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16. Abstract cont.

resemble the observed plumes; 4) no viable relationship between measured ice

particle concentrations and cloud top temperatures. The disrupting factor

was that while cold (< -25C) clouds contained high (>40 JT1) ice particle

concentrations, warmer clouds (2. -20C) exhibited both high (>40 A~1) and

comparatively low (<3 A"^) ice particle concentrations; 5) a strong growth

zone for post-frontal cumulus clouds between 30 and 65 km upwind of the

Sierra Crest. This zone was usually characterized by high liquid water

contents, more vigorous cumulus growth than elsewhere, and variable ice

particle concentrations. This growth zone may be the best target for

ice nuclei released for the purpose of increasing precipitation in the

American River Basin.

Additional studies are recommended with particular emphasis on pre-

frental and frontal conditions.
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SECTION 1

BACKGROUND AND SCOPE OF STUDY

1.1 Introduction

In October 1976 the Bureau of Reclamation (BOR) awarded the

University of Washington (UW) a contract for an airborne research

program to determine the transport and diffusion characteristics of

silver iodide particles released both from the ground and the air

over and upwind of the American River Basin (ARB) Information on

cloud structures was also required.

The ARB is located in the western slopes of the Sierra

Nevadas northeast of Sacramento and comprises the target area of the

proposed randomized cloud seeding experiment to be carried out under

the Bureau of Reclamation’s Sierra Cooperative Project. The primary

goal of the UW work, known as the Sierra Cooperative Project Trans-

port and Diffusion Study (T&D Study) was to initiate studies to

determine the best means of seeding clouds in the American River

Basin.

Field projects such as this are based upon the expectation

of a reasonable number and variety of weather events during the period

of measurements. However, this expectation was to be largely denied

in the winter and spring of 1976-77 as a massive and tenacious region

of high pressure aloft continued to shunt Pacific storms far to the

north week after week, resulting in the driest winter ever recorded

for central and northern California (creating, in the words of the

National Weather Service, "the greatest weather related disaster in

terms of dollars in the history of the United States")
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As a result, during the first two weeks (January 9 through 22)

of the six-week field period there were no representative storms, and

during the second field period (February 24 to March 24) there were

only minor frontal passages. Nevertheless, we did obtain a good set

of transport and diffusion measurements and cloud microphysical meas-

urements in post-frontal showers. Hence, we can provide a reasonably

good description for this sub-set of the Sierra precipitation climatology.

1.2 Scientific Objectives

The scientific objectives for this field program were four-fold:

Define under as representative and widely varying conditions

as possible the characteristic transport and diffusion patterns associ-

ated with Sierra storm occurrences. This was to be accomplished by

making ground releases of silver iodide (Agl) and a tracer gas, sulfur

hexafluoride (SFg) from a sample of predetermined sites (shown in

Fig. 1.1) Airborne releases of Agl and SFg were also to be under-

taken. The purpose of the tracer gas was two-fold: to improve plume

definition and to aid in the differentiation of the UW study plume

and those which might emanate from the many other operable Agl

generators to the south (associated with Pacific Gas and Electric

of San Francisco and Sacramento Municipal Utility District’s seeding

programs)

An important subsidiary investigation involved airborne

sampling for extraneous ice nucleus sources which might act to reduce

the difference between seeded and non-seeded days.
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Provide airborne precipitation measurements, and equivalent

radar reflectivity computations from those measurements, as a link

in a comparison to be performed by the Sierra Cooperative Project

radar contractor. North American Weather Consultants, of their

Sheridan radar reflectivities, airborne precipitation rates, and

measured precipitation on the ground.

A third major objective was to assess whether the structures

of clouds over and upwind of the Sierras are such that seeding with

artificial ice nuclei is likely to increase precipitation.

A fourth objective was the comparison of BOR tank model plume

trajectory predictions with those of the plumes observed in the field.

1.3 Organization of the Report

In the following section operating criteria and procedures

are discussed. Section 3 details the airborne instrumentation system

and ground support data sources. Section 4 examines the T&D data in

chronological order with comments relative to the accuracy of tank

model studies. Section 5 discusses the Z-R calculations Section 6

reports on the microphysical observations; and recommendations for

future studies are contained in Section 7. Summaries and Conclusions

from the complete study are contained in Section 8.
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SECTION 2

FACILITIES AND INSTRUMENTATION

2.1 Introduction

Following the award of the Sierra T&D study contract to UW a

search for facilities in or around Sacramento was begun. Three lo-

cations were primary considerations. These were Sacramento Executive

Aviation Airport, located just on the southern city limits; Sacra-

mento Metropolitan Airport, located 15 miles northwest of the city;

and a BOR suggested location, Beale Air Force Base. The latter

location, just north of the Sheridan radar site, had the major ad-

vantage of nearness to the ARB.

However, without exhaustive details on the trials and tribu-

lations of site selection and re-selection, it will only be reported

that Sacramento Executive Airport became the chosen airport and our

operational headquarters were established at the Sheriff’s Air

Squadron Building.

Sub-contracts were established with Science Application Inc.

(SAI) of La Jolla, California, for the supply and operation of the

SF^ release and detection devices and with Atmospherics, Inc. (AI)

of Fresno, California, for the supply, calibration, and ground

release of the ammonium complexed Agl solution.

2.2 The Detection Aircraft and Equipment

The principal aircraft which was used in this study was the

University of Washington’s B-23. This aircraft satisfied all the

requirements listed in 3 of the RFP. Moreover, we have found from



over 10 years of experience of flying various aircraft (Sabreliner,

Queenaire, Cessnas, etc.) in West Coast winter storms that the B-23

is one of the few aircraft available which can fly safely for extended

periods of time in the severe icing conditions which are a common

feature of these storms.

The B-23 served as the detector aircraft during the tracer

(Agl and SFg) studies and also as the aircraft from which detailed

microphysical measurements were obtained. The instrumentation aboard

the B-23 for the Sierra T&D Study is shown in Fig. 2.1. Of particular

usefulness during the project were the capabilities to measure

horizontal winds (Doppler navigation) vertical air velocities

(variometer) ice nuclei (NCAR counter plus Millipore filters) and

cloud and precipitation structure (three PMS probes. University of

Washington automatic ice particle counter, Formvar replicator, metal

foil impactor, etc. ) The only additional instrument utilized in

this project was a detector for the SF(, tracer. In addition to the

pilot and co-pilot, one or two University of Washington scientists

and an SAI scientist accompanied all flights of the B-23; a BOR

scientist was also on most of the flights.

Data analysis and display on the B-23 aircraft was handled

with a Computer Automation’s minicomputer which Interacts with a

Calcomp Floppy Disc. Data is also recorded on magnetic tape (31

fast channels and 32 slow channels) a 6-channel high speed chart



Fig. 2.1 Plan view of instrumentat ion aboard the University of Washington’ s
Douglas B-23 ai rcraft. Key on next page.



Caption for Figure 2.1 Locations o crew and research instruments on the
University of Washington’s B-23 aircraft.

1-2 Pilot and co-pilot 5 Instrumentation Monitor
2 Observer 6 Flight Director
4 Instrumentation Engineer

A 5 cm gyrostabilized weather radar
B Rosemont airspeed, pressure altitude .and total temperature probes,

MRI-turbulence probe and electronics, J-W liquid water probe, angle
of attach sensor

C VOR-DME slaved position plotter; research power panel (2 KW 110V 60 Hz;
1.5 KW 110V 400 Hz; 3:50 amps 28V dc)

D Electronic controls for J-W liquid water indicator, reverse housing
thermometer, electrical cloud particle counter and dew point thermometer,
time code generator and time display, WWV time standard receiver, TAS
and T analog computers, signal conditioning amplifiers, audio signal
mixers, FSK time-share data multiplexers (63 channels) and turbulence
analog read-outs, Doppier horizontal winds

E Minicomputer (16 bit word 16k word capacity) computer interface to
instrumentation, remote A-D converter, keyboard and printer

F Analog tape recorder (7 track, 1/2") and high speed, 6-channel analog
strip chart recorder

G Inlet for isokinetic aerosol sampling
H Aircraft oxygen, digital readout of all flight parameters, dew point

sensor, time code reader and time display, heated aerosol plenum
chamber, vertical velocity, Millipore filter system

I Aerosol analysis section containing: integrating nephelometer, Whitby
aerosol analyzer, Royco particle counters, automatic condensation
nucleus counter, automatic bag sampler, BOR sequential and rotational
ice nucleus filter systems

K PMS axially scattering spectrometer (small droplet probe) vertically
mounted

P Reverse flow static temperature probe
Q Automatic ice particle counter and metal foil hydrometeor impactor
R Continuous Formvar replicator
U Radar altimeter
W Instrument vacuum system (consists of four high capacity vacuum pumps

connected individually to the cabin)
X Anisokinetic large volume aerosol sampler
Y PMS optical array precipitation spectrometer. PMS optical array cloud

droplet probe.
Z NCAR ice nucleus counter

SFg sensing device
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recorder which provides a hard copy of any six of the 63 data channels,

a digital printer for providing a hard copy of any six of the 63 data

channels, a digital plotter and a storage oscilloscope. On the ground

a mobile operational computer system provided final processing and

digital display of all the aircraft data within a matter of minutes

of landing.

The SF/ sensing device, which operates on the principle of gas

chromatography, had the unfortunate property of being sensitive to rather

small and rapid changes in pressure which can cause very erratic readings.

The result was an unrecoverable trace from the chart recorder during

the most turbulent (and from the goals of the T&D program, the most

interesting) flights thus greatly compromising its utility. An example

of such a trace is shown in Fig. 2.2.

Also aboard the B-23 for this program was the NCAR (Langer)

Acoustical Ice Nucleus Counter. This robust instrument has been

described elsewhere and it will only be noted that one malfunction

of a few minutes duration during flight 542 marred an other-

wise satisfactory performance. However, the Counter functioned at

lower temperatures when airborne than at sea level, where it was set

for -20C. This meant that airborne measurements of ice nucleus

counts were made at -24 to -26C. No in-flight servicing was able to

raise the temperature to the desired -20C.

2.3 The Release Aircraft and Equipment

The release aircraft was a Cessna-207. This aircraft is the

most commodious single-engine light aircraft in current production



I
Fig. 2.2 Example of an SF^ detection instrument trace during a turbulent fl ight. |

I
I
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and was an ideal companion for the B-23 since it has some similar

flight characteristics. However, unlike the B-23, the Cessna-207

could not fly for long periods of time in icing conditions. It was

therefore used for dispensing Agl and SF., tracer material in non-

storm conditions; in storm conditions it was used to dispense these

materials along the upwind edge of the main cloud layers which formed

over the target area. In addition to the pilot, a University of

Washington scientist accompanied all Cessna flights.
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SECTION 3

OPERATIONAL PROCEDURES

3.1 Introduction

Shortly after letting of the T&D contract a work plan was put

together by the UW aimed at delineating individual responsibilities

and establishing a hierarchy.of decision making in order to

accomplish project goals with the greatest efficiency during the

six-week field period. Some of the elements of this work plan are

discussed below.

3.2 Weather Briefings

Daily weather briefings were prepared by the UW Flight Meteor-

ologist each morning between 0700 and 0800 PST and presented to

project personnel each day about 0830 PST. Following the briefing,

release sites (ground or airborne) for SFr and Agl were selected in

consultation with BOR personnel. In general, days on which releases

were made were in accordance with the UW Work Plan Decision Flow

Diagram shown in Fig. 3.1.

Occasionally pre-dawn flights were made as extraordinary

release and sampling opportunities presented themselves in the form

of frontal passages.

3.3 Ground-based Personnel

Field personnel were deployed to the selected ground release

sites after the weather briefing except in unusual cases as noted

above when planning and coordinating activities the previous evening

permitted the field personnel to travel to the release site well

before aircraft takeoff.
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Fig. 3.1 UW Decision Flow Diagram for the Sierra T&D Study.
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Pilot balloons were routinely launched from the ground release

sites and wind data were then relayed to the UW Flight Scientist aboard

the B-23. These pilot balloon data are incorporated into the analysis

of the T&D data.

Logs of general weather conditions, start and termination of

releases and levels of releases were also maintained by the UW field

personnel.

A UW scientist was also assigned to the radar site at Sheridan.

This person communicated pertinent radar echo information on the drift

of chaff drops or weather echoes. However, a systematic malfunction

of the radar transponder display equipment on the Sheridan radar

limited the usefulness of the UW personnel there.

3.4 Airborne Tracking of Ground Releases

Coordination of UW ground and airborne personnel via radio

provided initial information on plume drift from the site. Following

the location of the site by the aircraft crew, one and often two

tight circles several hundred feet above the terrain were navigated

with plume intercepts noted. Once the drift of the plume was estab-

lished, a perpendicular angle of attack ensued on each subsequent

intercept. With rare exception, the path perpendicular to the plume

continued until the NCAR Acoustical Ice Nuclei Counter had returned

to near background levels. This long cross-plume trajectory ensured

that any branching or other spatial variability of the primary plume

was not missed. Sampling heights generally increased gradually

downwind with emphasis on monitoring the vertical dispersion of the

plume. Sampling continued until flight conditions dictated a



-10-

different strategy, such as when cloud bases and FAA Minimum Vector

Altitudes (MVA’s) required large changes in elevation, or (on stable

days) when little utility of prolonged tracking was indicated, or

until the plume had passed over the Sierras.

