of freezing nuclei, active at -12.7 and

-8.5C

in the precipitation between about 1600 and 1630 PST.

This is again during

the time period that we expected the effects of seeding from the aircraft to be
felt at Keechelus Dam.

Snoqualmie Pass

However, the concentrations of silver in snow collected at

Keechelus Dam and Denny Creek on December 11 did not show any sig-

nificant changes during the day (Table 2).
Attention is drawn to the measured precipitation rates at Denny Creek, Alpental and Keechelus Dam (Fig. 40).

The precipitation rate at Denny Creek was high

between 1500 and 1600 PST, and it was high at Alpental and Keechelus Dam between
1600 and 1700 PST.

(It should be noted that the time resolution on these measure-

ments is only accurate to within about one-half hour. )

In the light of the previous

discussion it is possible that these increases in precipitation were a consequence
of the artificial seeding.
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SECTION 7
SOME ADDITIONAL AIRCRAFT AND GROUND OBSERVATIONS IN WINTER STORMS

7.1

Observations on the Development of Precipitation at Alpental

The Alpental ski area on Denny Mountain is located about 1 mile to the northeast of Snoqualmie summit (Fig. 1).

During the 1969-70 winter program regular

observations were made at this location.

It was observed on many occasions that

clouds formed between the base and the summit of Denny Mountain and these some-

times produced precipitable particles even though the clouds were no more than

1,000 ft. thick.

In this section we describe the results of measurements and ob-

servations made in such a situation on February 17, 1970.
The weather in Washington State on February 17, 1970 was post-frontal.

The

700 mb map for 1600 PST showed a front over the midwest of the U.S.A. with a cold
short-wave trough over Washington (Fig. 44).

The radiosonde sounding taken at

Olympia at 1318 PST (Fig. 45) shows the freezing level at 3000 ft.
from 4000 to 10,000 ft. southwesterly to westerly at 30 knots.

and the winds

The surface syn-

optic map for 1300 PST (Fig. 46) shows the conditions which were typical of the
period during which measurements were being taken at Alpental (1030 to 1615 PST).
There were instability showers in Western Washington with temperatures in the for-

snow showers in the Cascades with temperatures near 0 C, and southwesterly

ties

winds.
Observers were located at three stations on Denny Mountain, namely, the base

of the mountain (3200 ft. )

at the top of the first ski lift (4400 ft. )

top of the second ski lift (5500 ft. ).

and at the

At the base station slide replicas were

700 mb

synoptic

map Tor 1600

P$T

on

February 17, 1970
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Fig. 45
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the rate of snowfall was measured with a snow rate sensor,

taken every 15 minutes

and the general weather conditions were noted.

At the top of the second ski lift

the rate of snowfall was measured, and at the top of the first ski lift slide

replicas were taken every 15 minutes and the weather conditions noted.

Although the winds over the Cascade Mountains were southwesterly, the winds
at the base of Alpental and at the top of the first ski lift were SSE.

shows the reason for this.

Fig. 47

The Snoqualmie Pass highway (Interstate 90) follows

a valley through the mountains, and SW winds (at least on the surface) are chan-

neled along this valley and approach Denny Mountain from the south.

A summary of the observations is contained in Fig. 48, and Table 3 lists the

crystal types observed throughout the day at the base station and at the top of
the second ski lift.
1.

The following conclusions can be drawn from these results

After 1330 PST the change in the rate of snowfall with time at the
base station and at the top of the first ski lift were very similar.
Prior to 1330 PST the correlation between these two snowfall rates
was not as good, but the rates were close to zero and the snowfall
was very showery.

2.

There was relatively litrle clumping of the crystals at the top of
the first ski lift but at the base station clumping was appreciable,

however, the graupel particles did not clump.

