University of Washington

Department of Atmospheric Sciences
Seattle, Washington

98105

CONTRIBUTIONS FROM
THE CLOUD PHYSICS LABORATORY
RESEARCH REPORT III

Results of Aircraft Measurements in Winter Storms

(1968-1969) over the Cascade Mountains

by

P. V. Hobbs and B. F. Ryan

(With Appendices by W. H. Mach, D. A. Wilson and P. V. Hobbs)

September

1969

-1-

PRE FACE
The cloud physics group at the University of Washington is engaged in a
research program to determine the principal mechanism by which precipitation

develops in the winter storms over the Cascade Mountains of the Pacific Northwest, and to investigate both theoretically and experimentally the feasibility
of diverting some of the winter snowfall from the western to the eastern slopes
of the Cascade Mountains by artificial seeding.
involves three main areas of investigation:

model to describe

At the present time the program

the development of a theoretical

the airflow over the Cascade Mountains and the growth and fall-

out of precipitation in the winter storms, ground observations during winter storms

(radar, radiosondes, distribution and types of precipitation)

and in-cloud air-

borne measurements (cloud particles, ice nuclei, liquid-water content, tempera-

ture, etc. ) in winter storms.
During the period January 29 to March 14, 1969

a twin-engine plane equipped

with a variety of instruments was on stand-by at Moses Lake, Washington, for fly-

ing into (unseeded) storms which moved over the Cascade Mountains.
describes the results of these measurements.

This report

In addition, in Appendix A the de-

sign and operation of an electrical cloud and precipitation particle counter which
is under development in our group is described and some preliminary results ob-

tained with this counter during the Cascade Program are presented.
the use of radar in the Cascade

In Appendix B

Program is discussed.

It should be emphasized that the measurements described in this report are
the first of a series which will continue over several years

Consequently, little

attempt has been made at this time to arrive at general conclusions concerning the
nature of the winter storms over the Cascade Mountains

Peter V. Hobbs

Director, Cloud Physics Group

University of Washington
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SECTION 1
PROCEDURES AND FLIGHT PLAN

Attempts in a previous year at flying eastward from Seattle into
winter storms over the Cascade Mountains had revealed that icing conditions were frequently so severe that a Queen Air plane was often forced
to return to Seattle before it reached the

crest of the mountains.

Since

the clouds on the western side of the Cascades are generally much more
extensive than those over the eastern slopes, it was decided that in winter

1968-1969 the plane would be based in Eastern Washington and would fly
westwards into the storms.

Moses Lake, Washington, which is situated about 100 miles east of
Snoqualmie Pass in the Cascade Mountains (Fig. 1) was chosen as the base
of operation.

An instrumented Queen Air plane and a team of five men were

on stand-by during daylight hours at Moses Lake from

January

29 to March 14,

1969, for the purpose of flying into as many storms as possible during
that period.

At 0800* hours each morning, and at other times during the

day as found necessary, contact was made with the Weather Bureau Forecast-

ing Office in Seattle in order to discuss the synoptic situation.

During

the latter part of the program telecopiers were installed at Moses Lake and

the University of Washington for the transmission of the latest synoptic maps
to Moses Lake.

When it appeared that a storm was imminent over the Cascade

Mountains telephone contact was made with the radar ground crew at Enumclaw

(Fig. 1)

As soon as heavy precipitation was falling at Enumclaw the plane

left Moses Lake to fly westward into the storm.

The flight crew consisted

of pilot, flight observer, and an instrument technician.

^All times referred to in this report are Pacific Standard Time.

Fig. 1.

Flight route for measurements over the Cascades.
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The normal flight plan which was followed whenever weather and
After leaving Moses

cloud conditions permitted is indicated in Fig. 1.

Lake the plane flew to Ellensburg (leg A:

approx. 20 mins.

From

Ellensburg the plane flew northwest until it was south of Snoqualmie

Pass (leg B).

During leg B (approx. 20 mins.

and out of clouds as much as possible.

the plane dipped in

In legs C and D (approx. 5 mins )

the plane continued to fly in a northwest direction and measurements
were taken in clouds immediately to the west of the Cascade ridge.

The plane then flew northeast

(leg E) and climbed

out of the cloud.

At this point the plane was still west of the ridge.

Leg F consisted

of a spiral descent as far down into the clouds as possible.

The plane

then returned to Moses Lake.

During the period of the flight ground crews made radar studies
of the storm from Cle Elum and from Enumclaw

(Fig. 1)

In addition,

simultaneous radiosondes were released every three hours from Cle Elum
and Enumclaw, and the nature and intensity of the precipitation was

monitored at various points across the Cascades.

ground observations will be reported elsewhere.

Full details of these
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SECTION 2
AIRCRAFT INSTRUMENTATION AND DATA REDUCTION

Instruments and Methods for Recording Data
A Queen Airplane was fitted with the following instruments (Fig. 2)
1.

Temperature sensor

2.

Dew-point sensor

3.

Liquid water content meter

4.

Altimeter

5.

Airspeed indicator

6.

Ice nucleus counter

7.

Event marker

8.

Electrical particle counter

9.

Optical particle counter

10.

Microphone for observer’s in-flight comments

11.

Microphone for technician’s in-flight comments

12.

Continuous cloud particle sampler (CPS)

13.

2-way VHF radio for air to ground communication

The parameters 1 through 11 were recorded simultaneously onto magnetic

tape (Fig. 3)

The tape recorder had four tracks

frequency response from 0 to 2.5 KHz.

each of which had a

The electrical and the optical

particle counters were each recorded on an independent track and the two
voice channels (10 and 11) were mixed onto a single track.

The parameters

1 through 7 were FM ultiplexed onto the fourth track of the tape recorder.

Parameters 1 through 7 were also recorded on a light beam oscillograph;
the frequency response of this recorder was not sufficient for the

electrical or optical counter.

D

Temperature
ensor

Fig. 2.

Mounted under wing)

Layout of instruments in the Queen Air.
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-7The temperature sensor (manufactured by EG6G) was a platinum resis-

tance thermometer with a range from -30 to +30C.

The sensing head, which

was mounted about one foot below one wing of the plane, was designed
to eliminate both dynamic heating and icing. Dew-point was measured
with a thermoelectric dew-point hygrometer manufactured by Cambridge

Systems Inc.

The range of this instrument was -50 to +50C.

Liquid

water content in clouds was determined with the Johnson-Williams hot
wire

probe which was operated in the range 0 to 2 gm

airspeed were recorded from the regular instruments

_3

Altitude and

on the plane.

The

concentrations of ice nuclei in the air were measured with an acoustical

ice nucleus counter manufactured by EG6G.

Individual counts from this

instrument were recorded as pulses on one of the multiplexed channels.
The event marker, which could be operated by both the observer and

technician, appeared as a "zero output" pulse on the multiplexed altitude
signal and as a full-scale deflection on a separate channel of the light
beam oscillograph.

The observer and the technician could also make comments

on one channel of the tape recorder.

The observer was in comipunication

with personnel simultaneous measurements on the ground via a 2-way VHF
radio.

Replicas of cloud particles in the air were obtained using the

continuous particle sampler manufactured by Meteorological Research Inc.
When this particle sampler was operating it produced an event mark on
both the tape recorder and the light beam oscillograph.

During the course of the program a new "electrical" particle counter
for detecting cloud and precipitation particles was tested.

of this instrument is given in Appendix A of this report .’

A description
Another cloud

particle counter under deveopment in this laboratory (the "optical" particle
counter) was also tested on a few occasions
are not described in this report.

but the results of these trails
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Reduction of Electronic Data
The data recorded on the light beam oscillograph were available
for on-board inspection, however, this format was not very convenient

for subsequent detailed analysis of the measurements. For the latter

purpose the magnetic tape data was used.

After each flight the tapes

were played back through a set of discriminators to recover the multi-

plexed information (Fig. 4)

All the data on magnetic tape was then

recorded onto an 8-channel strip chart with the voice information added
as written comments on the strip chart.

This procedure had the advantage

that portions of the tape of special interest could be recorded on the

strip chart at slower rate in order to reveal the full details of the
original record.

The total amplitude error introduced from the input

of the interface amplifiers through the tape recorder to the first

output voltage on the 8 channel strip chart was less than 3 per cent.

In order to process the measurements obtained from the electrical
particle counter, the data was first routed through an analog computer
to add or subtract various dc levels and to amplify the signal to make
it compatible with the analog to digital converter.

The output from

the latter was recorded on an IBM 7094 compatible tape for further pro-

cessing.
Continuous Particle Sampler
The MRI continuous particle sampler (CPS) was generally operated
several times during each flight for periods of about half a minute.

In this report these operations are designated by a number followed
by a letter.

The number corresponds to the flight number and for each

flight the letters of the alphabet are used in sequential order to

Anologtapc Reproduction
4 track* on 2 5 KHz
4
3
2

Multiplex

2

DKcriminator
5
4
3

2---3---4---S---6---T
8

Channel

Stripchart

Recorder

Analog

Computer

Analog- Digital

Converter

Digital
C omputer

FIG. 4

Digital Tape

METHOD FOR DATA REDUCTION.

Digital Tape
Recorder
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designate the operation of the CPS (e.g. 1A, 1B, 1C, 2A, 2B, 2C, etc. )
Provided the collection efficiency of the CPS for various particles

is known it is possible, in principle, to obtain the following information
from the CPS:

nature of the cloud particles

distributions of the various particles
ice and water present in a cloud.

concentrations and size

and the relative quantities of

However, care must be taken in de-

riving quantitative results from the CPS since the instrument has a number
of deficiencies.

Briefly, these defects are:

shattering of particles

on impact, coalescence of water droplets on the

film, distortion of drap-

er/(?: ’//?/
lets on the filmland "blushing" of the film.

In our studies coalescence

and blushing were not found to be serious problems.
of

ice particles on impact was a major problem.

However, shattering

Only small columns and

hexagonal plates (less than about 100^ in diameter) were replicated intact
on the film.

Recognizable dendrites were never observed on the film.

In addition to the above sources of error, two artifacts were observed
which do not appear to have been mentioned previously in the literature.
The first of these was a spurious "needle-like" replication, which was

observed under all conditions (in clear air and cloud) in the upper

^^ ^

layers of the Formvar filrn^

parallel to one another.

These "needles" were generally aligned

The second artifact resulted from the clustering

together of ice particles after they had landed on the film.

These

clusters consisted mainly of irregular ice particles and it was sometimes

difficult to distinguish them from shattered particles

In view of the problems mentioned above

^

.i’^’.’’-,

’";

<y

we have limited our analysis

of the data from the CPS to a determination of the types of particles

present, order of magnitude calculations of the concentrations of particles

(assuming

a uniform collection

efficiency of unity)

estimates of the ratio

FIG, ^A SHATTEREI. ICE CRYSTAL

SAMPLER ( x60)

PLATE ON TtiE CONTINUOUS PARTICLE

FIG. ^B SPURIOUS NEEDLES ON THE CONTINUOUS PARTICLE SAMPLER

(x 38)

CLUSTERING OF ICE PARTICLES ON THE OMFINLOUS PARTICLE
FIG.
SWLER ( x 80)

^
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of ice to liquid water, and crude size-spectra determinations.