Releases of SF(- were generally made at the SAI recommended

rate of 25 Ibs per hour, however, early in the program the releases

were up to 50% greater. The release on the last field day was also

made at the higher level.

The portable ground-based Agl generator supplied by Atmospherics,

Inc. was preset to operate at 40 g hr"1. A plot of the nucleating

activity of the ammonium complexed Agl supplied by AI is shown in

Fig. 3.2.

3.5 Airborne Releases and Tracking

An integral part of the T&D study was the tracking of air-

borne released materials (Agl and SFg) Unquestionably this posed

the most difficult aspect of the T&D study and resulted in several

misses in attempts to intercept the plume. Additionally, another

planned release on a storm day was aborted after coordinating dif-

ficulties with an FAA Air Traffic Controller unfamiliar with the

experiment.

The procedure for making the airborne releases was as follows.

The release aircraft ascended to the desired level of release,

within visual contact of the B-23, for a check of altimeter settings.

Thereafter, the release aircraft proceeded to a previously designated

location and upon command burned one or more Colspan Model 600-001

pyrotechnic Agl flares. These flares emit 64 grams of silver iodide



EFFECTIVENESS ( Crystals/gm Ag )

Nucleating activity of the ground-released (Atmospherics, Inc..)-.
Agl and airborne-released (Colspan Model 600-001 Agl
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during a nine-minute burn. Usually a second burn of one or more

flares was requested. Search from the B-23 for the released plume

began upon departure of the Cessna-207 from the release point. A

five nautical mile separation of aircraft was maintained even in

VFR conditions. Repeated traverses perpendicular to the intercepted

plume were made at various elevations and at the release level to

establish the dilution and vertical dispersion of the plume.

Nucleating activity of the Colspan flare is also shown in

Fig. 3.2.

3.6 Logs of Flight Activity

Tables 3.1 and 3.2 list the particulars of B-23 and Cessna-

207 flights conducted in support of the Sierra T&D study.



TABLE 3.1
SUMMARY OF OPERATIONAL FLIGHTS

BY THE UNIVERSITY OF WASHINGTON (B-23 AIRCRAFT)
FOR THE SIERRA PROJECT IN 1977

I
DATE I

1/5

1/9

1/10

1/11

1/12

1/13

1/15

1/19

1/21

1/21

1/22

2/8

IW
FLIGHT N

517

518

519

520

521

522

523

524

525

526

527

528

’0. TIMES (PST)

1060-1706

1133-1615

1623-1810

1413-1745

0750-1213

1214-1739

1256-1558

1105-1230

1016-1319

1531-1913

1530-2015

1117-1249

TYPE OF FLIGHT

Test

Ferry

Test

T&D

T&D with Z-R microphysical
measurements.

T&D

T&D

Test

Z-R microphysical
measurements.

T&D with microphysical
measurements.

Ferry

Test

REMARKS

Equipment check

Seattle Sacramento

Equipment checkout and reconnaissance of American River Basin.

Ground releases. Spurious SF/. plume indications.

Ground release from G-5, flight terminated early due to
chaotic low-level winds.

Ground and airborne releases from G-l. Spurious plume
indication in the SFr recorder.

Ground release from G-13.

Checkout of SF,. detection capabilities aborted when
SFg combustor would not ignite.

Minimal precipitation episode associated with thick middle
and high clouds.

Airborne release in light precipitation and light winds.
INC counter output malfunctioned.

Sacramento to Seattle.

Seattle test of ice particle counter and ice nucleus counter.
Plotter also adjusted.

2/23 530 1325-1758 Ferry Seattle to Sacramento.



TABLE 3.1 cont.
SUMMARY OF OPERATIONAL FLIGHTS

BY THE UNIVERSITY OF WASHINGTON (B-23 AIRCRAFT)
FOR THE SIERRA PROJECT IN 1977

DATE

2/24

2/25

2/28
measurements.

2/28

3/1

3/7

3/9

3/9
measurements.

3/12

3/12

UW
FLIGHT NO.

531

532

533

534

535

536

537

538

539

540

TIMES (PST)

1220-1346

1446-1827

1113-1335

1527-1847

1351-1741

1236-1912

0515-0908

1010-1354

0810-1202

1701-1856

TYPE OF FLIGHT

T&D

T&D

Z-R microphysical

T&D

Extraneous
nuclei search

T&D

T&D with Z-R
microphysical measurements.

T&D with microphysical

T&D with Z-R
microphysical measurements.

Z-R microphysical
measurements.

REMARKS

Aborted due to B-23 left generator failure.

Airborne release of SFr and Agl. Frequent spikes in SF-.
recorder believed spurious due to absence of Agl.

Terminated prematurely due to failure of primary VOR system
during in-cloud flight. No T&D data.

Ground release from G-21.

No indications of significant ice nuclei sources. Some
in-cloud microphysical measurements.

Airborne and ground releases. Ground release was from G-21.

Sharp frontal passage, no definite indications of plume
intercept from ground release at G-9/12.

Airborne release in heavy cumulus.

Weak frontal passage, no definite indications of Agl
plume intercept from ground release at G-13.

Planned airborne release was aborted due to coordination
problems with FAA. Brief Z-R run up Blue Canyon in
heavy convective build-ups.

3/13 541 1013-1305 T&D with Z-R
microphysical measurements.

Ground release from G-7.



TABLE 3.1 cont.
SUMMARY OF OPERATIONAL FLIGHTS

BY THE UNIVERSITY OF WASHINGTON (B-23 AIRCRAFT)
FOR THE SIERRA PROJECT IN 1977

UW
FLIGHT NO. TIMES (PST) REMARKSTYPE OF FLIGHT

542 0829-1506 T&D Airborne releases tracked a short distance then lost,
Ground release from G-2.

543 1243-1756 T&D

544 1451-1907 T&D
Estraneous nuclei

545 1200-1810 T&D with Z-R
microphysical measurements.

546 0930-1337 Ferry

SFr detector expired.

Last of extraneous nuclei sources checked.
Ground release from G-ll.

Ground releases from G-l and G-9/12.

Sacramento to Seattle.



TABLE 3.2
SUMMARY OF OPERATIONAL

BY UNIVERSITY OF WASHINGTON
FOR THE SIERRA PROJECT

FLIGHTS
(CESSNA 207)
IN 1977

1
1
1
1
1
1
1
1
1
1
1
1

DATE

1/6

1/6

1/7

1/7

1/8

1/9

1/10

1/12

1/13

1/16

1/19

1/21

1/21

2/25

2/25

UW
FLIGHT

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

N0. TIMES (PST)

(1 hr)

(1 hr)

(1 hr)

(1 hr)

(1 hr)

1130-1704

1619-1752

1509-1548

1436-1722

1245-1437

1102-1243

1055-1215

1528-1815

1108-1142

1445-1708

TYPE OF FLIGHT

Test

Test

FAA checkout.

Test

Test

Ferry

Test

Test

Airborne release.

Test

Test

Test

Airborne release.

Test

Airborne release.

REMARKS

Test of instrument pod.

Test of instrument pod
and flare rack.

Orientation of crew. Determination

of climb capability of aircraft

(18 min to 10,000 ft)

Calibration of instruments

To Sacramento.

Calibration check.

Test of air data converter.

Agl and SF(, release site

320/35 Sac.

Communications check with radar.

Chaff release 330/25 Sac.

DME equipment, FM radio check.

Agl and SF^ release site 320/35
at Sac. 8000 ft.

Aborted. 28 V alternator
not charging.

Agl and SF^ release site
270/30 Tahoe.

1109-1154 Airborne release. Aborted. 28 V alternator
not charging.



TABLE 3.2 cont.
SUMMARY OF OPERATIONAL FLIGHTS

BY UNIVERSITY OF WASHINGTON (CESSNA 207)
FOR THE SIERRA PROJECT IN 1977

UW
DATE FLIGHT NO. TIMES (PST) TYPE OF FLIGHT

3/7 17 1230-1547 Airborne release Two Agl and
060/30 and

3/9 18 0619/0703 Airborne release Aborted, di
gyrocompass

3/9 19 1002-1354 Airborne release Agl and SF^
at 8500 ft
Sac. Chaff

REMARKS

SF(. release sites:
060/35.

rectional
failed.

release sites 035/25
and 240/30 at 9000 ft
drop with both.

1
1
1
1
1
1
1

3/12 20 1655-1835 Airborne release Coordination problem with FAA
controller regarding aircraft
separation.

3/15 21 0826-1142 Airborne release

3/17

3/19

3/24

22

23

24

1100-1200

1416-1700

0950-1410
1500-1810

Test

Airborne release

Ferry

Two Agl and SF^ release sites:
070/40 at 8000 ft Taho-’e, 180/40
at 8000 ft Tahoe. Chaff release
second time.

Radio check.

Agl and SF^ release site 270/10
at 12.000 ft Tahoe.

To Seattle.
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SECTION 4

TRANSPORT AND DIFFUSION CASE STUDIES

4.1 Introduction

Presented in chronological order in this section are the 13

UW flights involving ground and/or airborne releases of tracer

materials which were detected and tracked from the B-2 3 aircraft.

These discussions incorporate a description of the surface, 850 and

700 mb pressure (or height) configurations, presentation of stability

and wind data taken during the flights, depiction of the vertical

and horizontal distribution of Agl and SF^, a statement of applicability

to the proposed cloud seeding experiment, and comments on the

accuracy of Falvey and Dodge’s (rough draft 1977) tank model pre-

dictions of plume trajectories. The three simulated stability

classifications which these workers have used in their model studies

are shown in Fig. 4.1.

4.2 Tracer and Diffusion Case Studies

4.2.1 UW Flight 520: 11 January 1977 (1413 1745 PST)

This flight was conducted on a day in which the northern

Sierras lay on the southern periphery of the westerlies and the

surface pressure configuration was dominated by a large region of

high pressure centered over Idaho (Figs. 4.2-4.4) Dense fog filled

the Sacramento Valley to a depth of 2000 ft MSL; this was overlain

by warm and extremely dry air.

Two release sites were utilized on this day: G-5 (Weimar)

and G-l (Blue Canyon) at 2100 ft and 5300 ft MSL, respectively.





a-M^-^ T /.Ob ^’^l^51

o’oo
*40
,RBL

kl \ 203;-n\\ ^_MYV

^,nSNS\ 40

FI(S 40.
SU R FACE C HA R T

’--^>’

-^L-ix

^,00 P^T Cnn Gf^Tl



I
I
I
I
I
I
I
I
I
B
I
I
I
R
I
I



I

I
I
i

I
I
I
I
I
I

I
I

I
J



G-5 lay at the base of the inversion capping the fog (Fig. 4.5) while

G-l lay well above the inversion where the lapse rate was approximately

equal to the pseudo-adiabatic rate.

Analysis of the vertical and horizontal distributions of the

materials released from the ground from G-5 reveal a strongly sup-

pressed plume in the vertical due to the extremely stable lapse rate,

and a meandering plume pattern associated with the light, variable

winds (Figs. 4.6, 4. 7) These data probably have little applica-

bility to weather conditions expected during cloud seeding situations.

Sampling in the vicinity of release site G-l also showed a

plume strongly suppressed in the vertical, such that only one inter-

cept of the Agl plume was made (Figs. 4.8, 4.9) It is believed />

that the vertical dispersion was suppressed due to the stable lapse

rate and reduced surface heating associated with the 1 ft of snow

cover remaining from early January storms.

If any relevance to cloud seeding operations can be gleaned

from this case, it is that pseudo-adiabatic lapse rates need further

investigation during moist conditions

A striking agreement with Falvey and Dodge’s tank model study

for the case of "pre-storm ground seeders with a deep inversion" is

indicated by comparing Figs. 4. 7 and 4.8 with Fig. 4.10.

4.2.2 UW Flight 521: 12 January 1977 (0750 1213 PST)

This flight took place as the remnants of a cold frontal cloud

band passed over Sacramento and produced intermittent, very light

rain for a few hours near dawn. The rainfall in the Valley was less

than 0.05 inches.
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Fig. 4.7 Horizontal distribution of Agl
as encountered during flight 520,
11 January 1977. The release site
was G-5 (Weimar).
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Fig. 4.8 Horizontal distribution of Agl as observed during flight 520,
11 January ’1977. Release site was G-1 (Blue Canyon)
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As can be seen from the surface chart (Fig. 4.11) the cold

front remnant was so diffuse as to not be recognizable within flat

pressure gradients and associated light winds. At 850 mb (Fig. 4.12)

a pattern of west to southwest flow begins to emerge, but it is not

until 700 mb (Fig. 4.13) that this is clear and the gradients are

"firmed up".

The forecast winds for release site G-5 (Weimar) were light

and upslope (westerly) but verified as chaotic with a west to south-

west drift. This resulted in a truncation of the B-23 flight period.

The horizontal and vertical plots of the Agl plume from G-5 are

shown in Figs. 4.14 and 4.15.

A portion of this flight was also spent on a cursory check of

Sacramento Municipal Utility District (SMUD) generator plumes.