The clumping observed

at the base station must be attributed mainly to the greater fall distance (2300 ft. ) since the air temperatures at the base station (32
to

to

29F) were
28F).

similar to those at the top of the first ski lift (32
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TABLE 3
SNOW CRYSTALS OBSERVED ON DENNY MOUNTAIN

February 17 1970’"’

Time

Base Station (3200 ft )

Time

Middle Station (4400 ft. )

1030 PST

Graupel (C) (0.4-1.3 mm)

1030 PST

None

1045

Needles

Dendritic fragments
1045

(MC,HR)

Graupel (C) (0.6-1.6 mm)

(MC,UR-HR) (0.7-1.7 mm)

Irregular Part (C,UR-HR)
Plates

1100

None

1100

(F,UR-HR) (0.4 mm)

Irregular Particles (C ,HR)
Graupel (0.4-0.6 mm)

1115

1130

Aggregates of Dendrites

1115

Needles (MC

(C,HR) and needles (HR,C)

Stellars

Graupel (C) ( 0.6-1.7 mm)

Dendrites

Graupel (C) (0.5-0.8 mm)

1130

,MR-HR) (0.7-1.5 mm)

(C,LR-HR) (1.5-1.6 mm)
(C,LR-HR) (1.4-4.6 mm)

Needles (MC) (0.6-1.2 mm)

Irreg. Particles (LC ,LR-HR)
Graupel (0.6 mm)
1145

Graupel (C) (0.5-1.1 mm)

1145

Irreg. Particles (C)
Graupel (C) (0.6-0. 8 mm)

1200

None

1200

Irreg. Particles (C

HR)

Graupel (C) (0.3-0.8 mm)

MC
UR

LR
MR
HR

Crystal type common on slide
Only few on slide
Crystal type moderately common on slide
Unrimed

Lightly rimed
Moderately rimed
Heavily rimed
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TABLE 3 (continued)

Base Station (3200 ft. )

Time

Middle Station (4400 ft )

Graupel (C) (0. 5-1. 8 mm)

1215

Graupel (C) (0.7-1.4 mm)

Irreg. Particles (C,HR)

(MC,HR) (0.9-1.2 mm)

Needles

Dendrites (F,HR)

Graupel (C) (0. 5-1.6 mm)

1230

Irreg. Particles (C,NR)

Plate (MR) with simple

Dendrite Fragments (C,MR-HR)

extensions (1. 5 mm)

Plates

(F,LR) (0.4 mm)

Dendrite Fragments (F,LR)
Needles (C,HR) (1.4 mm)
Stellars

Graupel (MC) (0.4-1.2 mm)

1245

(F,UR) (0.4 mm)

Irreg. Particles (C,HR) Graupel

Irreg. Particles (C,HR)

Dendrite Fragments (MC,HR)

Dendrite Fragments (C,HR)

Stellar (F,MR-HR) (0. 5-1.7 mm)

Stellar

(F,MR) (0.4 mm)

Nothing on slide

Needles
1300

(MC,HR) (1.1 mm)

Irreg. Particles (C ,HR)
Dendrite Fragments (MC ,HR)

Graupel (F) (1.0-1.2 mm)
Stellar

Plate

(F,LR) (0.4-1.1 mm)

(F,UR) (0.4 mm)

Cup (F,LR) (0. 8 mm)
Needle Fragments (MC,HR)
Dendrite Fragments

1315

Graupel (F)

Irreg. Particles (C,HR)
Dendrite Fragments (F,MR-HR)
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TABLE 3

(continued)

Base Station (3200 ft. )

Time

Graupel (C) (0.6-1. 5 mm)

1330

Middle Station (if^jSQ ft. )
Graupel (MC) (0.6-1.2 mm)
Dendrite Fragments (F,UR)

Irreg. Particles (C,HR)

Irreg. Particles (C, HR)
Dendrite Fragments (MC,MR-HR)

Aggregates of crystals (C,HR)

1345

Graupel (F) (0.6 mm)

Irreg. Particles (C,HR)
Dendritic Fragments (MC,MR-HR)

(MC,LR)

Dendritic Fragments

Cups (F,UR-LR) (0.3-0.6 mm)
Needles (F,UR-UR) (0. 8 mm)

Aggregates of Dendritic

1400

Plate

(F,UR) (0.2 mm)

Irreg. Particles (C,HR)