In the

latter case the particles are placed in one of three size ranges:

(less than 50p), medium (50 to lOOp)

and large

small

(greater than lOOp)

In all

cases, however, the numbers are given more for comparison between flights
rather than as absolute determinations
The replicas of cloud particles on the 16mm film from the CPS were pro-

jected onto a screen where they were magnified 100 times

If the particles

on the film for any particular run appeared to be fairly homogeneous only

about 50 frames (equivalent to 2 sec. running time) were examined in detail.
If the particles were not uniform over the length of the film all of the frames
were examined.

The data obtained

from the CPS was correlated with the other

parameters measured during the flight and, where possible, with the simultaneous observations being made on the

ground at Snoqualmie Pass and Enumclaw.

Ice Nucleus Measurements
The EGG acoustical ice nucleus counter was operated on board the plane.

However, considerable difficulty was experienced in maintaining the chamber at
the desired temperature of

-21C.

This was mainly due to the fact that for

safety reasons the electrical power supply to the instrument had to be switched
off from the time the plane left the hanger until it was several thousand feet

in the air.

During this period of time the chamber often warmed up close to 0C

and it took over an hour to cool back down again to

-21C.

Apart from this op-

erational problem the natural ice nucleus counts over the Cascades were generally
so low that during the period of a flight (and sampling air at 10 liter/min. )

only a comparatively few ice nuclei were counted.

Additional information on

the ice nucleus concentrations during the flights was provided by continuous

ground measurements made at Stampede Pass using an acoustical counter.
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SECTION 3

RESULTS OF THE AIRBORNE MEASUREMENTS
A total of fourteen flights were made from Moses Lake between

January 29 and March 14, 1969.

In this section a description is given

of the general synoptic situation, the conditions encountered during

flight, and the measurements obtained, for each of the fourteen flights.
FLIGHT 1 (1630 to 1800 Hours

January 29

1969)

General Synoptic Conditions

On the afternoon of January 28 a long wave upper level trough was
over Eastern Washington.

Early on January 29 a low pressure system with

an occi-ided front, which had moved down from the Gulf of Alaska, was off

the Pacific coast of Washington and moving inland.

A short wave upper level trough corresponding to the surface low
moved through the long wave and was over Washington at 1600 hours on

January 29 (see Fig. 5 and key to synoptic maps in Table 1)
Forecast
At 0800 hours on January 29 the Seattle Weather Bureau was forecasting
snow in the Cascades with cloud tops to 18,000 feet and light icing.

Description of Flight and Measurements
The plane left Moses Lake at 1630 hours when the visibility on the

ground was 1/2 mile and the temperature -15C.
clouds from ground level to 11,000 feet.

The plane climbed through

At Ellensburg the aircraft was

still in thin clouds at 14,000 (end of leg A)

After reaching Ellensburg

the aircraft climbed to 17,000 feet where it was in moderately thick clouds
The output of the electrical particle counter on the oscilloscope showed

peak heights of the order 0,2 to 1 volt both positive and negative in sign.
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TABLE 1

Key to Synoptic Maps
96 (or 04)
1.

Station Model

v

^
42

\V^

2.

Indicates wind speed and direction at station (i .e. 15 knots
from SW).

45

Temperature in F at station.

42

Dew-point in F at station.

96

996 mb surface pressure (or 04

1004 mb surface

pressure)

Pressure Patterns and Fronts
96

996 mb surface pressure.

04

1004 mb

Cold Front

Warm Front
Occluded Front

3.

Notes
All upper level work refers to the 700 mb surface.

Overcast (more than 0.9 sky cloud cover)
Scattered (0.1 to less than 0.6 sky cloud cover)

Broken (0. 6 to 0.9 sky cloud cover)

125

120

FilK sIBpT^^OhlBWor^B^ofP^Boo^lBliR^tl^NiJBIB’

2<
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At 1706 hours and over Cle Elum the CPS was operated (run 1A).

Analysis

of the CPS data showed that there were 35 particles/cc less than 50p,

3.5/cc between 50p and lOOy and 1/cc greater than lOOy.

The particles

were mostely irregular with some broken columns and a few hexagonal

plates.

Shattering of the larger particles was common and many of the

irregular particles were bullet shaped.

Ground measurements made at

Snoqualmie Pass at 1630 hours showed the precipitation to be mainly
stellar dendrites.

Shortly after this the plane was forced to return to Moses Lake
because of strong head winds and shortage of fuel.

The early part

of the return trip was made at 17,000 feet in medium clouds.

A few

small ice particles formed on the wind-screen, but no icing was observed.

During this time two further CPS runs (1B and 1C) were made, however,
these have not been analyzed.

Near Ellensburg the output of the electrical

particle counter was from 100 to 400 mV with mainly negative pulses.
the descent to Moses Lake ice formed on the aircraft.

During

After the plane

landed it was found that 1/4" of ice had built up on the probes of the

optical and electrical particle counters and there was about

V

of. ice

on the probe of the CPS.

The ice nucleus counter in the plane was operated during this flight
but no counts were recorded.

It can be seen from Fig. 6 that during the

same period no ice nuclei were counted on the ground at Stampede Pass.
The radiosonde data taken by the ground crews at Enumclaw and Cle Elum
from 1600 to 1800 hours on

January 29 are shown in Figs. 7 and 8.

K
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-

<---
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Fig. 6

Ice Nucleus Measurements at

-21C

at Stampede Pass from Jan. 29 to 30

1969

0100
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Temperoture (C)

Fig

7 Sounding for 1600- 1800 hours January 29, 1969

F light

Enumclow

"18-

Temperoture (C)

Fig. 8

Sounding for 1600- 1800 hour* Jonuory 29, 1969 Cl Elum
F light
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FLIGHT 2 (1200 to 1230 Hours

January 31, 1969)

General Synoptic Condition

Early on January 31 a low pressure system occluded in the Gulf
of Alaska and sent a detached front southeast which passed over the

Cascades at about 1200 hours (Fig. 9)

At the same time a short

wave upper level trough moved through the long wave trough until by

February 1 the flow was straight from the Gulf of Alaska to the midwest
of the States.

To the east of the Pacific occlusion on the Washington-

Idaho border a cold front pushed south.

At 1200 hours ground weather observations were as follows:
Hoquiam:

1,200 ft. scattered; 2,500 ft. broken; 5 ,000 ft. broken;
light rain showers.

Seattle-Tacoma Airport:

Stampede Pass:

1,800 ft. scattered;

5 ,000 ft. scattered.

Sky obscured, light snow, occasionally moderate snow,
blowing snow and fog (40 knot winds were reported
at Stampede Pass at 1300 hours )

Wenatchee:

4,000 ft. scattered; 6 ,000 ft. broken.

Forecast
At 0800 hours on January 31, the Seattle Weather Bureau Forecast Office
showed an occlusion moving into Washington from the coast.

Weather over

the Cascades during the day were forecast to be snowy and cloudy with

winds up to 40 knots.

Heavy icing conditions over the Cascade during the

day were forecast to be snowy and cloudy with winds up to 40 knots

Heavy

icing conditions over the Cascades were expected with cloud top temperatures
of about -30C.

Description of Flight and Measurements
The aircraft left Moses Lake at 1200 hours

The entrance window to

120

FIG. 9

SYNOPTIC CONDITIONS FOR 1200 HOURS. JANUARY 3l.l969

-21the electrical particle counter was closed during passage through a

cloud; no pulses were observed above a noise level of 5 mv peak to peak.
When the entrance window was opened, the noise level increased to 20
to 50 mv.

Some noise was also noted on the output of the electrical

particle counter when the transmitter of the plane was operating.

At

1210 hours the plane was over Ellensburg flying in clear air at 14,000
feet where the temperature was -l?^.*

To the west over the Cascades

a large bank of cumulus could be seen.

In attempting to reach this

bank of cloud severe turbulence wasencountered and the plane was forced
to return to Moses Lake.

During the return flight the plane flew at

9,000 feet in cumulus cloud where the temperature was -9C.

The plane

broke through cloud base at 4,000 feet just above Moses Lake.
The ice nucleus counter in the plane was operated during this

flight but no counts were recorded.
on the ground at Stampede

It can be seen from Fig. 10 that

Pass some counts were recorded during this

period.
The soundings taken at Enumclaw and Cle Elum from 1200 to 1300

hours on January 31 are shown in Figs. 11 and 12.

FLIGHT 3 (1515 to 1620

Hours. January 31, 1969)

General Synoptic Conditions

By early afternoon on the 31st January the occluded front had moved
over the Cascades and into Central Washington

(Fig. 13)

The cold front

had moved south towards Central Idaho.

At 1500 hours the ground observations were:
Hoquiam:

1,200 ft. scattered; 2,500 ft. scattered; 4,000 ft

overcast,

Occasional light rain showers.

’’’The term "temperature" in this report refers to the dynamic
air temperature which for normal flying conditions was 3 to 4C.
higher than the static air temperature.

40
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Fig. |0

Ice Nucleus Measurements at -21C at Stampede Pass on Jan. 31 1969,
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Fig. II

Sounding for 1200

T.empToturr (C)
1300 hour* January 31, 1969 Enumclow
(Flight 2
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TtmpTotuf (C)

Fig. 12

Sounding for 1200 -1300 houc January 31,1989

Flight 2

Cl Elum

120’

FIG. 13 SYNOPTIC CONDITIONS FOR 1500 HOURS, JANUARY 31, 1969.
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Seattle-Tacoma Airport:

1,500 ft. scattered; 4,000 ft. scattered;
broken cirroform, light snow showers to
the SW, heavy Cu NW and North.

Stampede Pass:

Ceiling obscure, light snow, occasionally moderate

snow, blowing snow and fog.
Wenatchee:

4,000 ft. scattered; 6,000 ft. broken clouds.

Description of Flight and Measurements
Following our failure to reach the Cascades earlier in the day (see
Flight 2)

another attempt was made during the afternoon of January 31.

The plane left Moses Lake at 1515 hours when the sky was fairly clear

and there was only a light breeze.

The plane entered the base of a

cumulus cloud at 6,400 ft. when the electrical particle counter immediately

started to register the presence of particles.

The CPS was operated for

^.’/; /?/,
30 sec. (Run 3A,).

Analysis of the data showed 4.3 ice particles/cc

consisting of 3/cc less than 50u, 1/cc between 50 and lOOu, and 0. 3/cc
greater than lOOu.

There were only 0.13/cc water droplets of which

0.07/cc were less than 50p.

The predominant types of particles replicated

were large irregulars (some of which may have resulted from

prisms about 50u, and columns 50p

and less.

shattering)

At 8,400 ft. the aircraft

was flying above the apparent cloud tops, however, the electrical particle

counter was registering both large positive and large negative pulses

These counts were

no^

doubt due to cloud particles being "thrown out"

of the apparent tops of the clouds.