Eight sites were in operation at the time of the overflight. Ice

nucleus plumes were encountered on three occasions. While positive

identification of the sources is not possible, because of the chaotic

and light winds, it is believed they originated from G-23 (Baltic

Ridge) at 4400 ft MSL and G-16 (Iron Mtn.) at 5900 ft MSL. The

sparse ice nucleus counts suggest that the flight level during

these exploratory passes was near the top of the Agl plume for

these sites and above the top of the Agl plume for the several other

sites in the vicinity. An examination of the B-23 sounding data

(Fig. 4.16) shows that the lapse rate was approximately equal to the

pseudo-adiabatic lapse rate or somewhat less during this period.

Tank model studies for the case of "pre-storm with deep

inversion" is in good agreement with the observed plume behavior as

can be seen by comparing Fig. 4.14 with Fig. 4.17.
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4.2. 3 UW Flight 522: 13 January 1977 (1214 1739 PST)

Moderately strong and dry northwesterly flow and stable

temperature stratification (Figs. 4.18 4.21) characterized the

conditions under which this flight was conducted. The release site

on this day was G-l (Blue Canyon) A temperature inversion existed

just above the release height level and had a pronounced effect on

the vertical dispersion of the Agl, as indicated in Fig. 4.22. The

horizontal distribution of the Agl is shown in Fig. 4.23. Flow

virtually parallel to the synoptic flow at 850 and 700 mb is indi-

cated, in agreement with pibal winds from the site (Fig. 4.24)

Inspection of the tank model case of "pre-storm with a deep

inversion, 305 wind"(Fig. 4.25) shows good agreement with the ob-

served plume behaviors.

4.2.4 UW Flight 523: 15 January 1977 (1256 1558 PST)

High pressure at the surface and aloft, and light north-

westerly flow at 850 and 700 mb (Figs. 4.26-4.28) characterized the

synoptic pattern on this flight. A warm, very dry, and isothermally

stratified air mass overlay the Sacramento Valley and immersed the

ground release site of G-13 (Slate Mountain) at 3800 ft MSL (Fig. 4.29)

Virtually no vertical dispersion of the Agl was observed after 30 km

travel (Fig. 4.30) while the horizontal distribution showed a meander-

ing pattern to the right of the indicated winds (Fig. 4. 31) Pibal

winds from the release site are displayed in Fig. 4. 32)

Several SFc measurements were made during this flight. The SF5

indicated plumes were a half or less in width than those indicated by

the Agl measurements. We consider that on this day the SF^ plume was

probably more reliable than the Agl for within a few km from the re-

lease site but unrealistically narrow at the last measured point about

9 km downwind.
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The tank model predictions of plume trajectories to the right

of the synoptic streamlines is verified for the case of "pre-storm

with deep inversion, 305 wind" (Fig. 4.33)

4.2.5 UW Flight 532: 25 February 1977 (1446 1827 PST)

This airborne release test flight was conducted in the dry

northerly flow around the eastern shoulder of a high pressure area

at the surface and aloft which lay west of California (Figs. 4.34-

4.36) Sounding data from the B-23 are plotted in Fig. 4.37 and show

the lapse rate was conditionally unstable.

The vertical and horizontal distributions of silver iodide

encountered during this flight are shown in Fig. 4. 38 and 4.39,

respectively. Difficulties were encountered in tracking this plume

between 20 and 40 km. It appears in retrospect that this may have

been due to "looping" characteristics of the plume. In apparent

conflict with this interpretation is the contrail-like narrowness

of the plume (Fig. 4. 39) A possible interpretation is that this

narrowness resulted from our sampling only the top of the plume

at 44 and 53 km downwind. While the evidence could be stronger, it

appears that an airborne release conducted in an environment where

the lapse rate is greater than the pseudo-adiabatic rate resulted

in a well-mixed plume.

No tank model data for this flow are available.

4.2.6 UW Flight 543: 28 February 1977 (1527 1847 PST)

UW 534 was the second flight of the day and it took place as

a southeastward moving trough moved into California following a cold

frontal passage during the morning (Figs. 4.40-4.42) The post-frontal
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clouds consisted of scattered cumulus and stratocumulus over the

Sacramento Valley, which became broken to overcast with heavy cumulus’

and shallow cumulonimbus and snow showers over the Sierras. The

release site for SF(. and Agl was G-31 (Mt. Aukum) Surface winds at

this site were westerly at 25 knots during the release. Pibal re-

leases showed that the winds remained at 25 knots through the first

two thousand feet but decreased above that level and turned to slightly

north of west (Fig. 4.43)

Figures 4.44 and 4.45 show clearly this was a case of large

vertical and horizontal dispersion, with ice nuclei sampled in

significant numbers and far enough upwind of the crest at low enough

temperatures to probably affect precipitation on the upwind side of

the crest. Under these conditions of cloud, wind and neutral stabil-j

ity (Fig. 4.46) sites such as G-21 (Mt. Aukum) G-27 (Mt. Zion)

G-17 (Log Town Ridge) G-14 (Chrome Ridge) G-9 (Mt. Ararat) G-12

(Flagstaff Hill) G-5 (Weimar), G-4 (Buck Mountain) and G-2 (Pilot Peak)

would appear to be suitable silver iodide release points.

It should be pointed out that some factors favored exceptional

vertical dispersion for this case and that these factors may be less

favorable during many post-frontal precipitation episodes. These

factors were rather low 500 mb temperature (-28.4C at Fresh Pond at

1400 LST) which is indicative of great instability, and the lack of

substantial mountain snow cover (with subsequent reduction of albedo

and surface wetness) Nevertheless, the results of this flight are

encouraging from the point of view of the vertical dispersion of

materials released from ground sites in post-frontal conditions.
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The tank model simulation of "during storm, ground seeders

275 wind" is again accurate in depicting plume trajectory as com-

parison of Figs. 4.45 and 4.47 will show.

4.2.7 UW Flight 536: 7 March 1977 (1236 1912 PST)

This flight occurred as a weakening frontal system, extending

from a deep low pressure center near the Washington Coast, moved into

northwestern California (Figs. 4.48-4.50) The Agl and SF^ releases

from G-21 (Mt. Aukum) were made under broken to overcast cirrus. A

few stratocumulus were visible to the north and the winds were mod-

erate (10-15 knots) and southwesterly at the surface (Fig. 4.51)

Sounding data from the B-23 (Fig. 4.52) indicated an inversion

between 2400 and 3400 feet MSL. This stable layer apparently inter-

sected the release site at Mt. Aukum, elevation 2600 feet MSL.

Surface heating at the release site apparently eliminated this inversion

as a well-mixed plume is indicated up to the altitude of a second

shallow stable layer which halted the vertical dispersion at that

point. The lapse rate through this depth was conditionally unstable.

The trajectory of the plume (Fig. 4.54) was aligned with the

850 mb gradient flow, but was noticeably directed more to the north

than would be indicated by the 700 mb flow. This trajectory is in

good agreement with the tank model data for "during storm, ground

release, 245 wind" (Fig. 4.55)

4.2.8 UW Flight 536: 7 March 1977 (Airborne portion)

Agl was released from the Cessna aircraft and tracked with the

B-23 on this day as a cold front moved across northern California

preceded by a sheet of thick, high cloud. Moderately strong south-

westerly flow (exceeding 15 m s"1 at 700 mb) was established over
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Fig. 4.54 Horizontal distribution of the Agl plume
as measured during flight 536, 7 March 1977.
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the American River Basin during the flight period (Figs. 4.48-4.50)

The horizontal and vertical dimensions of the Agl plume are

shown in Figs. 4.56 and 4.57. A remarkable feature of this case was

the limited amount of vertical mixing observed after nearly 60 km of

plume travel as seen in Fig. 4.57. This lack of dispersion is sup-

ported by the observation of high ice nucleus counts at this distance.

Sounding data from the B-23 (Fig. 4.52) indicate that the

lapse rate in the cloud-free air was approximately pseudo-adiabatic.

This stable condition was probably the primary reason for the small

amount of vertical mixing of the Agl.

In spite of the vigor of the westerly winds on this day, the

damping of the dispersion by the stable thermal stratification renders

this day of questionable applicability to Sierra storm days where the

same lapse rate concommitant with cloudiness would pose a very differ-

ent dispersion scenario due to the release of latent heat. However,

this case suggests that in-cloud lapse rates which are less than the

pseudo-adiabatic rate will experience suppressed dispersion. This in

turn means that airborne seeding, likely to be implemented under

stable in-cloud lapse rates, will result in localized overseeding of

portions of the cloud system even when the release point is as much

as 60 km upwind (as noted by the excessive concentrations observed

in Fig. 4.56 at that distance)

Plume trajectory strongly resembles the predicted tank model

plume for "post-storm, 245 wind" and "during storm, 245 wind" (Figs.

4.58, 4.59)
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4.2.9 UW Flight 537: 9 March 1977. 1st Flight of Day

Ground Release (0515 0908 PST)

This pre-dawn flight was conducted during the passage of a

sharply defined, southeastward-moving cold front across the Sierras

(Figs. 4.60 and 4.61) Passage of the accompanying upper trough

occurred during the day (Figs. 4.62-4.65)

The weather during this flight was rainy with deep nimbostratus

and lower stratus fractus intersecting the Sierra foothills below

1500 ft MSL. As a result, minimum Vector Altitude flight levels

were required during the flight. In the area of concern downwind

from the Pilot Hill release site (G-9/12) this meant sampling could

not be conducted at elevations below 10,700 ft. Only a few ice

nuclei were encountered during the search portion of the flight,

rendering designation of these "plume entities" questionable.

The origin of these possible Agl counts shown in Fig. 4.66

is equally enigmatic. The surface charts indicated a well-developed

southeast wind in the Sacramento Valley, and our Agl operator at the

G-9/12 (Pilot Hill) release site reported gusty southeast winds and

moderate rain. It is therefore concluded that these possible Agl

counts may have originated from G-14 (Chrome Ridge) or G-15 (Baltic

Ridge) but did not originate from the Pilot Hill site. It should

be pointed out that these suspect plumes involved about five ice

nucleus counts per occurrence. The vertical location of these nucleus

intercepts are shown in Fig. 4.67. The possibility that the nuclei

originated from site G-14 (Chrome Ridge) is given support by the

tank model case for "during storm, ground seeders, 245 wind" (Fig. 4.68)
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Examination of sounding data from the B-2 3 for the period

immediately preceding frontal passage (ascent portion of the flight)

and immediately following frontal passage (descent portion of the

flight) in Fig. 4.69 shows that the lapse rate below 7000 ft MSL

remained approximately pseudo-adiabatic while cooling aloft virtually

eliminated two inversions between 7000 and 9000 ft MSL during the

’four-hour flight. A marked windshift accompanying the front is

also evident from the B-23 Doppler wind data.

The significant decline in elevation of the -10C isotherm,

as shown in Fig. 4.67, indicates the probability of successful

targeting of the nucleant fallout on the western slopes of the

American River Basin was substantially increased following frontal

passage.

Field verification of nucleus targeting for cases such as

this is apparently not possible because the plume may not reach

aircraft sampling elevations under Minimum Vector Altitude flight

levels, or it is consumed by the cloud system through precipitation

formation, washout or deposition. Mobile ground sampling might help

on days such as this.

Note that the SMUD generator (G-14) may have been seeding

an area considerably farther north than its target area northeast

of site G-ll. This further leads to a high probability that con-

tamination of randomly drawn non-seeded days is likely in the

absence of operational constraints on cloud seeding to the south

of the ARB during similar synoptic situations.
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-22-

4.2.10 UW Flight 538: 9 March 1977. 2nd Flight of Day

Ground Release (1010 1354 PST)

This was the second flight of the day on March 9. It was

conducted in post-frontal conditions characterized by brisk westerly

winds (Fig. 4.70) steep lapse rate, and an abundance of orographic

cumuliform cloudiness. The synoptic conditions at the surface,

850, and 700 mb.

Fig. 4. 72 shows the horizontal distribution of the Agl plume

released from site G-9/12 (Pilot Hill) under these conditions. As

would be expected under strong winds and great instability, no

deviation of the plume trajectory is observed even though the winds

are impinging perpendicularly to the barrier. The plume dispersal

pattern strongly resembles that shown by the tank model studies for

the case of "during storm, ground seeders, 275 wind" (Fig. 4. 73)

The vertical distribution of Agl encountered during this

flight is shown in Fig. 4. 74. A strongly mixed plume is indicated

by the low ice nucleus measurements obtained, from very near the

source to 30 km downwind at which point sampling was terminated.

[The termination of the sampling at this point was brought about

because of the Minimum Vector Altitude assignment in this region

(as determined by the FAA) this meant flying above the relatively

shallow clouds.

Two areas of concern originate with this case. First, the

desirable characteristic of having a well-mixed plume appears to

have resulted in the paradox of having too few artificial ice nuclei
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Fig. 4.70 Pibal data for 9 March 1977.





Fig. 4.72 Horizontal distribution of Agl as observed during fl ight 538, 9 March 1977.
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to produce a significant effect on the precipitation at or near the

point of cloud entry. However, it is also possible that this was

the result of the B-23 aircraft missing high-concentration, looping

"puffs" of this plume.