Fragments (C ,HR)

Stellar

(F,UR) (0.6 mm)

Cups (F,UR) (0.4-0. 5 mm)
Dendritic Fragments (MC,HR)

Needles (F,LR)

Aggregates of Dendrites

(C,HR)

(2. 8- 6 mm)

1415

Irregular Particles (C,HR)
Dendrite Fragments

Needle Fragments

(MC,MR-HR)

(F,UR)

Dendritic Fragments (F,UR)
Plates

(F,UR-MR) (0. 2-0.8 mm)

Column

(F,UR) (0.4 mm)

Cups (F,UR) (0.8 mm)
1 Whole Dendrite

(2.3 mm)

TABLE 3 (continued)

Base Station (3200 ft. )

Time

Aggregates of Dendrites (C,HR)
Plates

1430

Middle Station (4400 ft. )

Irreg. Particles (C ,HR)
Dendritic fragments (C,MR-HR)

(F,UR) (0.2 mm)

1 plate with simple exten-

1 whole dendrite (1. 5 mm)

sions (1. 2 mm)

Plate

(F,UR-MR) (0. 3-0.4 mm)

Needle (F,LR)
Stellars
1445

Aggregates of Dendritic

(fragments)

(F.MR) (1.1 mm)

Dendritic Fragments (C,MR-HR)

Irreg. Particles (MC,MR-UR)

fragments (C,NR)

Plates

(F,MR-HR) (0.3)

Needle Fragments (F,LA-HR)
Plates

(F,UR-MR) (0. 3-0. 4 mm)

Clumps of capped columns
stellars

1500

Steilars

(C,UR-UR) (0. 2-0.8 mm)

Cups (C,UR-UR) (0. 2-0.8 mm)

cups

Some may be capped columns

dendrites (C,HR)

Irreg. Particles (MC,MR-HR)

Stellars 6 dendrites most

(MC,UR-LR)

"

common.

Stellars (1.2 mm)

(F,UR-LR)

Columns

some are capped

Columns (0.4 mm)

Broad branched stellars (UR)

1515

Dendritic Fragments (C,MR-UR)

Needle Fragments

(0.6-2. 3 mm)

(F,LR-MR)

Irreg. particles (C, MR-UR)
Plates

Stellars

(C,LR-MR) (2.3 mm)

1530

(cups?) (F,MR) (0.4 mm)

Irreg. Particles (MC,MR-HR)

(F.UR-MR) (0.4-1.2 mm)

Dendritic Fragments (C,HR)

Stellars

Aggregation

Dendritic Fragments (C,HR)
1 whole dendrite (1.1 mm)
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TABLE 3 (continued)
Time

Base Station (3200 ft. )

Time

Middle Station (4400 ft. )

1530 (cont. )

1530 (cont. )

Dendritic fragments (MC,MR)
Needles (F,LR) (1.0 mm)
1 (UR) plate with simple

extensions (0.7 mm)
1545

Crystal aggregates (C,

1545

None

1600

None

1615

None

UR-NR)

(may

1600

be dendrites)

Plates

(F,MR) (0. 3-0.4 mm)

Plates

(F,UR) (0. 1-1.1 mm)

Stellars

(C,UR) (1. 5-2.0 mm)

(with broad branches)

Aggregates of Stellars (C,
UR-HR)
Needles (F)

Capped columns (F)
1615

Plates

(F,UR) (0.2-0.7 mm)

Aggregates of cups (C,LR)
(0.4-0.7 mm)

Aggregates of (LR-HR) (0.8-1.9 mm)
Aggregates of dendrites (C,UR-HR)
Needles (F,LR) (0.6 mm)

3.

Between 1030 and 1330 PST there was a noticeable difference in
the nature of the graupel at the base station and at the top of
the first ski lift.

The graupel at the base station was spherical

and ranged from 0.4 to 1. 8 mm in diameter.

At the top of the first

ski lift the graupel was not as spherical and from 0.4 to 1.4 mm
in diameter.