At 9 ,000 ft. the aircraft was above the cloud tops but shortly reentered cloud at 10,000 ft.

The aircraft had to climb to 14,000 ft.

before it was in clear air.

In clear air no output was observed from

the electrical particle counter.

12 miles from Ellensburg the aircraft

FIG. J3A CLOUD PARTICLES COL1ECIB) ON CCMTINUOUS PARTICLE S/WLER IN
RUN 3A ( x ^8)
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was flying at 16,000 ft.

and the temperature was -35C.

To the west two

cloud layers could be seen, a bank of altocumulus at about 15,000 ft
below this some scattered cumulus.

and

Shortly after this observation

the plane entered cloud and the CPS was operated (Run 3B).
The aircraft started leg
clear air.

B, while flying at 16 ,700 ft. and in

The aircraft proceeded to fly on legs

B, C and D as planned.

During leg D the CPS was again operated (Run 3C)

At this stage the

aircraft was in cloud tops on the west side of the Cascades
craft descended as planned in leg F and reached 8,000 ft.

The airThe cloud

encountered on the western side of the Cascades was not thick.

Initially

the aircraft passed through a relatively thin layer of cloud, but after

this it encountered little else.

Following this the aircraft climbed again

and returned to Moses Lake.

On the return trip another CPS run was made (Run 3D)
the aircraft was at 13,600 ft. and in cloud.

At this stage

A short time later the

aircraft was at 13,000 ft. and the temperature was -25C.
to Moses Lake the temperature was -20C at 5 ,600 ft

In the descent

The aircraft landed

at 1620 hours.

It was considered by the flight crew that the aircraft had passed
the front near Ellensburg on the flight out from Moses Lake.

is consistent with ground observations.

This observation

The crystals collected on the

ground at Snoqualmie Pass in the pre-frontal activity were principally
small rimed columns and plates similar to those replicated from the

plane in Run 3A.

However, after the front had passed the particles on

the ground at Snoqualmie consisted mainly of graupel.

The sizes of the

rimmed columns and plates collected at Snoqualmie prior to the passage
of the front varied from less than 1 mm up to 5 mm.

The graupel particles

-28collected during the post-frontal precipitation varied from 5 to 10 mm

diameter.
The ice nucleus counter on the plane did not work properly during

this flight.

No ice nucleus counts were recorded on the ground at

Stampede Pass during the period of the flight.
FLIGHT 4 (1000 to 1200 hours

February 4, 1969)

General Synoptic Conditions

For the second time on a trailing stalled cold front in the Pacific
a wave

developed into a closed low with warm and cold fronts.

The warm

front passed through Western Washington on the afternoon of February 3.
The cold front passed through during the morning of February 4

(Fig. 14)

In the case of the upper air, a long wave trough began to develop
over the Gulf of Alaska with a flat ridge over Washington on February 2.

As the trough began to move slowly to the east, the upper level flow
changed from west on February 2 to southwest on February 4.
At 1000 hours on February 4 the ground observations were as follows

Hoquiam:

1,500 ft. overcast, hail.

Seattle-Tacoma Airport:

700 ft. scattered; 1,500 ft. overcast, light

rain and fog.

Stampede Pass:

400 ft. scattered; 5,000 ft. broken; height of cirroform

layer unknown.
Wenatchee:

Ceiling partially obscured, 3,000 ft. overcast; fog and

smoke, breaks in overcast to the SE.

Forecast
At 0700 hours on the morning of February 4 the Seattle forecaster stated
that the cold front was over Seattle and moving east at 25 knots

He forecast

clouds to 18,000 ft. and layered to 24,000 ft. with cloud top temperature of
-38C over the Cascades

Turbulence between 10,000 and 12,000 ft. was predicted

125

120*

FIG. 14 SYNOPTIC CONDITIONS FOR 1000 HOURS, FEBRUARY 4. 1969.
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over the Cascades.

Description of Flight and Measurements
The plane left Moses Lake at 1000 hours on February 4,

Although the

full flight plan was completed there was a power failure so that very

little useful data was collected.
over the Cascades:

Three layers of cloud were encountered

low scattered cumulus, and two upper layers of cloud.

The radiosonde data taken at Cle Elum from 1000 to 1200 hours on

February 4 is shown in Fig. 15.
FLIGHT 5 (1500 to 1600 hours

February 6)

This was a test flight made over the Moses Lake area for the purpose

of testing systems and re-calibrating instruments.

FLIGHT 6 (1020 to 1200 hours

February 7)

General Synoptic Conditions

A surface low developed in the Gulf of Alaska and sent a detached
cold front eastwards (Fig. 16) which approached the Washington coast during
the afternoon of February 7.

An upper level short wave trough moved east early on February 7 and a
long wave upper level trough regained its initial shape over the Gulf of
Alaska.
The ground observations at 1100 hours on February 7 were as follows:

Hoquiam:

600 ft. scattered;

Seattle-Tacoma Airport:

Stampede Pass:

1,000 ft. overcast; light rain and fog.

6,000 ft. scattered; 9,000 ft. overcast

2,000 ft. scattered; 9,000 ft. broken; height of
cirroform unknown.

Wenatchee:

15,000 ft. scattered; height of cirroform overcast unknown.
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Tempraur (C)

Fig. 15

Sounding for 1000- 1200 hour* February 4, 1969
F li g ht 4)

Cle

Elum

FIG. 16

SYNOPTIC CONDITIONS FOR 1100 HOURS, FEBRUARY 7, 1969
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Forecast
The forecast at 0800 hours on February 7 was that the cold front was
200 miles west of the Washington coast and traveling east at 10 knots.

Description of Flight and Measurements

Flight 6 deviated from the normal flight plan in that" after reaching
the target area over the Cascades the plane went on into Seattle.

It re-

turned to Moses Lake later the same day.
The plane left Moses Lake at 1020 hours on February 7.

The ground

visibility at Moses Lake was 10 miles with a 5,000 ft. overcast.

On the

ascent from Moses Lake the aircraft climbed to 2,000 ft."where it passed

through a haze layer.

At 10,000 ft. the air temperature was -10C.

aircraft remained at 10,000 ft. until leg A was completed.
side of the Cascades were essentially clear of cloud.

The

The eastern

However, there

were a few sparce layers of clouds at the base of the eastern edge of

the mountains and the mountain peaks were occasionally capped by wave
clouds

Above the aircraft there were often thin wisps of cirrus

At the end of leg A the CPS was operated (run 6A)
the aircraft was in clear air with thin cirrus above.
on the electrical

particle counter.

At this time
Pulses were observed

After reaching Ellensburg and starting

leg B the aircraft climbed to 12,000 ft. where the temperature was still
-10C.

On this leg of the flight two further samples were taken on the

CPS (run 6B and 6C)

The aircraft was still at 12,000 ft. when legs C

and D of the flight were covered.

At this stage a little turbulence was

experienced and the cloud conditions were similar to those discussed pre-

veiously.

Pulses were still being observed on the output of the electrical

particle counter.

(run 6D).

During leg D another sample was taken with the replicator

Preliminary analysis of Runs 6A, 6B, 6C, and 6D showed the
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particle samples to be very similar.
examined in detail.

Consequently only run 6D was

As mentioned above, run 6D was taken in apparently

clear air but there were wisps of cloud above the aircraft.

Analysis

of the data showed that there were 0.1 ice particles/cc consisting of

0.09/cc less than 50p, and 0.009/cc between 50p and lOOu.
of ice particles observed were mainly irregulars.

The types

In addition, several

frozen droplets greater than lOOu were found.

On completion of leg D the aircraft went onto leg E and prepared
for the descent in leg F.
the CPS:

run 6E at

at 10,000 ft.

During the descent two samples were taken on

12,000 ft. at the start of the descent and run 6F

In run 6F thin wisps of cloud were encountered.

Analysis

of run 6F showed that there were 0.07 ice particles/cc and 0.2 water drops/cc.

After completing leg F the aircraft flew on to Seattle flying at 10 ,000 ft.
Ahead of the aircraft was a very thick bank of stratocumulus clouds

estimated to be 6,000 to 7,000 ft. deep.
appreaching front.
ature was -9C.

This was clearly the edge of the

An altitude of 10,000 ft

was maintained and the temper-

The CPS was operated as the aircraft entered the leading

edge of the cloud bank (run 6G).
seen coming from the base.

At this stage no precipitation could be

Analysis of the data showed that there was

1.07 ice particles/cc of which 0.9/cc were less than 50u, 0.12/cc were
between 50 and lOOy and 0.05/cc were greater than lOOu.

water drops/cc all of which were less than 50u.

There were 0.05

The types of particles

observed consisted mostly of irregular ice particles together with a few
frozen drops.

The density of particles on the replicating film was variable,

giving the impression that the ice crystals density in the cloud varied
in a similar manner.
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Inside the cloud another sample was taken on the CPS (run 6H)
concentration of particles in run 6H was greater than in 6G.

The

There were

about 3 ice particles/cc consisting of 2.6/cc less than 50u, 0.34/cc
between 50 and lOOu, and 0.13/cc greater than lOOu.

There were 0.1

droplets/cc practically all of which were less than 50u.
cloud particles were mostly irregulars.

The types of

Also, there were several splashes

and shatter patterns on the film which could be attributed to large particles

Occasionally the large irregulars were found to have a few water droplets
attached to them, although these were not significant enough to suggest

riming.

This sample also gave the impression that the ice particles in

the cloud were not distributed homogeneously but were present in "clumps."
As the aircraft began to descend into Seattle-Tacoma Airport two
further samples were taken on the CPS.

Run 61 was taken while still in
’"’,<-. /w?
\,
’-^
cloud, and at a temperature of -4C.A At this stage moderate turbulence
and a light icing were being encountered.
there being

Run 61 was similar to run 6H,

2.9 ice particles/cc and 0.15 water drops/cc, the size

distribution for both the ice and water particles were also similar to
the distributions described for run 6H.

The crystal types consisted of

irregular particles of different sizes, splash and shatter patterns comprising both large and small irregular particles and columns
base (about 2,000 ft. )

taken.

At cloud

where the temperature was near 0C, run 6J was

In this sample there were 0.25 droplets/cc less than 50u, and

1.1 ice particles/cc consisting of 0.53/cc less than 50u, 0.47/cc between

50 and lOOp.

If this sample is compared to the earlier samples in the

stratocumulus bank, it can be seen that in run 6J there was a slight increase

in the number of droplets and a slight decrease in the total number of
ice crystals

However, the number of ice crystals greater than 50p was

larger in run 6J than in the earlier runs.

The aircraft landed at
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Seattle-Tacoma Airport at approximately 1200 hours and returned to Moses

Lake later in the afternoon.

No data was collected on the return flight.

Ground measurements made at Snoqualmie Pass during the flight to
Seattle showed that "the precipitation consisted of small rimed irregulars

many of which appeared to be stellars
The ice nucleus counter in the plane was operated at

this flight, but no counts were recorded.