The second concern comes from targeting considerations. If

the largest proportion of the artificial ice nuclei are not activated

until near or below -10C, much of the precipitation fallout is

likely to be to the lee of the Sierras (assuming a 15 m s mean wind

in the growth layer and 20 minutes for growth and fallout)

4.2.11 UW Flight 538: 9 March 1977. 2nd Flight of Day
Airborne Release (1010 1354 PST)

This airborne release and sampling flight occurred during wide-

spread post-frontal "heavy" cumulus and shower activity. The level of,

release was approximately 8300 ft MSL (-9C) in a region thick with

cumulus turrets, but little or no glaciation encountered. The wind

at this level was from the west-northwest at 30 knots.

The interpretation of the vertical distribution of the Agl

shown in Fig. 4. 75 is that of a well-mixed plume with "looping"

characteristics. This observation is supported by the large gradients

in ice nucleus counts observed at 20 km, and the low concentrations

observed between 30 and 40 km.

Six cases of nucleus detection were in-cloud or within less

than one minute to cloud penetration. Although the ambient tempera-

ture was -8 to -11C, no ice was detected in two cases, one ice.

crystal per liter or less was observed in three cases, and a maximum

of nine ice crystals per liter was observed in another case. These
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cases are found at ranges of 22, 27, 29, 36, 37 and 41 km in Fig. 4.76.

Scrutiny of the data for the probable cause of the ice crystal deficits,

even in the apparent presence of Agl, suggests that one or more of the

following factors produced this phenomenon: (a) Low activation of ice

nuclei at temperatures of -10C and higher, (b) The in-cloud ice nucleus

counts may have resulted from the property of the Langer counter to

continue processing nuclei after a plume has been traversed. The

suggestion here is that the plume was considerably narrower than in-

dicated by our objective methods and that the indications of ice

nuclei in cloud were spurious. This seems most reasonable since

assuming a 40-second delay from the time of plume intercept, as in-

dicated by the Langer counter, leads to intercept positions outside

of the cumulus turrets, except for the sixth case in which 9 crystals

per liter were encountered. A corollary would be that lateral en-

trainment was not effective in transporting ice nuclei into nearby

fresh cumulus turrets. In the absence of an appreciable scavenging

effect, airborne seeding of this type of cloud could be conducted

at cloud base, or preferably in cloud at temperatures of -10C or

lower.

The tank model case most strongly resembled is that for

"airborne release, 305 wind during storm" (Fig. 4.77)

4.2.12 UW Flight 539; 12 March 1977 (0810 1201 PST)

This flight took place entirely during rainy conditions over

the Sierras accompanying the passage of a weakening cold front and

the approach of an upper trough during the morning of March 12

(Figs. 4. 78-4.80) Sounding data from the B-23 (Fig. 4.81) showed
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Fig. 4.76 Horizontal distribution of Agl as observed during fl ight 538,

9 March 1977. An airborne release was made during this fl ight.
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near neutral (pseudo-adiabatic) conditions from 1000 through 11,000

ft MSL with southwesterly winds increasing from 10-12 knots at 1000

ft MSL to over 40 knots by 10,000 ft. The release site was G-13

(Slate Mountain) at 3800 ft MSL.

Only a few ice nuclei were sampled on this flight with their

vertical and horizontal locations shown in Figs. 4.82 and 4.83,

respectively. This flight was terminated earlier than planned due

to a malfunction of the VOR system. However, inherent restrictions

on flight level as dictated by Minimum Vector Altitudes (Fig. 4.82)

(and in some cases raised further at the discretion of the on-duty

ATC personnel) made interception of the plume unlikely.

Whether cases such as these are effectively seeded is going

to involve a large measure of conjecture unless the FAA restrictions

can be overcome. A solution to this problem would be airborne

sampling immediately prior to the onset of low cloudiness preceding

a storm system when the winds and lapse rate are representative of

storm conditions, yet VFR flight conditions permit low-level sampling.

Falvey and Dodge’s tank model studies for "during storm,

ground seeders, 275 wind" show good correspondence with the field

data (Fig. 4.84)

4.2.13 UW Flight 542: 15 March 1977 (0829 1506 PST)

This flight took place as the strongest storm system encountered

during the Sierra T&D study moved southward along the California

coast preceded by a sharp cold front (Figs. 4.85-4.87) This system

had been forecast to move inland during the day, but instead remained

offshore. Subsequently, low cloudiness, expected to move into the
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Sierras during the flight, remained to the west, and the winds above

the friction layer backed from south-southwesterly to south-south-

easterly by flight time.

Strong winds, exceeding 30 knots (Fig. 4.88) at G-17 (Log

Town Ridge) combined with a nearly dry adiabatic lapse rate

(Fig. 4.89) accompanying low temperatures aloft (-27C at 500 mb)

brought what could be considered optimum conditions for vertical

and horizontal dispersion. Nevertheless, while a well-mixed plume

is indicated, the concentrations of Agl particles detected do not

appear to be high enough at low enough temperatures beyond 20 km

from the release site to affect precipitation (Fig. 4.90)

This case demonstrates the need for further sampling under

pre-frental conditions, when the flow above the friction layer

veers to the southwest or west and is therefore upslope. The

critical question to be answered is: "How many of the nuclei

diffuse out of the friction layer flow and toward the target?"

It should be noted that most prefrontal conditions would incorpo-

rate lapse rates more stable than on this day.

The trajectory of the plume, as indicated in Fig. 4.91, is

aligned with the gradient flow at 850 and 700 mb. The relative

narrowness of the plume, even at considerable distances downwind,

suggests that the sampling may have encountered a few of the highest

nuclei, and that the plume was wider below the sampling levels.

No tank model studies were available for this flow direction.
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Fig. 4.88 Pibal data obtained from Log Town Ridge during flight 542, 5 March 1977.
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4.2.14 UW Flight 543: 19 March 1977 (1243 1756 PST)

This flight was conducted during the early afternoon of a

sunny day with light northwesterly flow at the surface through 850 mb

(Figs. 4.92 and 4.93) veering to northerly and increasing at 700 mb

(Fig. 4.94) Sounding data from the aircraft (Fig. 4.95) indicated

an approximately dry adiabatic lapse rate extending from near the

surface through 900 mb (3200 ft MSL) The release site on this day

was G-2 (Pilot Peak) elevation 2200 ft MSL. Winds at the release

site are shown in Fig. 4.96.

Strong vertical dispersion of the released material was

observed during this flight, as shown in Fig. 4.97, while due to

the very light winds, horizontal transport was limited to within

10 km during the sampling period (Fig. 4.98) The stable layer

(lapse rate approximately pseudo-adiabatic) above 900 mb is shown

to have restricted the further upward movement of the nuclei. Com-

parisons with tank model results are not warranted due to the short

length of the plume.

The implication of this sampling day, relative to weather

regimes which affect the Sierras, is that steep lapse rates, such

as those usually observed in post-frontal or with cold core upper

troughs and the occasional closed upper lows over the region, are

likely to be treatable from a ground generator network in the ab-

sence of intervening stable layers between the ground generators

and the nucleus activation level.
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Fig. 4.96 Pibal winds observed at release site G-2
(Pilot Peak) during fl ight 543, 19 March 1977.
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4.2.15 UW Flight 544: 22 March 1977 (1451 1907 PST)

The synoptic setting for this flight, which took place during

the late afternoon, is depicted by the surface, 850 and 700 mb charts

for 1600 PST on March 22 (Figs. 4.99-4.101) A strong trough was

approaching California from the northwest and the flow was light

and southwesterly at the time of the flight. Widely scattered small

cumulus, some with narrow turrets, topped the highest peaks of the

Sierra Divide as the flight began. (These clouds diminished and then

disappeared during the course of the flight.)

This flight is interesting because of the many facets of

transport and diffusion in the Sierras which it revealed. These

include: (a) T&D when the release point is upwind from a substantial

depression in the terrain (Union Valley Reservoir) (b) T&D over a

steep ascent along a non-snow-covered, southwest exposure slope;

(c) T&D over a long trajectory across a snow-covered surface; and

(d) T&D following a change in the local stability due to a setting

sun.

Figure 4.102 shows the Agl plume distribution in the vertical

as measured during flight 544. High concentrations were measured

immediately downwind of the site slightly below the release point

(over Union Valley Reservoir) followed by a strong rise of the level

of greatest concentrations above a southwest exposed, and non-snow-

covered, slope. Thereafter, over snow-covered terrain which

gradually increased in elevation, the plume leveled off and "leaked"

through a cut in the Sierra Divide onto Lake Tahoe, remaining within
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a thousand feet of the terrain below. The plume top may have been

capped by a slight stable layer near that height as indicated by

the aircraft temperature data (Fig. 4.103)

The horizontal distribution of the plume is indicated in

Fig. 4.104. The trajectory of the plume is initially along the

700 mb gradient but veers to the north as the highest range of the

Sierras is approached.

While the SFr, plume data were limited, it is important to

note that the SFc plume is approximately 50% narrower than the Agl

estimated plume widths. This has important ramifications regarding

the numbers of Agl generators required to effectively seed the

American River Basin.

The BOR tank model case which bears the strongest resemblance

to this case is shown in Fig. 4.105, "during storm, ground seeders,

245 wind". Note that it predicts the exact location of the spillover

of the Agl plume into Lake Tahoe.

4.2.16 UW Flight 545: 23 March 1977 (1200 1810 PST)

This flight began as a fast-moving cold front and upper trough,

with little attendant cloud, swept across, the Sierras (Figs. 4.106-4.108)

Considerable orographic cloudiness with widespread convective showers

persisted on the Sierras during the flight.

Ground releases were made from two sites G-9/12 (Pilot Hill)

at 1900 ft MSL and G-l (Blue Canyon) at 5200 ft MSL. No plume could

be detected from the Blue Canyon site and therefore data are not dis-

played for this site. The lack of detection probably resulted from

the Minimum Vector Altitude (MVA) flight level during the IFR flight

being too high above the release source.
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Only limited detection was accomplished during the Pilot Hill

release because of the presence of low clouds which intersected the

terrain a few miles downwind of the release (Figs. 4.109, 4.110)

Here VFR flight requirements specify that aircraft must have 500 ft

clearance below cloud base and 1000 ft to ground level. Hence,

because of the diminishing VFR airspace between the rising terrain

and the level cloud bases, downwind plume tracking was aborted.

Further tracking problems occurred when the responsible

Air Traffic Controller directed the B-23 to fly at an MVA higher

than the value specified for this area by the FAA.

Although climb-out to the given MVA was attempted along the

estimated trajectory, no further Agl was detected during this flight.

While the moderate instability (Fig. 4.111) and clouds suggest

adequate vertical dispersion, analogous to that encountered during

flight 534 (28 February 1977) this was not verified. Winds at the

release site are shown in Fig. 4.112.

Tank model comparison is not warranted due to the short

distance the plume was tracked.

4.3 Extraneous Ice Nucleus Investigation

A list of suspected sources of ice nuclei was provided to

the UW by the BOR (Fig. 113 and Table 4.1) Flight 535, on 1 March

described below, was undertaken for the purpose of establishing whether

any of these sites emitted significant concentrations of ice nuclei.

Strong northerly winds and shallow stratocumulus over the higher peaks

of the Sierras characterized the weather on 1 March. The Langer
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Fig. 4.113 Numbered locations of possible ice nucleus sources. I



TABLE 4.1

POSSIBLE EXTRANEOUS SOURCES OF ICE NUCLEI

Name

1. Placerville Lumber Co.
Placerville

2. Farnworth Molding
El Dorado

3. Michigan Calif. Lumber
6 mi. east Placerville

4. Nielson Ferrarri Lumber
4 mi. SW placerville

5. El Dorado Sierra Lumber
El Dorado

6. El Dorado Limestone Co.
3 mi. SW Single Springs

7. Diamond Spring Limestone
Diamond Spring

8. Formica Corporation
North Roseville

9. Interspace Corp.
Lincoln

10. D. G. Shelter Products
Auburn

11. American Forest Products
S. Forest Hill

12. Calavarris Cement
San Andreas

13. Pacific Asbestos Co.
Copperopolis

14. Interpace Sand PI
Done

15. Interpace Calcine PI
Done

Location

TAHOE
202 365

SAC
048 36.0

TAHOE
193 31.5

SAC
052 33.5

SAC
057 35.0

SAC
055 30.0

SAC
050 38.5

SAC
008 27

SAC
008 31.5

TAHOE
232 40.0

TAHOE
231 27.0

LINDEN
061 17.0

SAC
092 18.0

LINDEN
360 16.5

LINDEN
352 16.5

Emission Source

Wood Waste

Tee Pee

Wood waste
boiler

Tee Pee

Tee Pee

Drying Kiln
crushing

Drying Kiln

crushing

Boiler

Grinding

Boiler

Boiler
Tee Pee

Kiln

Grinding

Clay Kiln
Grinding

Clay Kiln
Grinding

Particulate
Emission Amounts
(tons/year)

17

12

430

130

120

1200

130

50

33

40

257

43,000

2,200

220

2,000



TABLE 4.1 cont.