On several occasions (1030

1130 and 1230

1330 PST)

spherical graupel was observed at the base station while only heavily rimed irregular particles were observed at the higher station.
Growth of precipitation particles by riming was therefore appreci-

able between the top of the first ski lift and the base station.
4.

Increases in the rates of snowfall at both the base station and the

upper station were accompanied by a change from graupel and heavily
rimed irregular particles to stellars and dendritic crystals.

During

the peak in the snowfall rate, around 1500 PST, the crystals changed

from dendrites to cups and stellars at the middle station and from
dendrites to dendrites plus stellars at the base station.

5.

The diameters of .dendrites and stellar crystals were generally greater

at the base station than at the top of the second ski lift, as shown by
the results in Table 4.
6.

During several periods of time (e.g. 1330

1445 PST) many more crystal types

were observed at the middle station than at the base station.

This was prob-

ably the result of the aggregation of crystals as they fell from the upper
to the base station.

These preliminary observations of Denny Mt. show that precipitation particles
can grow appreciably in clouds which are only a few thousand feet thick which form
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TABLE 4

SIZES OF SNOW CRYSTALS AT TWO DIFFERENT LEVELS ON DENNY MT.

ON FEBRUARY 17, 1970

Time (PST)

Average Diameter of
Crystals at .Base Station (mm)

Average Diameter of
Crystals at Middle Station (mm)

1245

0.4

1415

2. 8

1500

1. 2

0.2

0.8

1530

2. 3

0.4

1.2

0.5
6

1.7

2. 3
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in

Such clouds are quite common in the Cascade Mountains

mountain valleys.

and it is

believed that they produce significant amounts of snowfall during

course of a winter.

the

Denny Mountain provides an ideal site for studying this

phenomenon in detail since ski lifts permit observations to be made over a vertical

height of 2,300 ft.
the mountain.

and clouds generally form between the base and the summit of

The site is also convenient for studying the effects of artificial

seeding on the development of precipitation in these clouds.

A ground generator

could be located at an appropriate point along Interstate 90 and the seeding ma-

terial should then be carried up through the orographic cloud forming on the eastern slopes of Denny Mt.

7.2

Such studies are planned for the near future.

Observations in the Storm of November 20, 1969
This was the first storm of the 1969-70 winter season in which simultaneous

aircraft and ground observations were made.

Although coverage on the ground was

not complete and some of the aircraft instrumentation was still being tested, a

few interesting observations were made which are described below.

An occluded front passed over Western Washington on November 20, 1969 bringing
light rain to the Puget Sound region and light rain and a few snow showers to the
Cascade Mountains.

The surface synoptic observations at 1300 and 1600 PST are

shown in Figs. 49 and 50.

The division between the regions of warm and cold ad-

vection at 850 mb (Fig. 51) correlated with the position of the front at the sur-

face at 1600 PST, but at 700 and 500 mb a sharp front was not discernible.

The

precipitation rates during the day at five stations are shown in Fig. 52.
The aircraft left Sandpoint at 1300 PST.

The flight route is shown in Fig. 53.

Clouds were thick and extensive on the west side of the Cascades and the aircraft

Fig. 49

Surface synoptic observations at

1300 PST on November 20, 1969
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was still in cloud at 14,000 ft. over Bandera

airport.

The continuous particle

sampler was operated mainly between 10,000 and 12,000 ft. where the air temperatures were between -5 and

-7C.

At an altitude of about 10 ,000 ft. between

Maple Valley and Bandera, both ice particles and water drops were present in
the cloud.

Some of the ice crystals were rimed and a few large aggregates were

collected.

Just over the crest of the Cascades and at an altitude of 14,100 ft.

no water drops were collected on the particle sampler, and the amount of ice col-

lected was less than at lower altitudes.

Also, the ice particles were smaller

and riming and aggregation were not observed.

At 15,500 ft.

and on the east side of the Cascades

tions of ice particles were encountered.

only small concentra-

The particles were less than 75 microns

in size, they were unrimed, and no aggregation was observed.
side of the Cascades

near Humphrey

(Fig. 53)

Back on the west

larger concentrations of ice were

encountered and some of the individual particles were very large (of the order
700 microns) and aggregates up to 2,000 microns in size were observed.