-2V3C during

It can be seen from Fig. 17

that a few counts were recorded at -21C at Stampede Pass.

.’

FLIGHT 7

(1200 to 1300 hours, February 8)

General Synoptic Conditions

The detached cold front from the low pressure center in the Gulf of

Alaska, which was approaching the coast on Feb. 7 was still over the
Cascades at about 1000 hours on February 8

(Fig. 18),

Forecast
The forecast for the Cascades was moderate to severe turbulence with
low ceiling and poor

15 ,000 ft.

visibility, moderate icing conditions from 7,000 to

At the time of the flight the front was about 15 miles east of

the Cascade crest.

Description of Flight and Measurements
The plane left Moses Lake at 1200 hours.

The weather conditions at

Moses Lake were low ceiling and poor visibility.
ature was -6C.

At 8,000 ft. the temper-

At 9 ,000 ft. the aircraft entered cloud.

At 10 ,000 ft.

and still in cloud, the plane stopped climbing and light icing and some
turbulence were encountered, the liquid water meter also showed some

activity.

At this time the CPS was operated (run 7A)

Over Ellensburg

the plane was in clear air at 10,000 ft. and the temperature was -6C.

16A CLOUD PARTICLES COL1ECTED ON CONTIIiJOUS PARTICLE SAFPLtR IN
6H ( x 19)

FIG, 16B SHATTERED ICE PARTICLE COLLECTED ON COTffINUOUS PARTICLE
SAMPLER IN RUN 61 ( x 25)
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Ice Nucleus Measurements at -21C at Stampede Pass from Feb. 6 to 7, 1969

FIG. 16 SYNOPTIC CONDITIONS FOR 1000 HOURS,FEBRUARY8J969.
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At the start of leg B the replicator was again operated (run 7B).

Analysis of the data showed there were 0.95 water drops/cc mostly less
than 50p, and 0.11 ice particles/cc again mostly less than 50p.
time later the aircraft entered some thin altocumulus
the sky and

A short

In these clouds

ground were still visible and the air was more turbulent.

(At this time the forecast center was reporting severe turbulence but no

icing.

The CPS was operated in these clouds (run 7C) when the plane was

at 10,000 ft. and the temperature -4C.

Analysis of run 7C showed 0. 85

droplets/cc consisting of 0. 77/cc less than 50p, 0.043/cc between 50 and lOOp
and 0.016/cc greater than lOOp, and 0.28 ice particles/cc consisting of

0.21/cc less than 50u, 0.053/cc between 50 and
than lOOp.

lOOp and 0.021/cc greater

The ice particles were mostly irregulars, however, a few col-

umns and plates were discernable.

An altitude of 10,000 ft. was maintained

for the remainder of leg B and at times severe turbulence was encountered.
Towards the end of leg B run 7D was taken.

Analysis of run 7D has not been

made.

On entering leg C at an altitude of 10,300 ft. severe turbulence was
encountered.

The temperature was -4oc.

On entering a cumulus cloud, which

was the lower layer of a nimbostratus, updrafts exceeding 1,000 ft./min.
were encountered, together with light icing; the temperature varied between

-2 and -4C.

At this time the CPS was operated (run 7E).

Analysis of the

data showed 0.032 drops/cc all less than 50p and 0.65 ice particles/cc of
which 0. 52/cc were less than 50p, 0.106/cc were between 50 and lOOp, and

0.032/cc were greater than lOOp. The crystals mostly consisted of irregulars
and plates.

It was not possible to say how much was contributed by shatter-

ing of the larger particles

The clouds encountered by the aircraft were

coming in "gusts ," updrafts and downdrafts of 1,000 to 2,000 ft./min. were
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still being encountered.

turbulence

Graupel particles were seen occasionally.

The

continued to intensify and the aircraft was forced to return

to Moses Lake.

At the start of the return trip to Moses Lake the CPS was again operated
(run 7F)

Near the top of some cumulus clouds

and the temperature -4C.

the altitude

was

10,000 ft.

Above the cumulus were some cirroform clouds

Analysis of the data showed there were 0.1 water drops/cc less than 50p
and 0. 89 ice particles/cc of which 0.742/cc were less than 50)J, 0.106/cc
between 50 and lOOy and 0.046/cc greater than lOOu.

The ice particles

consisted mainly of irregulars with some shattering and clustering present.

A final sample was taken on the CPS (run 7G) just prior to the descent of
the aircraft into Moses Lake.

At 6,000 ft. the aircraft was below cloud

base and the temperature 0C.

Slight to moderate turbulence was experienced.

The aircraft landed at Moses Lake at about 1310 hours

(During this flight

the electrical particle counter showed large positive pulses when the aircraft was over the Columbia River and in cloud.

The ice nucleus counter in the plane was operated at a temperature of

-15C during leg A of the flight and at -10C during leg B.

No counts were

recorded in either of these legs.

FLIGHT 8 (1155 to 1320 hours

February 9)

General Synoptic Conditions

On the surface Washington was between storm systems (Fig. 19).

The

front that passed on the February 8th was to the east, and another low
was developing to the west.

Late on February 9 an upper level short wave trough moved through
the long-wave position and the upper level flow changed from southwest to
northwest over Washington.

FIG. 19

SYNOPTIC CONDITIONS FOR 1600 HOURS, FEBRUARY 9, 1969.
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Forecast
The forecast at 0800 hours called for an upper level trough to move

through Western Washington producing on-shore flow aloft.

Cumulonimbus on

the coast with towering cumulus to the east of the mountains

Description of Flight and Measurements
The plane left Moses Lake at 1155 hours

the visibility was 20 miles

At 6,500 ft. the plane was still below cloud base.
and a few developing cumulus could be seen.

perature was -18C.

At

Stratus, high cirrus
11,000 ft. the tem-

The plane continued to c.limb in clear air to 12,000

ft. where the temperature was -22C.

The plane entered a thin and widely

dispersed bank of cloud at 12,000 ft. and light turbulence was encountered.
After entering the stratus layer the aircraft began climbing to 14,000 ft.

At this height the temperature was -24C.
taken on the CPS (run 8A)

During the ascent a sample was

the aircraft remained in cloud the whole time

and the tops of the cloud bank were estimated to be 15,000 ft.

Analysis

of the data from the CPS showed 0.022 water drops/cc all less than 50y, and
0. 853 ice particles/cc of which 0.426/cc were less than 50p, 0. 305/cc between

50 and lOOu, and 0.122/cc greater than lOOu.

irregulars and hexagonal plates
fragile plates

The types observed were

There was some indication of shattered

At times the ground was visible and a halo could be seen

around the sun.
When the aircraft reached Ellensburg it was in cloud maintaining an

elevation of 14,000 ft.

the temperature was steady at -28C and light icing

and slight turbulence was taking place.

CPS was operated (run 8B)

glaciated.

Shortly after starting leg B the

Analysis of the data shoed the cloud was completely

There was 1 ice particle/cc consisting of 0 .58/cc less than 50p,

0. 33/cc between 50 and lOOu, 0.09/cc greater than lOOu; no water droplets

were collected.

The types of ice particles present were irregulars

many
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plates, and a few large columns.
Some three

minutes later, in similar conditions and at the same height,

the CPS was again operated (run 8C).

At the time the aircraft entered leg

C it was still at 14,000 ft. and the temperature was

-22C.

The aircraft

was flying in the cloud tops and experiencing light turbulence, overhead

cirrus made

the sky slightly overcast.

The CPS was operated (run 8D) and

analysis of the data showed a negligible amount of water, and 5.9 ice particles/cc consisting of 4/cc less than 50u, 1.6/cc between 50 and lOOu, and

0.33/cc greater than lOOp.

The crystal types observed comprised mostly irreg-

ulars which tended to be columnar in form.

There was some indication of larger

shattered crystals.

By the time the aircraft started leg D the temperature was -21C.

During

leg D, the CPS was operated (run 8E) and analysis of the data showed there to
be negligible amount of water and 1.84 ice particles/cc consisting of 1.34/cc
less than 50p, 0.416/cc between 50 and lOOp and 0.083/cc greater than lOOp.
The ice particles were composed of irregular plates

At the start of leg E

the aircraft prepared to descend to 10,000 ft.

It commenced the descent from

14,000 ft. where the air temperature was -20C.

The aircraft was experienc-

ing moderate turbulence and heavy dark cumulus clouds could be seen imbedded
in

the stratus layer.

During the descent (leg F) the CPS was operated (run 8F)
the temperature was

-18C

and it rose to

-20C

at 12,000 ft.

At 13,000 ft.
At this time the

aircraft was passing through regions of very thick, dark clouds
and slight turbulence was experienced.
and the aircraft was over Snoqualmie

through breaks in the clouds.

A little icing

At 11,500 ft. the temperature, was -15C

Pass, at this time the ground

was visible

At 11,000 ft. the aircraft broke through cloud

base, no icing was being experienced at this stage.
cirrus could be seen to the west.

Heavy cumulus and high
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Analysis of the data collected by the replicator during the descent showed
that the clouds were completely glaciated.

There were 2.24 ice particles/cc

consisting of 1.5/cc less than 50u, 0.665/cc between 50 and lOOu, 0.125/cc
greater than lOOu; no water droplets were detected.

The types of ice

particles present were mostly irregulars, both plate-like and column-like,

In addition, there were some well-preserved columns
clustering obviously contributed to the irregulars
again to 14,000 ft. where the temperature was -20C.

Shattering and
The aircraft climbed
Below there was a

broken layer of cloud with imbedded cumulus and above cirrus.

However, all

the cloud build-up was to the east of the Cascades.

At 1303 hours the aircraft commenced the return flight to Moses Lake.
The altitude of the aircraft was 14,000 ft. and the temperature -20C.

At the start of the return flight the CPS was again operated (run 8G)
Analysis showed that there were no water droplets and 0.21 ice particles/cc

consisting of 0.107/cc less than 50u, and 0.05/cc between 50 and lOOu.
During the return flight the temperature fell again, scattered cumulus
could be seen below while it was clear above.

There were heavy cumulus

to the east and heavy cumulus and stratus to the south.
at Moses Lake at 1320 hours

Before landing

two further samples were taken on the CPS

(run 8H and run 8J)
The radiosonde data taken from 1200 to 1412 hours at Enumclaw and
Cle Elum are shown in Figs. 20 and 21.

FLIGHT 9 (0930 to 1100 hours, February 14)
General Synoptic Conditions

Prior to February 13 a high pressure center 1200 miles west of Southern California extended northward until, on the 13th

a separate high

pressure center (1013 mb) formed southwest of Washington.

Late on February 13,
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Temptroture (C)

Fig. 20

Sounding for 1200

1412 hours Februory 9, 1969 Enuinclaw

(Fligh

8
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Temperoture ( C)

Fig. 21 Sounding for 1200- 1412 hours Fe bruary 9,1969
Fliaht 8

Cle

Elum
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a 976 mb low developed

rapidly 600 miles west of Oregon splitting the high

pressure region into two and moving the northern half of the high eastward.
The low stalled 300 miles west of the Columbia estuary, and sent in an

occluded front that was just off the Washington coast at 1000 hours on

February 14 (Fig. 22).