POSSIBLE EXTRANEOUS SOURCES OF ICE NUCLEI

16.

17.

18.

19.

20.

21.

22.

23.

24.

Name

Owens Illinois Sand
Done

American Forest Products
Martel

P & M Lumber Products
Pine Grove

Douglas Lumber Co.
E of Truckee

Brunwick Timber Product
Grass Valley East

Bear River Lumber
S. Grass Valley

Chaffey-Rice Saw Mill
S. Nevada City

Lawsman Lumber Molding
Grass Valley

Teichert Asphalt
(April-September)
E Donner Lake

Location

LINDEN
352 17.0

LINDEN
007 20.0

LINDEN
023 26.0

TAHOE
012 11.5

TAHOE
256 35.5

TAHOE
252 36.0

TAHOE
260 34.5

TAHOE
256 34.0

TAHOE
001 9.0

Emission Source

Clay Kiln
Grinding

Boiler

Open Burning

Tee Pee

Boiler

Tee Pee
Boiler

Tee Pee

Tee Pee

Tee Pee

Kiln

Particulate
Emission Amounts
(tons/year)

160

600

300

87

260

180

86

67

500

1
1
1
1
1
1
1
1
1
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acoustical ice nucleus counter and the Millipore filter system were

employed as the sources of detection. The measurements were made,

for the most part, at no less than 2 km downwind of the potential

source.

No more than 3 nuclei A were found at any of the sources

listed in Table 4.1. The greatest measured output of ice nuclei

was detected at Calavaras Cement Plant (//12) as the aircraft flew

through a semi-opaque plume some 100 ft above the top of the plant

stack.

It was also found that ice nuclei from nearby Sacramento

Municipal Utility District and Pacific Gas and Electric Company did

not cause interference with our tracking of Agl released from pro-

posed BOR sites. This was probably due to the large incidence of

post-frontal cases incorporating low-level flows with westerly

components.

Silver iodide contamination from other cloud seeding programs

operating to the south of the American River Basin is expected to be

a serious problem under southeast, pre-frontal, and stable conditions.

If this proves to be the case, it could seriously compromise the pro-

posed randomized cloud seeding experiment. On one occasion, flight

537 on 9 March 1977, precisely this may have occurred.

4.4 Summary of Transport and Diffusion Studies

A total of 16 ground and/or airborne releases of silver iodide

and/or SFg were successfully tracked during the T&D study. While the

representativeness of our sample is limited, due to the dearth of

storms during the winter and spring of 1977, it has revealed a number
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of important results which are pertinent to future T&D work and the

proposed cloud seeding experiment. These findings may be summarized

as follows:

(a) Steep lapse rates (i.e. those greater than the pseudo-

adiabatic lapse rate) are associated with the greatest vertical

transport of materials released from the ground. It is expected that

this condition will exist most often following frontal passages,

concommitant with the approach of the upper cold core trough. In

this regard, our findings indicate that the lowest tier of generators,

such as G-5 (Weimar) G-9/12 (Pilot Hill) G-21 (Mt. Auburn) and G-27

(Mt. Zion) would permit the greatest opportunity for vertical dis-

persion of the seeding agent to high enough levels to affect pre-

cipitation fallout on the western slopes of the Sierra Divide.

(b) It appears that the highest, closest-to-the-Divide,

generators, such as G-l (Blue Canyon) G-3 (Humbug Ridge) G-6

(Ralston Ridge) G-ll (Big Hill) G-16 (Old Iron Mountain) G-19

(Upper Bear River) and G-24 (Cole Creek) would not be effective

ground release sites because the vertical dispersion is not great

enough, even on quite unstable days, to permit growth and fallout

of precipitation on the western slopes of the Sierra Divide.

(Note: This conclusion is based on the T&D characteristics from

lower, more distant sites on unstable days rather than actual sampled

data.) Also, our microphysical observations (see Section 5) show

that these sites would release ice nuclei into more glaciated clouds

than would the lower sites.
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(c) Stable lapse rates (i.e. those equal to or less than the

pseudo-adiabatic lapse rate) were associated with limited vertical

dispersion not likely to lead to satisfactory results from ground

seeding at any of the proposed sites. Since this condition will

occur most often during pre-frontal situations, airborne seeding is

recommended in these situations. [A valid criticism of this recom-

mendation is that the data accumulated during the UW T&D study under

stable lapse rates were also days with little cloud and/or were lacking

in the synoptic vigor in winds representative of pre-frontal precipi-

tation episodes. Hence the need for additional work in this category.

Such work might include very high output silver iodide generators

located near Mt. Ararat or Bear Mountain, south and southeast, re-

spectively, of San Andreas. The high output would help compensate

for the insufficient concentration likely to be encountered with

standard output generators located as far away from the target as

these sites. Another intriguing site for a very high output gen-

erator are the nuclear generating facility cooling towers (east of

Sacramento) Insertion of the silver iodide plume into the strongly

heated cooling tower plume might provide a vehicle for strong

vertical dispersion.

(d) Airborne release data indicate little vertical dis-

persion of the nucleant when released in stable air characterized

by a lapse rate less than pseudo-adiabatic. Only one release was

made in an unstable environment (due to the emphasis on ground

releases on such days) strong vertical dispersion was observed in

this case.
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(e) BOR tank modeling studies were compared with observed

plumes for all T&D flights except those where the length of the

observed plume was less than 10 km. In general, the tank modeling

results were in reasonable agreement with our field observations.

Correctly identified by the tank model studies was the char-

acteristic of plumes to travel directly across the Sierra Crest

during unstable lapse rates, and the tendency for trajectories

parallel to the Sierras under pronounced stable stratification.

The following problems, which were encountered during our

studies, need attention in any future T&D studies in the American

River Basin:

(a) Aircraft tracking of plumes under weather conditions

most representative for the planned seeding project is inherently

compromised by FAA flight safety regulations which specify Minimum

Vector Altitude under Instrument Flight Rule conditions such that

the sampling aircraft must remain at unrealistically high elevations

downwind of the release points.

The Sierra Project airspace includes some of the heaviest

concentrations of military, commercial and general aviation traffic

in the country and as a result airborne research in the area is

difficult.

With the view of minimizing these handicaps. University of

Washington and Bureau of Reclamation personnel held a series of

briefings and meetings with Federal Aviation Administration personnel

from McClellan Radar Approach Control and Oakland Air Traffic Control
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and developed waivers from standard flight rules (a Letter of Agree-

ment) to permit our planned project to proceed with a minimum of

disturbance.

During the field project this agreement, and our overall

excellent liaison with the FAA, allowed this complex experiment to

proceed. However, there are a few crucial problems which future

experimenters should consider. The most important of these concerns

minimum altitudes over the Sierras. We agreed to follow the minimum

enroute altitude (MEA) but obtained a verbal understanding that

where the Minimum Vector Altitude (MVA) was less than the MEA we

would be allowed to fly at the MVA. This understanding was to be

conveyed by the watch supervisor to the controllers prior to each

flight. For much of this project this arrangement worked well and

the MVA was granted when requested, however, on a few crucual occasions

the MVA was flatly refused and as a consequence important data oppor-

tunities were lost.

It appears, however, that the decision to grant an MVA lies

with the Air Traffic Controller on duty and, if granted, the Controller

carries the legal responsibility. These conflicts could have been

eliminated by transferring legal responsibility for terrain clearance

to the research pilots. We recommend that such a transferal be in-

cluded in future Letters of Agreement.

One other area of difficulty concerns flight safety at low

levels in the Donner Pass area during Z-R experiments. Both experience

and local comment confirm that there is a substantial flow of light
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plane traffic through this area, under conditions which are clearly

controlled by Instrument Flight Rules but where "visual" rules are

being followed. As a result, air traffic control is often unaware

of the location of some of this traffic. We recommend that the Z-R

experimental requirements be reconsidered in view of this problem.

(b) Differences between the indicated width of the silver

iodide and SF^ plumes were a source of continuing concern throughout

the field program. Our method of estimating the Agl plume width was

to assume a symmetrical plume and count the time interval to the

maximum 5 (or in some cases, 6) sec value as indicated by the NCAR

(Langer) Acoustical Ice Nucleus Counter and assume twice this value

represented the duration of plume intercept. This duration when

multiplied by the true air speed produced the estimated plume width

for Agl. An objective technique is required because of the counter’s

property of continuing to process ice crystals long after an ice

nucleus plume has been intercepted. Airborne tests (especially UW

flight 528) established that 40 sec represented a nominal time from

the point of plume intercept until the first counts were registered

on the NCAR counter, hence all plume intercept positions have been

adjusted accordingly.

The gas chromatograph technique of measuring the SF<; tracer

is subject to none of the problems described above regarding plume

widths and intercepts. However, while measurements of plume widths

within a few kilometers seemed entirely reasonable, and provided a

necessary "clipping" of suspect exaggerated Agl plume widths, the

essentially constant width of the SFg plumes with increasing distance



-37-

downwind was very suspicious. Aggravating this situation was the

fact that concentrations of SF/. beyond a few kilometers from the

release site were apparently so low as to not be measureable with

the SFg detection instrument. Hence, the SF(, data sample is quite

small. A characteristic of the SFr detection instrument which may

have accounted for a truncation of the plume is that a threshold

concentration level of 0.01 ppb is required before any indication

of SF^ is registered. Values less than this threshold at plume

edge may very well have accounted for the narrowness of the observed

SF(, plume. Finally, it should be mentioned that the SFc instrumenta-

tion did not appear to be thoroughly checked out for continuous

reliable airborne operations.

Clearly, it is very important that the enigma of differing

plume widths be resolved in future studies.

With respect to future T&D studies we recommend:

(a) Sampling from at least one mobile ground system be

carried out. This would enable some resolution of plume trajectories

on IFR days where aircraft detection is unlikely.

(b) While a sufficient number of flights were conducted

during post-frontal convective-type weather days to allow us to

deduce much applicable information on plume behavior under these

circumstances we have insufficient data in pre-frontal and frontal

precipitation regimes to arrive at general conclusions for these

situations. Pre-frontal situations pose the most complex T&D case

because lapse rates are often stable and friction layer flow is
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from the southeast with superimposed southwesterly gradient flow.

Considerable additional sampling under pre-frontal and frontal

conditions is required in order to evaluate whether the seeding

of this storm situation is feasible with ground generators. An

example of this situation is shown in Figs. 4.114-4.116.

A sounding near the time of these synoptic charts from the

SMUD-operated Fresh Pond rawinsonde site (located east of Placer-

ville at 3800 ft MSL) illustrates the complexities of this case

rather well (Fig. 4.117) The moisture profile indicates deep

cloudiness which may already have been heavily glaciated. The in-

cloud temperature profile indicates stable conditions (in-cloud lapse

rate is less than the pseudo-adiabatic rate) interspersed with two

approximately isothermal layers. Strong activation of Agl would not

be expected until the nuclei had wafted upward many thousands of feet

in this stable environment due to the 13,000 ft MSL elevation of the

-10C isotherm. The rawinsonde wind profile indicates flow nearly

parallel to the barrier through the first 2000 ft. This would mean

that the vertical dispersion of the plume would not be appreciably

increased by a terrain rise factor until the plume escaped beyond

the friction layer.

(c) Additional work is also recommended for the post-frontal

category. This is because our post-frontal data sample does not

include the type of cold front passage which is commonly observed

during the fall and winter when a deep quasi-stationery trough and

surface low remain offshore while a cold front moves inland. In





a
i
11
K

I
I
a
i

i

?

i

i

r
i

l

I
I

^



I
k
i

l
i

s
i

i

a
i

f

i

i

i

i



TEMPERATURE



-39-

this regime, the friction layer flow often does not reflect frontal

passage but continues to flow from the southeast in the Sacramento

Valley. Our post-frontal cases incorporated veering of the low-level

winds from the southeast to the southwest through northwest following

frontal passage as the associated upper trough progressed inland.

This gives the impression of less targeting complexity than will

probably be the case in a larger sample of post-frontal situations.

An example of the type of frontal passage occurring without noticeable

effect on the surface winds is shown in Fig. 4.118.



Fig. 4.118 Example of post-frontal conditions associated
with continuing southeast surface winds.
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SECTION 5

MICROPHYSICAL MEASUREMENTS

5.1 Introduction

An important additional aspect of our studies was an initial

attempt at assessing the microphysical structure of storms over the

American River Basin. The effect of the unprecedented drought in the

winter and spring of 1977 was to reduce the number and types of storm

situations under which we could obtain measurements. Nevertheless,

enough data were accumulated during post-frontal precipitation regimes

to deduce some of the general characteristics of this segment of the

storms. In addition, measurements were obtained in two frontal passages

(9 and 12 March 1977)

In the following presentations of each of our case studies,

the synoptic setting, air mass characteristics, cloud types and top

temperatures, aircraft observer comments, and microphysical observations,

have been scrutinized in order to produce a schematic diagram showing

the principal features of each of the cloud systems in which measure-

ments were obtained. In addition, a statement is included of our

assessment of the "seedability". of each case from a microphysical

viewpoint.

5.2 Case Studies

5.2.1 UW Flight 521: 12 January 1977 (0750 1213 PST)

This flight took place as amorphous precipitating cloud layers

receded from the Sacramento Valley and crossed the Sierras into

Nevada. This disturbance was not apparent in the surface chart as

shown in Fig. 4.11; inspection of the 850 and 700 mb. charts (Figs.