At 1430 PST three end-burning pyrotechnic units

each containing 10 grams of

silver iodide, were ignited at an altitude of 12,000 ft. over Humphrey (Fig. 53).

At 1453 and 1501 the plume of artificial ice nuclei was intercepted by the aircraft when a sharp rise in the ice nucleus count was observed.

between 12,000 and 3,000 ft. was from

235

at 44 mph.

The average wind

Calculations show that any

changes in precipitation resulting from this seeding should have been experienced
at Keechelus Dam at about 1452 PST.
ground was 0 to

1C

At Keechelus Dam the temperature on the

and between 1300 and 1500 PST light rain was falling. Between

1252 and 1605 PST raindrop size measurements were taken at Keechelus Dam by allowing

the drops to fall on Bruning reversing paper (Robertson, 1965) for periods of 10
The results are shown in Fig. 54.

seconds.

There were no significant changes in

the raindrop sizes which can be attributed to the artificial seeding.

It is inter-

esting to note however that at 1505 PST (i.e. after seeding) there was a shift from
larger to smaller raindrops at Keechelus Dam.

Finally, it was noticed during portions of this flight that a correlation

appeared to exist between the intensity of turbulence, as measured by the universal turbulence indicator, and the local concentration of liquid water in the
cloud.

Local maximum in liquid water content and turbulence were considered to

have occurred when the values were at least 0. 02 gm m
above the levels on either side.

tuations due to random noise.

3

and 0.4 e

1/3

respectively,

These criteria were sufficient to exclude fluc-

Between 1339 and 1401 PST, twelve maximum were re-

corded in the turbulence and in eleven of these cases almost simultaneous maximum
occurred in the liquid water content.

Between 1409 and 1448 PST, seventeen maxima

occurred in the turbulence of which eleven were accompanied by maxima in the liquid
water content.

7. 3

Observations in the Storm of November 23 1969

Prior to the period in which measurements were taken on this day, an occluded

front had already passed over Washington and was in Idaho.

The 1600 PST 700 mb

map showed an upper level trough moving east and a ridge beginning to build over
the area.

The surface map for 1600 PST (Fig. 55) shows weather conditions which

were typical for the period during which measurements were taken.

The low pres-

sure center had moved east of the Cascade Mountains and the winds were from the

west in Western Washington and over the Cascades.

Temperatures in the Cascades
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were near 0 C and there were rain and snow showers in the mountains.

The pre-

cipitation rates at the ground stations during the day are shown in Fig. 56.
The aircraft left Sandpoint Naval Base at 1150 PST.
shown in Fig. 57.

The flight route is

Operation of the continuous particle sample at 1154 PST, four

miles south of Renton at an altitude of 3 ,000 ft. and a temperature of 5 C, showed

36300, 544 and 0 water droplets per liter with diameters in the size ranges
15

75

75

125, and greater than 125 microns

respectively.

The clouds over

the western slopes of the Cascades were scattered with tops near 12,000 ft.

air was fairly unstable.

the

Below 8,000 ft. the clouds appeared to consist entirely

At 1205 PST, at an altitude

of water, and glories and cloud bows were observed.

of 13,000 ft. over Bandera and a temperature of -11 C, the only particles collected
on the continuous particle sampler were water droplets with diameters in the size

range 15

75 microns in concentrations of 1640 per liter.

Local orographic ef-

fects on the west side of the Cascades were observed to cause increases in the

concentrations of cloud water droplets in the size range 15

75 microns.

At

1248 PST, at an altitude of 10 ,000 ft. 6 miles south of Nagrom with an air temperature of -8 C, only ice particles were collected in concentrations of 728, 728

and 292 per liter in the range of diameters 15-75, 75

microns

respectively.

125, and greater than 125

Particles collected on the west side of the Cascades below

10,000 ft. consisted mainly of water drops less than 75 microns in diameter, although a few unrimed, irregular ice particles 10
lected.

15 microns in size were col-
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