The low moved gradually northward and filled.

As the upper level longwave trough moved eastward over Idaho a ridge
began to build on the coast on Feb. 13.

Later the same day a rapidly devel-

oping upper level shortwave trough (corresponding to the surface low) began
moving east. through the ridge position changing the upper level flow from
west to southwest.

At 1000 hours on February 14 the ground observations were as follows
Hoquiam:

2,500 ft.broken;

Seattle-Tacoma Airport:

3,500 ft. overcast; light rain

4,000 ft. scattered; 6,500 ft. broken;

8,000 ft. overcast.
Stampede Pass:

Wenatchee:

Ceiling obscured, light snow, blowing snow and fog.

Sky partly hidden by precipitation, 2 ,000 ft. overcast;

very light snow.
Forecast
The 0800 hour forecast predicted deep clouds over the Cascades during
the day due to the occlusion moving westwards

Description of Flight and Measurements
Due to a failure of the recording system which occurred soon after

take-off the only information collected on this flight was that noted on
the tape recorder by the observer.

The plane left Moses Lake at 0930 hours

Over Moses Lake cloud tops

were to 11,000 ft. with cumulus top at 10,000 ft.

At an altitude of 12,000

ft. the temperature varied from -10 to -12C and the dewpoint was always
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wi-thin one degree of the dry bulb.

Between Moses Lake and the Columbia River the plane climbed through
a cloud of ice crystals which exhibited a very bright sub-sun, bright par-

helia which extended into a 15 parhelic circle with a weak 22 halo.
This suggested that the cloud contained a few ice crystal columns and

many capped columns
At 12,000 ft. over the Cascades the only clouds were those in the

region of Mt. Rainier.

topped at 11,000 ft.

The airflow was stable with crest and wave clouds
There were wave clouds above the aircraft which

exhibited cellular convection but no billows

Below the lower wave clouds

cumulus could be seen (these fcould account for the snow falling over

Snoqualmie Pass)

Every time the plane dipped into the clouds it encountered icing
conditions (coronas

glories and cloud bows were observed) which prevented

descending for enough to intercept the snow.
The ice nucleus counts at -21C recorded at Stampede Pass during the

period of this flight are shown in Fig. 23.
The radiosonde data taken from 0930 to 1140 hours at Enumclaw and
Gle Elum are shown in Figs

24 and 25.

FLIGHT 10 (1100 to 1200 hours

February 20)

This was a systems and instrument test and calibration flight over

the Moses Lake area.

FLIGHT 11 (1320 to 1600 hours

February 22)

General Synoptic Conditions

On February 21 a high pressure area over Washington was separated from
a large high pressure center in Southern California by a low pressure system

so
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Ice Nucleus Measurements at

-21C

at Stampede Pass from Feb. 13 to 14, 1969
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Temperoture (C)

Fig. 24 Sounding for 0930- 1140 hours Ftbruary 14, 1969 Enumclor
(Fl ight 9
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Temperoture (C)

Fig. 25

Sounding for 0930- 1140 hours

Februory ;4,1969
(Flight 9

Cle Elum

-53-

centered 500 miles west of Oregon.

This low moved into Central California

leaving a high pressure center (1019 mb) intact over Eastern Washington.
On the afternoon of February 22 a 984 mb low in the Gulf of Alaska began

moving south and lowered the pressure over Washington (Fig. 26).

Forecast
The forecast called for snow over the Cascades during the day of

February 22 with cloud tops to 15,000 ft.
Description of Flight and Measurements
The plane left Moses Lake at 1320 hours.

9/10 cloud cover at 7,000 ft.
at 3,400 ft.

The plane reached the top of the first layer

and at 6,000 ft. it was inside a second layer of cloud at

which point the temperature was -6C.
air.

ft.

Cloud base was 2,000 ft. with

At 6 ,300 ft. the plane was in clear

Below was a layer of stratocumulus and above 3/10 of cirrus at 30 ,000

Contrails could be seen at 25,000 ft.
The plane continued to climb to 10 ,000 ft. where the temperature was

-10C.

The plane continued to Ellensburg at this altitude.

the flight the temperature was -8C.

On this leg of

At Ellensburg the aircraft descended

to 7,700 ft. where it was in thin cloud.

The CPS was operated (run 11A)

but later data analysis showed that no solution was being pumped onto the

mylar film during this run.

This same problem was present on all other

samples taken on this flight so that no useful data was collected from the
CPS.

At 7,000 ft. the temperature was -10C and the liquid water meter

read O.lg/m

3

At 7,200 ft. the aircraft was going in and out of the cloud

tops and light icing was appearing on the wind screen.

At 7,300 ft. the

aircraft was still in the cloud topes over the Ellensburg area.

The aircraft climbed to 7,500 ft. where it was just above the cloud

tops and proceeded towards the target area.

At 7,800 ft. the temperature
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had risen to -7C, however, it was noticed at this point that the sun
was shining directly onto the temperature sensor.

To the south, cirrus

clouds could be seen at a height of about 25,000 ft.
still in clear air and at 10,000 ft

The

stratocumulus below with smooth tops

to 8,000 ft. and

There were

2/10 cirrus on the horizon and

During leg E the aircraft initially descended

made passes in and out of the tops of the clouds.

was still no convective activity in the cloud

another 500 ft. and broke through cloud base.
varied between -8C and -10C.

reentered cloud.

was

the temperature was -7C.

At the start of leg C the aircraft was at 14,900 ft.

contrails at 25,000 ft.

aircraft’

tops

There

The aircraft descended

At this time the temperature

While still at 7,500 ft. the aircraft

In the cloud there was a subsun and ice crystals could

be seen falling out.
The aircraft climbed again to 8,300 ft. and prepared to return to

Moses Lake.

At this altitude the aircraft was skimming in and out of the

tops of stratocumulus clouds, and there was some ice on the wind-screen;
the temperature was -10C.

base over Moses Lake.

At 6,000 ft. the aircraft broke through cloud

The plane landed at 1600 hours

The ice nucleus counter in the plane was operated during this flight
and occasional counts were noted.

Counts were not observed at Stampede

Pass during the period of the flight. (Fig. 27).
The radiosonde data taken between 1300 and 1600 hours at Enumclaw
and Cle Elum are shown in Figs. 28 and 29.

FLIGHT lla (1200 to 1315 hours

February 23)

General Synoptic Conditions

A 984 mb low in the Gulf of Alaska moved south and by February 23
it was 300 miles west of the Washington coast and still moving south.

An upper level trough over the Gulf of Alaska also began to move
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south and by February 23 the low level center of 700 mb was west of

Washington.

The maximum flow was into California and the flow over

Washington was from the south to SW.

Forecast
The forecast at 0800 hours on February 23 called for light snow
and rain west of the Cascades with cloud top to 12,000 and 20,000 ft.

Light snow east of Cascades.
Description of Flight and Measurements
The aircraft left Moses Lake at 1200 hours.

However, due to engine

and alternator troubles the plane had to return to Moses Lake before any
data was collected.

FLIGHT 12 (0930 to 1200 hours, March 5)
General Synoptic Conditions

On March 4 the front from a low pressure center, which remained in

the Gulf of Alaska, moved south and a wave developed on the front.

By 0400

hours on March 5 the wave had developed into a 998 mb low centered just off
the west coast of Vancouver" Island

(Fig. 30).

During the afternoon of March

5 this low moved inland with a cold front, leaving a diminishing low over

the northwest corner of Washington State.

Early on March 3 a flat ridge in the upper levels began to build west
of the Washington-Oregon coast.

from the Pacific.

This caused upper level westerly flow

Late on March 4, a short wave trough began moving down

through the top of the flat ridge and on the afternoon of March 5, a cloud
low existed over Washington State at the 750 mb level.

The ground observations at 1100 hours March 5 were as follows

Hoquiam:

2,000 ft. scattered, height of broken cirroform layer unknown.

Seattle-Tacoma Airport:

2,000 ft. scattered; 3,000 ft. scattered; height
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of broken cirroform layer unknown.

Stampede Pass:

Ceiling obscured, light snow, blowing snow, and

fog.
Wenatchee:

Ceiling partially obscured, 800 ft. broken; 1,200 ft.

overcast fog.

Forecast
At 0800 hours on March 5 there was a front Over the Cascades
producing
rain in Seattle and snow at Stampede Pass.

The forecast called for flow

of cold air over the Cascades with strong westerly winds and
unstable con-

ditions
Description of Flight, and.Measurements
The plane left

Moses Lake at 0930 hours;

At 1000 hours it was flying

at 13,500 ft. over the Columbia River and the air temperature
was -18C.

Cumulus clouds could be seen over the Cascades.

began to climb from 14,000 to 16,000 ft.

Over Ellensburg the plane

Cirrus clouds could be seen to

the north and there were rugged cumulus with glaciated
top over the Cascades

At 16,300 ft. the temperature was -26C.-

Cumulus tops were from 10,000 to

12,000 ft. with some towers to 17,000’ ft. including a large anvil to the
north.

There were no clouds above 17,000 ft. and the air behind the front

was unstable and cold.

Stratocumulus were below the plane.

At 17,000 ft. the plane entered cloud, icing occurred on the windshield

f~fC~’ -"-’y

and the CPS was operated (run 12A-).

At this time (1012 hours) the dynamic

air temperature was -27C and the static temperature -32C.

varied from -42 to -36C.

The dew-point

Analysis of the data from Run 12A showed there

to be 0.73 drops/cc consisting of 0.66/cc less than 50]j and 0.07/cc
between
50 and lOOu; 0.2 frozen drops/cc and 2.65 ice particles/cc
consisting of

2/cc less than 50u, 0.6/cc between 50 and lOOu, and 0.07/cc
greater than
lOOu.

At the start of this run there were no

water’drops but towards
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the end of the run

droplets were observed.

The ice crystals consisted

mainly of irregulars with considerable amount of clustering present.
(At approximately 1000 hours it was snowing on the ground at Snoqualmie

Pass, but the particles were melting as the ground temperature was 1C. )
Two minutes after Run 12A was taken the replicator was again operated
(run 12B).
run.

The aircraft was at 16,000 ft. and only in cloud for part of the

The temperature at this time was -27C.

-39 to

-40C.

The dew-point varied from

Analysis of the CPS showed there to be no water droplets

and only 0.95 ice particles/cc consisting of 0 .9/cc less than

0.05/cc between 50 and lOOy.

Shortly after run 12B the aircraft was still

at 16,000 ft. and just south of Snoqualmie Pass

temperature was -26C and
low the aircraft.

50u and

At this time, the air

there were stratocumulus and cumulus clouds be-

To the north there was a large bank of clouds showing

convective activity.

These clouds were partly glaciated.

At 1020 hours the aircraft turned into leg D and flew parallel to a
cumulus anvil.