4.12 and 4.13) shows that the disturbance becomes visible as a broad



trough only at 700 mb. Cloud top temperature, as measured from the

B-23 aircraft, was -10C at 12,000 ft.

Only a few ice particles were encountered during the brief

periods in clouds. No indications of glaciation were visible from

just above cloud top (Fig. 5.1) While the measurements are few it

appears that this cloud system offered a potential for precipitation

augmentation through cloud seeding. However, the lower level stability,

as shown by the Sheridan 0400 PST sounding (Fig. 5.2) was such that

nuclei released from the ground would have been unlikely to have reached

the clouds, as confirmed by the T&D portion of the flight (see 4.2.2)

Situations like this can probably only be successfully seeded from

aircraft.

5.2.2 UW Flights 525 and 526: 21 January 1977
(1016 1319 PST and 1531 1913 PST)

These flights occurred amidst thick middle level cloudiness

which produced light snow showers over the Sierras with amounts at

BOR gages during the course of the UW flights less than 0.15 inches.

Inspection of the synoptic charts for the surface, 850 and 700 mb

shows (Figs. 5.3-5.5) that the clouds were associated with a sluggish

upper level disturbance located off the coast of southern California.

A satellite photograph taken during the period of the flight (Fig. 5.6)

shows this cloud system to be the northwest extension of an extensive

arc of middle and high clouds which extended southeastward across

Nevada and Arizona into northern Mexico. These clouds originated in

the subtropics, off the Baja California, and Central Mexico coast.

No fronts or other significant surface feature was associated with

this system.
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A schematic of the cloud system and microphysical measurements

obtained during the two UW flights is presented in Fig 5.7. Flight

scientist’s observations recorded during the flights are listed in

Table 5.1. Both ice particle concentrations and liquid water contents

were quite low throughout these flights, indicative of the weak

ascending motions. Negligible turbulence was encountered.

Rawinsonde data from the Sheridan site are shown in Figs. 5.8

and 5.9. These soundings show that in-cloud lapse rates were stable

or less than pseudo-adiabatic and, with the very low wind speeds,

account for the lack of turbulence. Cloud top temperatures in the

absence of radar and aircraft observations were indicated to be less

than -20C from the Sheridan rawinsonde data.

Our recommendation is that days such as these, which are

likely to occur only a few times each winter, should be excluded

from the experimental seeding sample. Our reasons are twofold.

The sluggish, variable winds introduce targeting complexities, and

the replenishment of liquid condensate is so slow following seeding

as to likely render a trivial effect on the precipitation. The

criterion for omission should be based on the absence of a coherent

wind regime and strong low-level stability. Note that the low-level

stability, light winds and elevated -10C isotherm (Figs. 5.8 and

5.9) make it extremely unlikely that ground seeding could affect such

a system.

5.2.3 UW Flight 533: 28 February 1977 (1113 1335 PST)

This flight was conducted in post-frontal orographic cloudiness

and precipitation. The synoptic charts nearest to the time of flight
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Fig. 5.7 Liquid water content and ice particle concentrations
as observed during fl ights 525 and 526, 21 January 1977.



TABLE 5.1

FLIGHT SCIENTIST’S OBSERVATIONS RECORDED IN FLIGHT

Flight 525

PST

1. 1050 Scattered stratus fractus layer at 7200 ft.

2. 1052 Ground and stars visible; in very light snow, stellars and fragments,
slightly rimed.

3. 1054 Wing clearly visible in low density cloud, no turbulence.

4. 1057 Ground no longer visible.

5. 1102 Broke out on top, higher altocumulus and cirrostratus; 1-3 mm stellars.

6. 1107 Bright, in diffuse low density ice cloud.

7. 1115 Broke out on top; some 1-3 mm stellars.

8. 1140 Bright sun, no turbulence in cloud.

9. 1145 Sun visible through ice cloud.

10. 1155 Cloud density increasing, begin clear icing, rime and icing.

11. 1202 Sky darkened rapidly.

Flight 526

12. 1615 Slightly rimed stellars and fragments. Stratus banked along Sierras,

tops 8000 ft. higher overcast. Altocumulus and altostratus.

13. 1617 Near top of ice crystal haze, altocumulus and cirrus above, sun

dimly visible.

14. 1620 Good visibility in cloud. Diffuse.

15. 1628 Glaciated diffuse top.

16. 1632 Good visibility in cloud.

17. 1636 Not in visible cloud but ice crystals impacting on snow stick.

18. 1638 Sparse stellars, undercast has sharper defined top.

19. 1645 Sky darkening, occasional thin spots.

20. 1650 Occasional breaks, higher liquid cloud visible.

21. 1702 Moderate rime and icing, occasionally between layers.

22. 1711 Continuing occasional light to moderate rime and icing.

23. 1722 Continuing light icing.

24. 1727 Light to moderate icing.

25. 1743 In between layers, undercast has diffuse top.
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are shown in Figs. 4.40-4.42.

A moderately moist flow from the west-northwest provided a

substantial orographic system of shower clouds with radar echo tops

at 13,000 to 14,000 ft during the flight (Fig. 5.10) This cloud

system is visible in the satellite photo for 1345 PST (Fig. 5.11)

Inspection of Sheridan rawinsonde data durine the course of

the flight (Figs. 5.12 and 5.13) shows that the radar echo tops

corresponded to -18C and -22C. Aircraft observations indicated

that these maximum cloud tops occurred in scattered taller turrets

in a generally shallower orographic cloud stream.

In-cloud aircraft measurements were limited during the flight

due to a malfunction of the primary VOR system on the B-23. However,

sporadic heavy glaciation was observed (Fig. 5.10) which was probably

the product of the glaciating taller, colder turrets which were seen

from the aircraft. An apparent maximum growth zone for the ascending

air mass lay between 30 and 60 km upwind of the Sierra Crest, as

evidenced by the active cumulus turrets in this region. Measurements

are not plentiful enough to draw any conclusions about the cloud

seeding potential of these clouds. other than to note that the

glaciated turrets constituted a minority of the cloudscape.

5.2.4 UW Flight 537: 9 March 1977 (0515 0908 PST)

An abundance of microphysical measurements were obtained

during this flight which coincided with the passage of an approaching,

well-defined and rainy cold front (Fig. 4.60) Moderately strong

westerly flow prevailed at 850 and 700 mb (Fig. 4.61 and 4.62) ahead

of the front.



Fig. 5.10 Liquid water content and ice particle concentrations
as observed during fl ight 533, 28 February 1977.



Fig. 5. Visible satel ite photo for 345 PST (2145 GMT) 28 February 977.
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Frontal passage occurred between 0730 and 0830 PST and was

accompanied by moderate to briefly heavy rain or snow; two BOR

precipitation sites in the ARE recorded hourly amounts of 0.20 inches.

A satellite photo for 0845 PST (Fig. 5.14) shows the western edge

of the frontal cloud moving across the ARB. Rivulets of augmented

cloud tops oriented southwest to northeast were also visible over

the ARB at this time.

The rapid transition of cloud scenario during the approach

and passage of the front is evident in the Sheridan soundings for

0400, 0700, and 1000 PST (Figs. 5.15-5.17) high and middle clouds

become deep nimbostratus f.ollowed by a shallow residual of strato-

cumulus.

The stability changes which occurred during this period are

equally pronounced. The pre-frontal lapse rate (Fig. 5.15) is

considerably less than pseudo-adiabatic throughout the lowest 9000

ft, suggesting poor vertical dispersion, followed by a neutral lapse

rate (Fig. 5.16) in a wet environment near the time of frontal

passage, followed by neutral (dry adiabatic) lapse rate in the cooler,

drier air following frontal passage (Fig. 5.17)

Radar echo tops increased from 20,000 to 21,000 ft (-24 to -26C)

immediately preceding frontal passage,to 26,000 ft (-41C) during

frontal passage, followed by a descent to 14,000 ft (-20C) by late

morning following the frontal passage.

Figure 5.18 is a schematic of the cloud system; the micro-

physical measurements were obtained during this important storm

episode. Inspection of this figure shows that the deep cloudiness



Fig. 5. 14 Vi sible satel ite photo for 0845 PST 645 GMT) 9 March 977.
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Liquid water content and ice particle concentrations
as observed during flight 537, 9 March 1977.
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preceding and associated with the front contained, for the most part,

very high ice particle concentrations (occasionally exceeding 100 i )

These values climaxed at values over 150 S~1 during the frontal passage,

when the cloud system was deepest and coldest at cloud top. However,

it was also observed that these clouds were, for the most part, not

completely glaciated at the levels sampled even in the presence of

these high ice particle concentrations, indicating that the moisture

supply always exceeded the rate liquid water was being removed by

ice processes.

Ice particle concentrations began to diminish, while liquid

water contents began to increase, as cloud tops lowered following

the frontal passage (as indicated by observations points between

70 and 80 km upwind of the west in Fig. 5.18) near the end of the

flight. In-flight comments on this flight are summarized in

Table 5.2

The findings of this day raise the question as to whether

artificial seeding could produce significant additional precipita-

tion in situations such as this in view of the already abundant

supply of natural ice particles. Artificial seeding is usually pro-

posed in terms of supplying from 1 to 10 A of ice nuclei in the

upwind cloud stream. In this case, such targeting, if accomplished,

is likely to provide only a very small addition of ice particles to

the natural supply in situations such as that described in this

section.

It should be noted that more extensive studies in Washington

State and Colorado confirm that pre-frontal clouds generally contain

high concentrations of ice particles. Our recommendation is that



TABLE 5.2

FLIGHT SCIENTIST’S OBSERVATIONS ON UW FLIGHT 537

PST

1. 0550 Heavy riming in ice cloud.

2. 0558 Thick heavily rimed aggregates 3-7 mm estimated diameter.

3. 0607 Thick ice fragments, columns, stellars.

4. 0615 Large heavily rimed stellars among thick columns or fragments.

5. 0620 Heavily rimed particles.

6. 0640 Few moderately rimed stellar among thick columns or fragments.

7. 0645 Thick columns and fragments, with a few stellars.

8. 0647 Rime icing increasing.

9. 0650 Thin cloud (visibility in cloud good to wing tip)

10. 0659 Higher cloud tops visible.

11. 0705 Cloud density (LWC) increasing.

12. 0711 Glaciated towering cumulus visible.

13. 0738 Extremely thick stellars, columns, fragments, little riming becoming
large thick, heavily rimed aggregates.

14. 0804 Glaciated top visible, extremely thick stellars, moderately rimed.

15. 0808 Sun dimly visible.

16. 0812 Ragged cloud top spires, pockets of heavy glaciation visible in
cloud tops.

17. 0821 Higher glaciated tops visible.
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pre-frontal (at least) and probably frontal, precipitation in the

Sierras be given further intense scrutiny before they are included

in the experimental unit in the randomized seeding experiment.

(Other potential negative aspects of these days have already been

pointed out in 4)

5.2.5 UW Flight 538: 9 March 1977 (1010 1354 PST)

This flight was conducted for the purpose of tracking an

airborne released plume and occurred as the orographic cloud left by

the morning’s sharp frontal passage withered as drier air intruded

from the northwest. The surface chart for 1600 PST (Fig. 4.63)

shows that the cold front had progressed to southern California while

the 850 and 700 mb charts (Figs. 4.64 and 4.65) show the associated

upper trough followed closely behind the surface front and lay across

central California.

The satellite picture for 2215 GMT (1415 PST), in Fig. 5.19,

shows clearly the post-frontal, convective and orographic nature of

the cloud sampled during this flight.

Cloud top temperature estimated from the B-23 was -16C at

12,000 ft during the course of the flight. The Sheridan sounding

within the time of flight (Fig. 5.20) shows modest moisture and un-

stable conditions in the northwest flow following the front.

The scope of the microphysical measurements was limited by

the primary T&D function of the flight. However, the limited

observations are shown in Fig. 5.21. These measurements, in agree-

ment with visual observations, revealed little glaciation in this

modest orographic .cloud.



Fig. 5. 19 Visible satel ite photo for 1415 PST (2215 GMT) 9 March 1977.
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Liquid water content and ice particle concentrations
as observed during fl ight 538, 9 March 1977.
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The apparent growth zone as evidenced by active cumulus turrets

lay approximately between 35 and 65 km upwind of the crest. A well

glaciated shower moved across the ARB shortly after the aircraft

departed.

While more measurements closer to the Sierra Crest are desirable,

it appears that it may have been possible to increase precipitation

from this cloud by silver iodide seeding.

5.2.6 UW Flight 539; 12 March 1977 (0802 1210 PST)

A cold front moved across the ARB producing brief, light pre-

cipitation during the course of this flight. The surface chart

preceding the flight (Fig. 4.78) shows the front entering the north

end of the Sacramento Valley and southerly surface flow north of

Stockton (SCK) The charts for 850 and 700 mb (Figs. 4.79 and 4.80)

depict a vigorous short wave trough entering the Pacific Northwest

south to Central California with the 700 mb winds at 40 knots over

the ARE at this time.