The temperature was -27C and there were wave clouds to

the east of the Pass.

The aircraft entered cloud at an altitude of 15 200

f-^. ^Q

ft. and the CPS was operated (run 120

entering the cloud

The temperature was -26C on

and during the run through the cloud the static air

temperature varied from -30 to -29C.
dew-point varied from -37 to -340C.

During the course of the run the
After just entering the cloud a halo

could be seen which disappeared then reappeared just before the plane
encountered a down draft.

From the halo it was anticipated that large

hexagonal crystal were present in the cloud.

Analysis of run 12C showed

that at that time the aircraft entered the cloud there were no
water drops
and 16.2 ice particles/cc consisting of 12.5/cc less than 50y,
2.9/cc
between 50 and lOOp and 0. 8/cc greater than lOOy.

Well inside the cloud

FIG, 30A PARTICLES COLLECTED ON OKTINUOUS PARTICLE SAMPLER DURING

RUN 12A

(

x 32)

FIG, 30B M) SHATERED SECTOR PLATES COLLECTED ON CONTINUOUS PARTIO

SAMPLER IN RUN 12C ( x 36)
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there were 0.19 water drops/cc, of which 0.18/cc were less than 50u, and

13.9 ice particles/cc

consisting of 11.7/cc less than 50u, 1.4/cc between

50 and lOOu and 0.2/cc greater than lOOu.

the downdraft

At the time the" aircraft encountered

there were 0.09 water drops/cc all less than 50p and 25.4

ice particles/cc consisting of 14.1/cc less than 50u, 4.9/cc between
50 and lOOu and 2.0/cc greater than lOOu.

It should be noted that the

total number of ice and water particles on entering the cloud and well

inside the cloud were approximately constant.

At the edge of the cloud

there were no water drops, but inside the cloud there were both ice crystals
and water drops

The ice crystals consisted of small irregulars, prisms,

and several shattered particles

Many of

identified as sector plates (>100u)

the shattered particles could be

In addition, there were several

large clusters.
At 13,500 ft. the aircraft was just above the tops of the clouds and
the temperature was -21C.

The aircraft reentered the cloud and another

F((S-.JO<sample was taken on the CPS (run

12DL

water meter showed a momentary kick;

dew-point
-42C.

When entering the cloud the liquid
the temperature was -21C.

fluctuated violently from -40 up

The

to -32C and back down to

While in the cloud the sun could be seen and it was deduced that

the cloud contained larger ice crystals than were present in the previous
cloud flown in.

Analysis of the data showed that there were essentially

no water droplets and 66 ice particles/cc consisting of 38/cc less than

50u, 21/cc between 50 and lOOu, and 7.6/cc greater than lOOu.

The ice

crystals were mainly irregulars, but it was impossible to distinguish
between naturally irregular crystals and those resulting from shattering.

At 1041 hours the plane entered the top of a small water could, altitude

11,100 ft.

the air temperature was -21C and

dew-point -44c. The CPS was
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operated for a short period (run 12E)

Following this the aircraft was

flying in and out of the tops of cumulus clouds that were mainly water
and which produced icing on the aircraft.

aircraft was at -38

C, but increased to

after which it fell again to

-32

C.

The CPS was operated when the

-28

C on striking turbulence,

Analysis of run 12F showed that at

the time of sampling the aircraft was mostly out of the cloud.

The

aircraft entered the same cloud once again when the air temperature was
C and the dewpoint -34

-22

when the dewpoint fell to

C (except where turbulence was experienced

-26

C)

The CPS was operated at the time when

there was a corona around the sun and fresh ice on the wind screen (run

12G).

Analysis of the data showed there were 23 droplets/cc of which 19.7/cc

were less than 50

100

n

3.4/cc between 50 and 100 u

and 0.7/cc greater than

n
Two further samples were taken on the CPS in the vicinity of the thun-

derstorm (run 12H and run 121)
anvil of the thundercloud.

Analysis of run 12H showed them to be 0.075

droplets/cc all less than 50 u
less than 50 u

These samples were collected beneath the

5.3 ice particles/cc of which 3.4/cc were

1.4/cc between 50 and 100

Many of the larger particles exceeded 200

\i

and 0.5/cc greater than 100

u".

The aircraft then climbed and

at 12,200 ft. it entered the anvil of the thunderstorm.
the temperature.. was -20

C, and a

22

u

Inside the cloud

halo could be seen.

On the return to Moses Lake the aircraft was flying between 13,500
and 14,000 ft. and passing in and out of clouds.

ice in the clouds and a corona could be seen.

The plane was collecting

The aircraft was at 8,300 ft.

FIG. 30C PARTICLES COLLECTED ON CONTINUOUS PARTICLE SAMPLER
RUN 12D ( x 22)
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when crossing the Columbia River near Vantage and the temperature was

in clouds which possibly contained ice crystals.
was still in clouds with no sun visible.
was building on the plane.

-8

C

At 6 ,800 ft. the aircraft

The temperature was

-6

C and ice

The aircraft landed in Moses Lake at 1200 hours.

The ice nucleus counter on the plane did not function during this

flight.

The ice nucleus counts at Stampede Pass during the period of this

flight are shown in Fig. 31.
The radiosoundings taken from 0930 to 1200 hours on March 5 at Enumclaw
and Cle Elum are shown in Figs. 32 and 33.

FLIGHT 13 (1430 to 1630 Hours, March 5, 1969)
General Synoptic Conditions

See comments under Flight 12 above and Fig. 34
The ground observations at 1500 hours were as follows:

Hoquiam:

1,000 ft. overcast

Seattle-Tacoma Airport:

very light rain showers.

2,400 ft. scattered; 12,000 ft. broken,

height of cirroform unknown.

Stampede Pass:
Wenatchee:

unknown

12,000 ft. scattered, height of cirroform layer unknown.

Description of Flight an<i Measurements
The plane left Moses Lake at 1430 hours and by 1440 it was south

of Ellensburg.

Cumulus were building in the cold air and there were

higher clouds above the cumulus.

At 1448 hours the aircraft was at 10 ,000

ft. and a fohn wall could be seen to the north with clouds extending above
10 ,000 ft.

However, over the Cascades there was not nearly as much activity
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the cumulus were lower and more stable.

as in the morning flight

At 1450 hours the aircraft was over the Columbia flying at 12,100
ft.

There were wave clouds to the north with a few laminations.

There

were stratocumulus clouds over the Cascades and some cumulus clouds over

At 1458 hours the aircraft was over Ellensburg and starting

Ellensburg.
leg B.

The temperature was

-18

C, the aircraft altitude 12,100 ft.

and.

there were wave clouds to the north and east with cloud base just above

Snoqualmie Pass.

At 1500 hours the aircraft entered some small cumulus which were
ragged at both top and bottom.

entirely of liquid water.

They were dissipating and probably consisted

At 1503 hours the aircraft was in the tops

of these cumulus clouds and experiencing a little icing.
on the CPS (run 13A)

the temperature -17

the altitude was 12,500 ft.

and the static air temperature varied from -21 to -22
varied from -36 to
0 to 0.16g/m

-28

A sample was taken

C.

C

The dew.point

C and the liquid water meter oscillated between

3

At 1516 hours the aircraft was heading north and entering either the
tope of a cumulus or the pileus above it.

On entering the cloud a glory

could be seen indicating a predominantly water cloud.

A sample was taken

on the CPS (run 13B) when the altitude was 11,500 ft.

the temperature

was

-34

-18

C and the static air temperature -22.5

C before entering cloud and fell to -30

C.

The dew.point was

C when inside the cloud.

In addition, there was a slight kick on the liquid water meter towards
the end of the run.

Analysis of the data from the CPS showed that there

were 8.6 water drops/cc all less than 50 p diameter and 1.25 ice particles per
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cc consisting of 0.8/cc less than 50 u

0.05/cc greater than 100 n

0.4/cc between 50 and 100

p and

The ice particles in the sample were mostly

irregulars.
For the next 10 minutes the aircraft flew in and out of wave clouds
over the cumulus.

At times glories could be seen.

collected on the CPS (run 13C)
The temperature was

point

-26

-17

Another sample was

The altitude varied from 10,400 to 10,600 ft,

C, the static air temperature -20 C, and the dew-

C.

At 1533 hours the aircraft descended to 10,000 ft. and flew into
the cumulus under the wave clouds.
with 3 or 4 rings around the sun.

point

the temperature was -15

The dew-point was -25

Inside the cloud a glory could be seen

A sample was taken on the CPS at this

C and the static air temperature

-18.5

C.

C and there was a slight kick on the liquid water

meter for the last quarter of the run.

Analysis of the data showed that

there were 2.35 drops/cc consisting of 1.9/cc less than 50 u diameter
and 0.45/cc between 50 and 100 p

There were no ice crystals in the cloud.

At 1541 hours the aircraft started the return flight to Moses Lake

Early in the return flight the aircraft passed through the tops of cumulus
clouds that appeared to be all water.
seen around the sun.

Inside the clouds a glory could be

A sample was taken on the CPS (run 13E) when the

static air temperature was -20.5

C and the dew-point -26

C.

Later on

the return flight the aircraft was at 9,900 ft. and still flying through
the tops of cumulus clouds.

There was icing taking place on the windscreen

and turbulence was experienced.

The temperature was -14

C, the static
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temperature -21
CPS (run 13F)

C, and the dew-point -25 C.

A sample was taken on the

Analysis of run 13F showed that there were 7.84 drops/cc

consisting of 7.2/cc less than 50 p diameter and 0.64/cc between 50 and
100

\i

At 1550 hours the aircraft was still in cloud and experiencing

a little turbulence.

The plane landed at Moses Lake at 1630 hours.

During Leg C of this flight the ice nucleus counter on the plane was
operated at -26

C, and a few counts were observed.

The counts at Stampede

Pass during the period of flight 13 are shown in Fig. 31.
The radiosound data taken between 1430 and 1630 hours at Enumclaw
and Cle Elum are shown in Figs. 35 and 36.

FLIGHT 14 (0915 to 1110 hours, March 6, 1969)
General Synoptic Conditions

By the morning of March 6 the low pressure system with its associated
front has moved eastward out of Washington, and high pressure began
to build-up from the south

(Fig. 37)

The ground observations at 1000 hours were as follows:

Hoquiam:

1,500 ft. overcast, ground fog.

Seattle-Tacoma Airport:

500 ft. scattered; 1,200 ft. broken; 1,800 ft.

overcast; fog.
Stampede Pass:

ceiling obscured, light snow showers and fog,

occasional breaks.

Wenatchee:

5 ,000 ft. scattered; 7,500 ft. broken; 10,000 ft. broken;

height of cirroform layer unknown.

Snow showers.
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Forecast
Ridge to the west at 700 to 500 mb giving northerly airflow over
Cascades.

Stabilizing cumulus over the mountains, cloud tops below

12,000 ft.
Description of Flight Measurements
The plane left Moses Lake at 0915 hours and climbed through cloud
to 10,400 ft. where the temperature was -17C.

There were slight icing

conditions near the cloud tops but none was experienced lower down in
the cloud.

The aircraft passed through a sizable layer of strato-

cumulus which was showing some wave cloud activity.

At 0947 hours the

plane was at 12,700 ft. and back in cloud.

The temperature was -18C

and there was a faint glory around the sun.

The cloud was part of a

wave formation that was forming in the lee of the mountains

aircraft was heading in a direction 240 from north.
300 mb level were between 120 and 130 knots.

generally ideal for wave cloud formation.

The

The winds at the

The conditions were

At ground level at Stampede

Pass snow and blowing snow was reported and visibility was zero.

At

Wenatchee there was broken cloud at 8,000 ft. with a cirrus overcast.

At 0951 hours the first sample was taken with the CPS (run 14A)
The aircraft was in a cloud which was mainly
was no icing.

water but in which there

At 12,100 ft. the static air temperature was -22C and

the dew-point -29C.

At 0954 hours the plane was commencing leg B.

A quick run parallel to the wave clouds was made to obtain photographs.
At 1005 hours the aircraft was in clear air.
commenced leg C and started to descend.

At 1013 hours the plane

At 9,700 ft. the aircraft was

still descending and the temperature was -13C.

There was a larger

cumulus building to 12,000 ft. with a heavy anvil at 9 ,500 ft.

There
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was a stable layer of strato-cumulus between 9,500 and 10,000 ft.

At

1022 hours the aircraft was just in the cloud tops and experiencing
some icing and there appeared to be some precipitation from the cloud.

Large peaks were seen on the output of the electrical particle counter.
A sample was taken on the CPS (run 14B)

The aircraft was at 9,100 ft.

the static air temperature -17C, the dew-point -23C, and the liquid
water meter showed about 0.03g/m

Another sample in the same cloud

was taken two minutes later (run 14C).

At this time a glory could be

seen around the sun, the plane was collecting some ice, and individual

ice crystals could be seen to the side under the anvil.
was considered that the cloud was mainly water.

9,000 ft.
was

However, it

The aircraft was at

the static air temperature was -17.5C, the dew-point

-23C, and there was a slight kick given by the liquid water meter.

Analysis of the data showed that there were 79.1 drops/cc, all less
than 50 p diameter and mostly between 10 and 20 p diameter.

There

were 0.4 ice particles/cc of which 0.3/cc were less than 50 p diameter

and 0.1/cc between 50 and 100 u.

falling at Snoqualmie Pass.
at 1026 hours.

At 1019 hours small snow pellets were

The aircraft was still in the same area

There was a glory around the sun and the plane was

close to an anvil.

The altitude was 9,500 ft.

the temperature was

-14C, the static air temperature -18C, the dew-point -23C, and the
liquid water meter fluctuated between 0.03 and 0.06g/m

3

Another

sample was taken on the CPS (run 14D) and analysis showed that there
were 58 drops/cc all less than 50

u

diameter; 0.77 ice particles/cc

consisting of 0. 5/cc less than 50 p diameter, 0.2/cc between 50 and 100 V,
and 0.07/cc greater than 100 u.

During the run 14D the droplets were

initially all about 10 p diameter but gradually increased to about
20 p diameter.

The ice particles present were mostly irregulars.
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At 1030 hours the aircraft was at 9,100 ft. and heading back into

Precipitation could be seen spreading out from different

the anvil.

At this time the temperature was -12C.

levels.

The aircraft was in

a thicker part of the cumulus when the next sample was taken on the CPS

At 1036 hours the aircraft was 800 ft. below the cloud

(run 14E)

tops where it was found the clouds were much thinner than expected.
Another sample was taken on the CPS (run 14F) when the plane was at

9,000 ft.

the temperature was -21C, the static air temperature -22C

and the dew-point -24C.

Analysis of the data showed there to be 0.05

water drops/cc all less than 50 p diameter and 1. 3 ice particles/cc

consisting of 1/cc less than 50 u, 0.25/cc between 50 and 100 p and
0.05 greater than 100 p.

At 1040 hours the aircraft started the return flight in a direction
100 from north.
ice.

The plane was at 9,000 ft. and picking up a little

The temperature was -12C.

To the south of the aircraft was a

wave cloud which was dome-shaped in the cen-ter and bell-shaped to
either side.

The wind was blowing directly into the cloud.

aircraft entered the cloud which seemed to be very thin.
in the cloud for some time.

wave.

Later the

It remained

The cloud was a long wavelength lee

To the north precipitation could be seen (possibly ice)

Water droplets were present in the cloud since ice formed on the wings
of the aircraft.

A sample was taken on the CPS (run 14G)

altitude was 9,000 ft.

The

the temperature -12C, the static air temperature

-16C, and the dew-point -22C.

Analysis of the data showed there

to be 0.038 drops/cc all less than 50 microns diameter and 3.89 ice

particles/cc consisting of 2.15/cc less than 50 microns, 1.23/cc
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between 50 and 100 microns and 0.3/cc greater than 100 microns

The

types of ice particles present were mainly irregulars
At 1108 hours in the same cloud and under the same conditions
another sample was taken on the CPS (run 14H).

However, this time

halo around the sun could be seen the whole time.

a

Analysis of the data

showed there to be 0. 38 drops/cc all less than 50 p diameter, and
3.16 ice particles/cc consisting of 2.08/cc less than 50
0. 77 between 50 and 100

u, and 0.307 greater than 100 p.

crystals were irregulars with several greater than 100 p.

shattering occurred on the film.
1110 hours.

u,
Most of the
Noticeable

The aircraft landed at Moses Lake at

It was confirmed after the flight that the aircraft had passed

through the tops of cumulus that

were giving snow over the Cascades.

Cloud tops and anvils were 10,000 to 11,000 ft.

During leg A of this flight the ice nucleus counter on the plane
was operated at -25C and during leg E at -24C.

counts were recorded.

A few ice nucleus
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APPENDIX A

THE ELECTRICAL PARTICLE COUNTER
by
W. H. Mach and Peter V. Hobbs

Introduction

During the past few years a detailed study has been made in this

laboratory of the spectra of electrical charges received by a solid
surface when ice particles in the air collide with it (Scott and Hobbs

IQGSBtb)’^.

During the course of this work a sensitive, solid state

electrometer has been designed which can detect the electrical charges

received by a surface due to the collision of individual cloud or

precipitation particles.

It should be noted that in order for the

surface to receive a charge it is not necessary for the particles to be

charged prior to collision since several mechanisms exist for separating
electrical charges during collision.

It appeared that if this electrometer were attached to a suitable
probe, which could be exposed to a cloud from a plane, an automatic
count of the number of electrical charges received by the probe as it

traversed a given volume of air would provide a very convenient method
for determining the concentration of particles in the cloud.

Such a

device was tested during the aircraft flights associated with the 1968-69

Cascade Field Project and in Section 3 of this report the signals

’’’Scott, W. D.

and P. V. Hobbs 1968a "The Spectra of Charging Events Due to
the Collision of Natural Ice Particles with an Ice Surface." Quart. J. Roy.
Met. Soc. 94. 510.
Scott, W. D. and P. V. Hobbs, 1968b "The Charging of Ice Surfaces Exposed
to Natural Ice Particles" Proc. Int. Conf. on Cloud Physics Aug. 1968,
Toronto, Canada.
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recorded by the electrical particle counter have been mentioned.

The

purpose of this appendix is to describe the design of the instrument,
the method of data reduction, and present an analysis of some of the re-

sults obtained during the Cascade Program.

Design of the Instrument
The electrometer circuit that was used is shown in Fig. 38.

probe consisted of a metal wire 1 mm in diameter and 7 mm long.

The
The gate

lead of the Silconix M103 MOSFET was connnected to one end of this wire and
the other end was rigidly supported.

The wire was mounted inside an

aluminum cylinder which was attached to an outer metal cylinder connected
to the fuselage of the plane (Fig. 39)

The inner cylinder was grounded

to the electrometer in order to protect the latter from random electrical

noise.

The inner cylinder could be rotated by 90 in order to shield the

wire during non-sampling periods.

Data Reduction
If two particles collide with the wire within a time interval of 6

millisec.

the change in voltage corresponding to the second collision

interacts with the voltage rise due to the first collision.
case of a very high frequency of collisions

Hence, in the

the individual voltage rises

are not referenced to the same zero voltage level.

The lack of a common

reference for all peaks means that analog comparator circuits cannot be
used for counting and sorting the pulses detected by the electrometer.

Data

reduction was therefore carried out by digital methods.
The output from the electrometer was recorded directly onto one track
of a high quality FM tape recorder.

The analog signal from the tape was

then amplified with an analog computer and cleaned with a low pass filter
with a cutoff at 2,000 Viz.

The data was then digitized at a rate of 5,000
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MOUNTING OF THE ELECTRICAL PARTICLE COUNTER
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samples per second for use with a Fortran IV programs on an IBM7094

computer.

The digital data represented the analog signal for large pul-

ses with an error of less than 5%.

However, very small pulses were not

reproduced very well because in these cases there were only a few digital
values.

Small pulses therefore appeared as low amplitude noise and were

lost in the digital counting procedure.

Method of Analysis
The Fortran IV Program was designed to recognize those voltage pat-

terns which were produced by particles colliding with the wire.

The recog-

nition and counting of these patterns was controlled by the following cri-

teria:

(a)

For a pulse to be counted it had to have a peak height greater
than a prescribed minimum value (20.5mV).

(b)

For a pulse to be counted the slope of the leading edge
had to lie between 125 and 49,900mV/ms

(c)

For a pulse to be counted it had to be in the positive direction.
Criteria (a) and (b) prevented the counting of small pulses generated

by low amplitude noise.

It was established that a pulse with a leading

edge of slope greater than 125 mV/ms were characteristic of a signal produced by a particle interaction with the wire, whereas, pulses generated

by noise had slopes smaller than 125 mV/ms.
upper limit for all pulses.

A slope of 49,900mV/ms was the

Criterion (c) allowed the computer to dif-

ferentiate between negative peaks and either the beginning of a new peak
on a decaying signal or a relative minimum.

counting of interacting pulses

This procedure allowed for the

For data which contained both positive and

negative peaks, the Fortran program was run through twice in order to count
both positive and negative pulses.

analog inversion of the data.

The latter were counted by taking an
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In order to determine the accuracy of the analyzing techniques
described above the digital values representing the analog signals were

plotted by the computer and the pulses counted were compared directly with
the analog data.

Under normal conditions the two counts were found to be

the same to within 10 per cent.

However, for conditions in which there

was

excessive overlapping of pulses the computer count was about a factor of
two less than that counted directly from the analog data.

Results

Fig. 40 shows the response of the electrical particle counter as seen
on a Brush pen recorder when flying through a completely glaciated cloud

at a temperature of about -30C.

It can be seen from this figure that the

frequency of signals is so great that the pen recorder is unable to resolve
the individual events.

It was for this reason that a tape recorder was used

to record the data.