An examination of the Sheridan rawinsondes sequenced at three-

hour intervals show a progression of increasing lapse rates from

less than a pseudo-adiabatic lapse rate in the lowest 7000 ft (Fig.

5.22) followed by an increase to greater than pseudo-adiabatic

shortly after the frontal passage (Fig. 5.23) to exceedingly un-

stable and moist well after frontal passage (Fig. 5.24) Note that

a low-level windshift was not observed concomitant with the intrusion

of the colder air during these soundings. (A windshift to the west

had occurred by the time of the next sounding at 1600 PST.)
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Radar echo tops were as high as 14,000 ft at times during the

flight, corresponding to -20C cloud top temperature, while many

lesser cloud tops at 12,000 ft (-15C) were observed from the B-23.

A plot of ice particle concentrations and liquid water con-

tents (Fig. 5.25) shows a less organized pattern of glaciation and

liquid water content than in the other cloud schematics, with the

peak glaciation occurring in the 35-60 km range upwind. An area of

heavy glaciation, apparently coinciding with frontal zone convection,

was intercepted by the B-23 between 1000 and 11 PST at ranges of

35-65 km upwind of the Sierra Crest.

A modest growth zone (similar to that observed on other post-

frontal days) was indicated between 35 and 65 km upwind of the crest,

as evidenced by the predominant numbers of fresh cumulus turrets

visible in this region during the flight. The relevance of this

feature, which was also observed during post-frontal flights 533

and 538, will be discussed in Section 6. In-flight comments are

contained in Table 5.3.

The modification potential of this case is questionable due

to the intercept of extremely high ice particle concentrations

during the flight. We attribute this to the enhanced shower activity

during, or shortly following, the passage of the cold front; there-

fore, the schematic represents sampling not only in the post-frontal

precipitation mode, but probably also within the frontal band cloudi-

ness (which on 9 March 1977 was also found to be heavily glaciated.)

However, with this element in mind, the noting that liquid water



Fig. 5.25 Liquid water content and ice particle concentrations
as observed during flight 539, 12 March 1977.

GO 55 5D 45 40 35 30 55 0 15

DI5TRNCE FROM THE 51ERRR LRE5T
5 D -5 -ID
WEST ERST--



TABLE 5.3

FLIGHT SCIENTIST’S OBSERVATIONS ON UW FLIGHT 539

PST

0853 Cloud bow, patches of glaciation, cloud tops gradually increasing
(in and out of tops)

0858 Heavily rimed stellars and plates, completely glaciated appearing
cumulus with snowfall trails along sides.

0903 Sparse, moderately rimed stellars, occasional all liquid cloud
portions.

0906 Alternating slight to moderately rimed stellars with all liquid
portions of cloud.

0909 Mostly glaciated stratiform.

0913 Lee view of Sierras characterized by ice (snow) clouds with
patchy liquid portions.

0953 Moderate to heavy turbulence, ragged stratocumulus, cumulus-fractus,

1002 Moderately thick columns, stellars, fragments with occasional
all liquid cloud, heavy riming.

1007 Heavily rimed stellars and fragments.

1020 Thick small columns or fragments, stellars, moderately rimed,
sun dimly visible.

1020 Thick small columns or fragments, stellars, moderately rimed,
sun dimly visible.

1028 Sun dimly visible in diffuse top of ice crystals and liquid water.

1034 Thick moderately rimed stellars and fragments.

1040 Lightly rimed thick stellars, columns, and fragments.

1043 Heavily rimed and sparse stellars.

1050 Thick, moderately-to-heavily rimed stellars and fragments.

1056 Diffuse liquid and ice cloud.

1102 In and out of clouds, sparse moderately rimed stellars.

1105 Moderately to heavily rimed stellars and fragments, rime icing.

1107 Moderately to heavily rimed stellars and fragments rime icing.

1110 Vicinity of cloud top, blue sky visible.

1112 Cloud top temperature -11.7C, all liquid top.

1116 Extremely sparse rimed stellars.

1118 On top of cumuliform towers, riff of heavy glaciation E-W-S.

1121 Heavily rimed very large aggregates, 2-6 mm estimated diameter.

1122 Moderate to heavy rime icing.

1124 Extremely large (5-10 mm) aggregates and graupel, heavily rimed.
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continued to "escape" to the crest and beyond, our assessment is

that the preponderant cloud system was amenable to an increased

west slope precipitation through the addition of artificial ice

nuclei. A stipulation for the inclusion of days such as this as

experimental units in the randomized experiments might be that the

frontal band, or other heavily glaciated precipitation, not con-

stitute more than .half (the precipitation or perhaps, hours of

precipitation) of the total experimental unit.

5.2.7 UW Flight 540: 12 March 1977 (1701 1856 PST)

This flight was conducted during the early evening, approxi-

mately ten hours following the passage of a well-marked cold front.

At this time, the attendant upper air trough with its cold air aloft

advanced into northern California. The synoptic setting for this

flight is shown in Figs. 5.26-5.28, depicting the surface, 850 and

700 mb levels nearest the time of flight.

The steep lapse rate (Fig. 5.29) and eastward flowing,

moist Pacific air, combined with strong lifting of the air mass by

the Sierra Nevada range, provided deep orographic cumulus and

cumulonimbus clouds over the Sierras; numerous showers were

observed.

Maximum radar tops, reported by the Sheridan radar, were

15,000-16,000 ft during the period of the flight in the vicinity of

the B-23’s flight track. Lifting the top of the observed cloud on

the Sheridan sounding along a pseudo-adiabat to these heights results

in an estimated cloud top temperature range of -27 to -30C. (The use
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of the Sheridan soundings without lifting would have resulted in the

assessment of a cloud top approximately 10C higher than radar returns

indicated.) Fig. 5. 30 is a schematic of the Sierra microphysical and

visible observations.

The aircraft ascent through the upwind half of this orographic

cloud revealed the lightest liquid water content (Fig. 5.30) Further

penetrations into these clouds resulted in the observation of intense

glaciating activity with minute averages of ice particle concentrations

exceeding 50 per liter at most observation points closer than 50 km

to the crest of the Sierras. These values are not unreasonable con-

sidering the low temperature of this orographic cloud system and

suggest an efficient glaciating mechanism. In-flight visual observations

logged during this flight are presented in Table 5.4.

A zone of maximum cumulus growth was estimated to lie between

35 and 60 km upwind of the crest during this flight as evidenced by

augmented turbulence, graupel, and high liquid water contents.

The establishment of precipitation well upwind of the crest

of the Sierras, and the preponderance of ice particles in this oro-

graphic cloud, is interpreted as a case type which is deemed un-

suitable for precipitation increase through the addition of artificial

ice nuclei. However, despite the very high particle concentrations

found close to the crest, it is interesting to speculate whether

these small particles impact the lower cloud levels (where measure-

ments further westward show ample liquid water) Measurements

further east, between the -5 and -10C levels, are needed to con-

fidently rule out the efficacy of seeding.



Fig. 5.30 Liquid water content and ice particle concentrations
as observed during flight 540, 12 March 1977.
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TABLE 5.4 ’.
{LIGHT SCIENTIST’S OBSERVATIONS ON UW FLIGHT 540

PST

1. 1738 Alternating puffs of dense liquid cloud with a few heavily
rimed stallars.

2. 1741 In and out of clouds.

3. 1743 Moderate to brief heavy turbulence.

4. 1748 Heavy graupel.

5. 1751 Strong static discharges in radio.

6. 1752 Thick stellars, columns, light riming, very light snow.

7. 1757 In and out of clouds, considerable glaciation of tops this area-
diffuse, fuzzy.

8. 1800 Heavy graupel (8-10 mm diameter) followed by heavy riming.

9. 1802 Heavy precipitation.

10. 1807 Broke out over lower tops.

11. 1812 Lightly rimed, thick, fine, needles or columns and stellars.

12. 1820 Heavy cauliflower and glaciated tops.

13. 1823 Moderate and heavy icing, moderately rimed stellars.

14. 1826 Large aggregates.

15. 1831 Glaciated tops over Sierra Nevadas.
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For this day then, a period of orographic cloudiness, which

immediately followed a frontal cloud band passage, was deemed a

likely case for precipitation augmentation by cloud seeding, while

a later flight during the same day showed that this potential had

been largely compromised or eliminated due to lowering temperatures

aloft and deepening convection.

5.2.8 UW Flight 541: 13 March 1977 (1013 1305 PST)

Numerous rain and snow showers, spawned out of an extremely

cold and unstable air mass following a cold front passage on the

preceding day, dominated the weather during this flight. The synoptic

particulars are shown in Figs. 5.31-5.33 for the surface, 850 and

700 mb, respectively. These charts show lower pressures over the

interior of the western U.S. with light northwesterly flow aloft

over the West Coast. (No satellite photograph was available.)

The Sheridan sounding (Fig. 5.34) exemplifies the instability

of the atmosphere on this day, with nearly dry adiabatic conditions

indicated through the lowest 5000 ft and a slightly lesser rate

through the remainder of the soundings.

In-flight visual observations of large numbers of ice particles

occasionally interspersed with icing conditions, are corroborated by

the measured liquid water contents and ice particle concentrations

shown in Fig. 5.35. A strong cumulus growth zone for this day was

located between approximately 20 and 60 km from the crest, where the

maximum liquid water contents and riming or build-ups were observed.

As a probable result of the low temperature of the cloud system
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Fig. 5.3? Liquid water content and ice particle concentrations
as observed during fl ight 541 13 March 1977.
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(tops estimated at -30C) only a few (minute-averages) showed ice

particle concentrations of less than 10 A~ Flight Scientist ’s

comments on this flight are listed in Table 5. 5.

Figure 5.35 indicates that the high liquid water zone be-

tween 20 and 45 km upwind of the crest was converted to completely

glaciated cloud at the same level at the crest and eastward. This

suggests an efficient precipitation mechanism that the addition of

artificial ice nuclei could have resulted in excessive glaciation

and probable "blow over" of precipitation which might otherwise

fall on the western slopes of the Sierras. We suggest that days

such as this not be considered for random draw during the randomized

experiment. Considerable precedent has been established for elim-

inating days as cold as this (-35C at 500 mb) from consideration

as a case for positive seeding potential.

5.2.9 UW Flight 545: 23 March 1977 (1200 1810 PST)

This flight of more than six hours sampled the receding

portions of a frontal cloud band and then numerous convective showers

throughout the remaining portion of the flight. The surface chart

(Fig. 4. 106) shows that by 1600 PST this active front (with little

distinguishable cloud band) lay across central California. The 850

and 700 mb charts (Figs. 4.107 and 4.108) show a pronounced trough

(largely anchored by the low height readings reported at Yucca Flat,

Nevada, UCC) which overlay or slightly preceded this front. A far

stronger trough, only partially visible on these charts, approached

the California Coast and provided the advection of positive vorticity



TABLE 5.5

.FLIGHT SCIENTIST’S OBSERVATIONS ON UW FLIGHT 541

PST

1. 1058 Estimated top of turret to south 13,000 ft.

2. 1101 Entered Cb top, stellars, needles, moderately thick no riming
becoming moderately rimed near cloud exit.

3. 1109 Entered mostly glaciated cloud, estimated tops 13,000 ft.

4. 1112 Slightly rimed stellars and needles fragments (0.5 mm)

5. 1116 Puff liquid cloud, moderately rimed stellars, needles, columns, fragments,

6. 1118 Mostly glaciated, stellars, needles, columns, fragments,
dust-like dryness to particles.

7. 1124 Puff liquid cloud, moderately rimed stellars, needles, fragments.

8. 1125 Back to all ice.

9. 1126 Lightly and moderately rimed stellars, needles and columns;
broke out of cloud.

10. 1129 Scattered buildups over mountains.

11. 1132 Dry dust-like 1-5 mm stellars, needles, columns, fragments.

12. 1134 In and out of clouds.

13. 1136 Little change, some rime icing now.

14. 1139 Broke out of cloud in lee of Sierras.

15. 1146 Glaciated turrets, diffuse, fuzzy, etc. Fine stellars, columns,
needles and fragments.

16. 1152 In and out of cloud tops, mostly or all glaciated.

17. 1155 Scattered turrets vicinity.

18. 1156 Altocumulus standing lenticular.

19. 1202 Entered light snow shower, fine needles, columns, stellars,
slight riming (1 mm crystals)

20. 1206 In and out of clouds, turret to estimated 16,000 ft.
Particles same as at 1202 PST.

21. 1212 In and out of cauliflower turrets, moderate riming.

22. 1218 Mostly liquid cloud top.

23. 1222 Glaciated wall over Sierra Nevadas.

24. 1225 Heavily rimed stellars and fragments to 1 mm.

25. 1226 Strong liquid-looking turrets, rime icing. In and out of clouds.

26. 1227 Very large (5-7 mm) graupel.

27. 1231 In and out of clouds, all liquid or sparse heavily rimed stallars.

28. 1237 Glaciated turrets in vicinity.

29. 1239 Few heavily rimed small stellars.
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over the moist, unstable air mass, thus enhancing the convection.

A satellite photograph (Fig. 5. 36) taken during the period of the

flight illustrates the widespread convection over California, and

especially over the Sierras.