Fig. 41 shows a comparison between the concentration of particles in a
cloud as determined by the electrical particle counter, using a tape
recorder and the digital analysis technique described above, and the concentration of ice particles as determined from simultaneous observations

made with the MRI continuous particle sampler (CPS)

In the latter case, by

arbitrary choice, only particles greater than 50 p in size were counted.
The collection efficiency was assumed to be unity for both devices.

For

_g

concentrations less than about 2 cm
counters is quite good.

the agreement between the two

However, for higher concentrations the electrical

particle counter gave smaller counts than the CPS.

It should be emphasized

that this comparison is quite crude since, as mentioned in

2 of this

report, it is very difficult to obtain an accurate measurement of the
concentration of ice particles from the CPS.

Outside cloud

100 sec
Altitude 14,400 ft.

dMr^
Halo visible

Altitude

14.600ft.

h50sec
Ice in cloud
22 holo

Outside cloud
K)

sec-

Start

Dewpoint Q .^^

Fig. 40 RESPONSE OF THE ELECTRICAL ARTICLE
COUNTER IN AN ICE CLOUD. RUN 12 C, 5 MARCH 1969
(Sections A, B, C. D of the total temperature and the dewpoint traces
are distorted due to R.F. pick-up from the airplane’s transmitter)
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Concentrotions of ice particles (cm ) greater than

50^i

in size from CPS

COMPARISON OF THE CONCENTRATIONS OF PARTICLES
DETECTED BY THE ELECTRICAL PARTICLE SAMPLER AND THE
MRI CONTINUOUS PARTICLE SAMPLER ( CPSl.
FIG. 4r
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In addition to giving the total particle count detected by the electrical particle counter the computer analysis of the data also gives the

following information:

(a)

Peak height histogram

This histogram gives the frequency of occurrence of peaks of various

heights.

Fig. 42 shows the peak height histogram for flight 12 (taken

simultaneously with CPS run 12B)

It is interesting to note that this

distribution of peak heights is approximately log-normal (see Fig. 43)
and that Scott and Hobbs (1968a) also found that the changing events as-

sociated with the collision of natural snow particles with an ice surface often followed a log-normal distribution.

(b)

Concentrations of particles versus time (or distance).
This output gives the concentration of particles

(averaged

given path length) at various points in the cloud.

over a

Fig. 44 shows

such a plot for the data obtained in flight 12 (CPS run 12B)

(c)

Histogram of particle concentrations
This gives the frequency of occurrence of particle concentrations of
various magnitudes.

Fig. 45 shows this plot for CPS run 12B; it can

be seen from Fig. 46 that this distribution is closely Gaussian. Fig.

47 shows that as the most probable density for the particles in a

cloud increases, the scatter of the densities around the most probable density also increases.

Conclusions and Future Work
The results of the preliminary field tests of the electrical particle

counter described above are encouraging.

It appears that this simple and

relatively cheap device is capable of giving detailed information in real
time on the concentration of particles in a cloud.

However, the instrument
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is in the developmental stage and many improvements still have to be made.
The two most important of these are:
1.

The shapes of the electrical pulses characteristic of ice particles

and water droplet collisions under various conditions have to be
established.

Better techniques are now being developed for reducing

the digitized data which will enable more details of the pulses to
be retained in the conversion process.

2.

A better electrometer needs to be built.

A design currently being

considered should be more sensitive to small changes in potential.

Also, the possibility of using several electrometers with wires of
different sizes is being considered.
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APPENDIX B

THE USE OF RADAR IN THE CASCADE PROGRAM
by
D. A. Wilson and Peter V. Hobbs

Introduction

In this appendix a short review is given of the results of previous
studies of the structure of winter storms on the West Coast of the United

States, and the radar data obtained in one storm over the Cascade Mountains
during the winter program of 1968-69 are described.
Previous studies of West Coast Storms
One imagines a typical West Coast cyclonic storm as generating exten-

sive stratiform cloud layers and continuous light to moderate precipitation,
but to lack the rapid changes in intensity that are associated with convective

clouds.

However, in studies of such storms in California, Nagle and

Serebreny^ found

that even though there were extensive cloud decks

within

each layer there were areas of considerably stronger radar echoes which
correlated with cellular structures as seen by satellites
duration of such cells was found to be about two hours

The local
These "cells"

tended to be oriented in special bands and several such bands were associated

with each cyclone; one of the bands was generally in the vicinity of the
cold or occluded front.

Kreitzberg1’"’1 studied Pacific occlusions over Seattle using a vertically
pointing 1. 87

He observed large variations in the clouds and

cm radar.

precipitation both within a single storm and between separate occlusions
511

J. App. Met. 1962,

^

Ph.D. Thesis, 1963, University of Washington, Seattle, Wn.

JL,

279.
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with similar synoptic features.

He concluded that there was no simple

steady-state model that would describe all the features of such occlusions.
Kreitzberg also noted that a vertically directed radar was inadequate for
studying the microphysics of the precipitation processes even when it was
supplemented by frequent radiosonde ascents.

In studies in the Santa Yuez range in California Elliot* also observed
that within large winter-time storm systems north-south oriented bands
could be observed to move across a rain-gauge network.

He also found that

the configuration of the terrain produced distortions in these bands.

Finally, Hobbs et al.’""1 in observations in winter storms over the
Olympic Mountains of Washington State noted periodic variations in wind

intensity and pressure which they associated with the mesoscale structure
of the storm systems and particularly with occluded fronts

Radar Studies in the 1968-69 Cascade Program

During the 1968-69 Cascade Program two 3 cm radars were operated (one
on the west and the other on the east side of the ridge) for the purpose

of studying the structures of the winter storms.

The radars were operated

by E G 6 G Inc. and a complete description of the results obtained will be

presented in a separate report by this organization.

Here we are concerned

only with describing the results obtained from one of the radars in a

cyclonic storm which passed over the Cascades from 7

8 February, 1969.

Two aircraft flights (Numbers 6 and 7) were made over the Cascades during this
storm

and’the

data obtained in these flights have been described in 3.

:1;

J. App. Met.

Aft

Contributions from the Cloud Physics Laboratory, Research Report 2,
University of Washington, 1968.

1966

J[,

663.
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One radar (an M-33) was located approximately 29 miles west of the
Cascade ridge at the town of Enumclaw.

The other radar (a T-9) was situated

10 miles to the east of the ridge at Cle Elum.

Both radars were calibrated

so that the power returned as a function of distance, elevation angle, and

azimuth angle could be determined.

Automatic gain control data for each

storm moving over the Cascades was recorded continuously

(except when

radiosondes were released) according to the following scheme:
1.

A mean wind vector for the cloud layer was calculated from the latest
radiosonde data.

2.

AGC profiles were taken for several elevation angles from near
horizontal to vertical for the downwind direction, 30 to the left of
the downwind direction, 30 to the right of the downwind direction, and

the upwind direction.

It took 20 to 25 minutes for each .profile and

generally only one profile was obtained for each azimuth angle between

radiosonde ascents.

Hence, the radar look at the same point in space

only once in every three hours.

It should also be noted the maximum

range of the M-33 was only about 25,000 yards so that the Cascade

ridge was not in the range of the radar at Enumclaw.
The data obtained from the M-33 radar for the storm which was over
the Cascades on 7

Figs. 48 and 49.

8 February, 1969, is plotted in two different ways in

Fig. 48 shows range-height profiles for:

1136 to 1156 hours, azimuth 75 true (downwind)

(b) 7 February, 1157 to

1216 hours, azimuth 60 true (15 left of downwind)

to 1745 hours

azimuth 25 true (downwind)

hours, azimuth 25 true (downwind)

(a) 7 February,

(c) 8 February, 1730

(d) 8 February, 1747 to 1807

Fig. 49 shows a height-time section

for the entire period for which radar data was taken in this storm (from
1200 hours on February 7 to 1810 hours on February 8)

In this figure
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the normalized power return from the vertical scan taken at the end of the

range height profile is plotted as a funcion of time.

Large gaps exist in

the data during the periods when the radar was used to track radiosondes.

In the case of the range-height plots (Fig. 48) isolines have been
drawn of equal normalized power returned.

These isolines can, of course,

only be drawn on the assumption of a steady-state situation over the

period of time that the profile was taken (15 to 20 minutes)
see later, this assumption is not always valid.
for February 7 (Fig. 48 (a) and (b)

As we shall

The first two profiles

indicate that there was an appreciable

cloud deck containing a precipitation echo.

There was only very light

precipitation falling on the ground as indicated by the near zero
reflectivity below 1,000 ft.

If the assumption concerning a steady-state

situation is correct then the two plots can be compared.

The downwind

profile shown in (a) indicates a somewhat thicker cloud and region of
precipitation than the profile towards 60 shown in (b)

However, the 60

profile has a larger area of reflectivity so that the integrated reflectivity is probably similar for both profiles

In neither case is there

any "slope" to the area of high reflectivity which would give an indication
of the trajectories of the precipitation particles

The profiles for February 8 (Fig. 48 (c) and (d)
same azimuth (downwind)

are both for the

but they are separated by about 15 minutes in time.

The profiles in this case are quite different from those of the day before.

The highest reflectivity is generally near the ground and decreases with

height.

Steady light rain was falling at the time that these profiles

were taken.

The height of the top of the precipitation echo appears to

be similar to those detected on February 7.

A large difference is apparent
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between the character of the echoes in Figs. 48 .(c) and (d)

This

indicates that the situation at this time was not in steady-state.
The height-time sections for the entire storm are shown in Fig. 49.

Isolines of equal reflectivity are drawn for periods where continuous AGC

data was available.

These profiles show that the storm was not steady-

state but that individual "cells" of heavy precipitation were continuously

passing over the radar site.

The duration of these "cells" was of the

order 1 to 2 hours (see profile from 2330 on February 7 to 0230 on

February 8 in Fig. 49)
Conclusions
The results of the analysis of the storm of February 7 to 8, 1969
over the Cascade Mountains confirm the conclusions of previous workers

that West Coast cyclonic storms contain individual cells or bands of

heavier precipitation than normal.

The duration of these cells appear

to be about 1 to 2 hours.

Because of the existence of these cells the use of conventional
3 cm radars is limited in determining the trajectories of precipitation

particles.

If more profiles on a single azimuth and single elevation

angle were taken, so that the same point in a cloud could be scanned
about every 1 to 2 minutes, then it would be possible to obtain a better
idea of the duration of the cells and also the fluctuations within

individual cells.

Doppler radars will be necessary in order to obtain detailed
information on the air motions and the trajectories of precipitation

particles in the winter storms over the Cascades.

However, the

use of

a single Doppler radar to study the motion of the particles in the

Cascade storms would also be limited by the non-steady state conditions
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imposed by the cellular structure and also by the nature of the topography.
The simultaneous use of three Doppler radars would solve most of the

problems in determining the three-dimensional fields of motion over the
width of the bands.

Two Doppler radars (one fixed and one mobile) could

also provide much useful information on the motions within the storms
and the trajectories of precipitation particles
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