Two Sheridan soundings, one on either side of the frontal

passage, are graphed in Figs. 5.37 and 5.38. The sounding at 1000

PST (Fig. 5. 37) which preceded the frontal passage, exhibits a

lapse rate slightly less than pseudo-adiabatic through the lower

10,000 ft followed by an increase in the lower level lapse rate

after the passage of the front (Fig. 5.38)

Maximum radar echo tops in the vicinity of the B-23 during

the period of flight were reported by the Sheridan radar at 15,000

to 16,000 ft corresponding to cloud top temperatures of -20 to -22C.

Liquid water content and ice particle concentration distribution

are shown in Fig. 5.39. The picture presented is a complex one, to

be expected in the presence of strong convective "pumping" in a

basic orographic cloud stream. In general, the greatest proportion

of liquid to ice particles is found at more than 35 km from the crest,

while increasing glaciation is found downwind of this point. A

transition zone where both very high ice particle concentrations

(>50 H~1) and very high liquid water contents (>1.0 g m~3) are evident

between 35 and 65 km on this day. This zone is interpreted as the

region in which the greatest vertical growth and supply of condensate

is occurring. Large liquid content readings support this contention.

Sporadic high ice particle concentrations are interpreted as resulting



Fig. 5.36 Visible satell ite photo for 141 5 PST (221 5 GMT) 23 March 1977,
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Fig. 5.39 Liquid water content and ice particle concentrations
as observed during flight 545, 23 March 1977.
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from the growth and glaciation of the more vigorous turrets in this

zone, or from the movement into the zone of older glaciated turrets.

Flight scientist’s observations for this flight are presented in

Table 5.6 Liquid water content over and in the less of the Sierra

Crest showed moderate (0.3 g m -) values indicating the escape of

liquid water from the precipitation processes affecting the western

slopes of the Sierras. We interpret this as potential for increasing

precipitation in the ARB by cloud seeding. We recommend that days

such as this be included in the random selection of experimental

days in the Sierra Cooperative Project.

5. 3 Ice Particle Concentrations and Cloud Temperatures

In some cloud seeding projects, cloud top temperatures have

been used as a criterion for artificial seeding on the assumption

that the cloud top temperature can be used as a predictor of natural

ice particle concentrations. Plots of ice particle concentrations

(measured with the UW’s automatic ice particle counter) versus cloud

top temperatures and in-flight sampling temperatures for the Sierra

data set were constructed in order to ascertain whether any viable

relationships exist between these parameters. The first of these,

ice particle concentrations versus in-flight sampling temperature,

is shown in Fig. 5.40. It is clear from these results that the in-

flight sampling temperature cannot be used as a reliable predictor

of ice particle concentrations at flight level. Or, a more pertinent

way of stating it is that the temperature at a level is not a reliable
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TABLE 5.6

FLIGHT SCIENTIST’S OBSERVATIONS ON UW FLIGHT 545

Sparse stellars, moderate clear and rime icing.

Large heavily rimed stellars, fragments, few columns or needles.

Moderately to heavily rimed stellars, needles or columns, fragments.

Heavily rimed stellars, aggregates, fragments. I
I
I
I

Increased riming, moderate liquid water.

Considerable liquid water, clear icing, rimed stellars.

Considerable liquid water, no ice in stratocumulus tops, light
to moderate turbulence.

All liquid tops of stratocumulus, little turbulence.

Cumulus top penetration, all liquid water.

In and out of cumulus near plume, no ice.

Extremely dense cumulus, wing top not visible, graupel, heavy clear icing.

Towering cumulus, sparse crystals.

Towering cumulus, sparse heavily rimed stellars. |
Extremely dense water cloud, wing tip not visible.

Light graupel, heavily rimed stellars and aggregates.

Fine fragments, heavily rimed, clear icing.

Little water visible at cloud top. Stratocumulus below.
Glaciated top.

I
I
I
I
I

Fine stellars, little riming, needles or columns, fragments.

In and out of numerous glaciated tops.

Liquid water at turret top.

Columns or bullets.

Extremely thick columns or bullets.

Few rimed stellars, .collumns, fragments.

Heavy graupel (1-5 mm)

Water and ice in cumulus tops.

Smooth, diffuse glaciated anvil.

Becoming mostly water with sparce heavily rimed stellars.

IGround visible.

Two bursts of graupel in towering cumulus, dense cloud.

Dark. Heavy precipitation, heavy riming, in stellars, needles B
or columns. I

I
I



TABLE 5.6 cont.

PST

31. 1706 Thick stellars, needles or columns, fragments.

32. 1710 Fine stellars, needles or columns, little riming.

33. 1722 Thick stellars, slightly rimed, with needles or columns.

34. 1730 Non-rimed stellars, needles, columns or bullets, fragments.
Glaciated top visible south.

35. 1734 Heavy icing after thick, slightly rimed stellars, needles,
columns, fragments.

36. 1740 Occasional stellar in mostly liquid cloud. Sun dimly visible.

37. 1744 Heavy riming, occasional stellars.
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indicator of ice particle concentrations. Cloud seeding experiments

are often stratified a posteriori based on a temperature at a level

in the atmosphere. Cloud top temperatures were estimated in the

vicinity of the B-23 flight path from radar echo tops and the Sheridan

rawinsonde or, in some cases, from direct measurements from the B-23.

Fig. 5.41 shows the ice particle concentrations at flight level against

the cloud top temperature. Although the scatter in Fig. 5.41 is less

than in Fig. 5.40, it is still not small enough to permit the ice

particle concentrations of a particular level to be deduced with any

accuracy from cloud top temperatures. These data indicate that data

usually available to the responsible forecaster for the proposed

experiment may not be adequate to define the seedability of a partic-

ular storm day.

The lack of correlation in the above two plots is, perhaps,

not surprising. Better correlation is to be expected between ice

particle concentrations measured at cloud top from the B-23 aircraft

and simultaneous airborne measurements of cloud top temperatures.

Such plots are shown in Figs. 5.42 and 5.43.

We note first that the ice particle concentrations are gen-

erally higher (in some cases by three orders of magnitude) than would

be predicted from Fletcher’s "average ice nucleus curve". Secondly,

there is again a lack of a good correlation between the ice particle

concentrations and cloud top temperatures. The disrupting factor

was that while cold (< -25C) clouds contained more than 40 i~^ of

ice particles, warmer clouds (2. -20C) exhibited both high (> 40 &~1)
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Fig. 5.41 No viable relationship between cloud-top temperature

and ice particle concentration was observed.
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and comparatively low (< 3 H~^) ice particle concentrations. (It

should be pointed out that all of the ice particle concentrations

greater than 10 A"^ at cloud top temperatures warmer than -16C

were observed on two flights (UW 539 and UW 545) during highly con-

vective cloud regimes exhibiting strong turrets; it is possible

that these high concentrations were the product of "fall-back"

turrets which were sampled as they settled back into the orographic

clouds.)

5.4 Summary of In-Cloud Microphysical Measurements

During this study airborne microphysical measurements were

obtained in ten cloud systems. Most of these clouds were associated

with post-frontal situations.

The principal results which have emerged from these studies

may be summarized as follows

A growth zone, in which marked turreting of cumulus clouds

occurred, was identified on post-frontal, unstable days. In micro-

physical terms this growth zone was characterized by relatively

high liquid water contents and occasional heavy glaciation. This

zone was between 20 and 65 km upwind of the Sierra Crest. Downwind

of this zone, liquid water contents decreased while glaciation

increased.

This growth zone might offer a good potential for precipi-

tation enhancement by cloud seeding. The presence of the growth

zone reinforces (from a different viewpoint) a conclusion from the
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T&D study, namely, that the most upwind (and therefore lower) generator

sites should be the most effective during post-frontal, unstable days.

The approximate location of the growth zone, together with

recommended locations for ground-based silver iodide generators for

the seeding of the growth zone, are shown in Fig. 5.44. A slight

westward extension of the network generators to the 500-1000 ft MSL

elevation contours is also suggested to further ensure the dispersion

of silver iodide into the growth zone in westerly component flow,

post-frontal conditions.

The tendency of glaciation to increase in the orographic,

post-frontal cloud streams sampled in our study is illustrated in

Fig. 5.45. This often-observed characteristic may be attributed to

a time-dependent element in the glaciation mechanism and/or the

cooling of cloud tops as the air flow is lifted over the Sierras.

These data arbitrate against the placement of generators at high

elevation close to the Sierra Crest such as proposed sites G-l, G-3,

G-6, G-ll, G-16, G-19, G-20, G-24, and G-25.

It should be noted that ice particle concentrations at

cloud top were quite often in the range generally considered optimal

for precipitation (1-10 !~ ) Nevertheless, some liquid water was

observed up to the Sierra crest on four out of the five flights in

post-frontal conditions. This suggests that water is escaping the

precipitation process in the ARE for these cases.

The highest concentrations of ice particles were observed

during the passage of the strongest front which produced the greatest
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precipitation at ARE sites during our field program. High ice particle

concentrations were also observed in the precipitation preceding

frontal passage. Concentrations momentarily exceeded 300 A~ and

the 1-minute average concentrations associated with cloud tops with

temperatures below -30C were generally above 100 &~1. High ice

particle concentrations (>100 &~^-) were also observed in association

with a second, weaker frontal passage incorporating much shallower

clouds and warmer cloud-top temperatures (2. -20C) While some liquid

water continued to be observed even in the presence of these high ice

particle concentrations, the effect on precipitation of adding a few

artificial ice nuclei per liter must be questioned in these situations.

These frontal systems may well be characteristic of the many rainy

fronts which invade California during a more usual winter than that

of 1977.
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SECTION 6

RADAR REFLECTIVITY CALCULATIONS

FROM IN-CLOUD PRECIPITATION PARTICLE MEASUREMENTS

6.1 Introduction

One of the goals of the present study was to obtain airborne

measurement of precipitation for comparison with radar reflectivities

measured with the 5-CM Enterprise Radar located at Sheridan and

precipitation rates measured on the ground. This was done by flights

overhead of the BOR recording gages along highway 80 from approxi-

mately Auburn to Donner summit. Fig. 6.1 shows the "Z-R" flight path.

Flights were made along or very near to this path on nine occasions

when it was precipitating. In this section we described the techniques

we used to calculate radar reflectivities based on measurements from

the B-23 aircraft.

6.2 Techniques

The size distributions of particles intercepted by the aircraft

were measured with three PMS probes which covered the size range from

3 v-m to 4500 pm. Particles less than 100 ym in diameter (non-precipitation

sized particles) were eliminated from the calculations.

Since the PMS probes cannot differentiate between ice and water

particles, all particles greater than 100 pm were assumed to be ice.

Information on ice particle types was obtained from three sources:

the Continuous Formvar Particle Replicator, the Metal Foil Impactor,

and visual observations of crystal impactions on the B-23 snowstick.
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Fig. 6.1 The Sierra Cooperative Project "Z-R" fl ight path between Auburn and Donner Pass.
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SECTION 7

RECOMMENDATIONS FOR FURTHER STUDY

The following subjects are recommended for further study with

respect to the proposed randomized cloud seeding experiment in the

ARB:

Considerable additional sampling is required during pre-frontal

and frontal zone precipitation to reliably ascertain their inherent

microphysical characteristics. Our sample of one significant rain

producing front was marked by large (>100 !~1) ice particle concen-

trations. An erroneous presumption of seedability here will positively

eliminate any chance for achieving a statistically significant effect

from cloud seeding.

Equally essential is the gathering of extensive information

on the properties of plume dispersion under moist and stable conditions.

Wide differences of opinion exist here within the weather modification

establishment from the extreme position that stable atmospheric strati-

fication has virtually no effect in impeding the vertical dispersion

of nuclei, to those who believe that this represents a decisive im-

pediment to a successful (ground) seeding program. Again, an erroneous

presumption here would eliminate the chance for a statistically sig-

nificant cloud seeding effect during the Sierra Cooperative Project

cloud seeding experiment.

Certainly not all of the details of post-frontal precipitation

regimes were established in our sampling. We recommend further inves-

tigation of this category of precipitation event which may have some

potential for modification by cloud seeding.
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Considerable additional direct sampling of cloud top temperature

and associated ice particle concentrations is required.

No significant attention has yet been given in the Sierra Project

to the relative importance of mesoscale and microphysical phenomena in

the production of precipitation in the ARB. Mesoscale events might

well dominate the whole picture.
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SECTION 8

SUMMARY AND CONCLUSIONS

A six-week field study was undertaken by the UW for the purpose

of establishing information on the dispersion characteristics of

ground and airborne released materials over the American River Basin

(ARB) in California, and investigating the microstructure of clouds

in this area with particular reference to their potential for precipi-

tation enhancement by cloud seeding.

A number of important findings have emerged from this study in

spite of the fact that the field program coincided with the driest

winter and spring on record in Northern California.

The principal findings (based on observations made primarily in

post-frontal conditions) can be summarized as follows:

The greatest vertical dispersion of released materials occurred

when the temperature lapse rate was equal to or exceeded the pseudo-

adiabatic lapse rate.

Materials released both from the ground and the air on dry days,

when the lapse rate was less than pseudo-adiabatic, were characterized

by negligible vertical dispersion.

BOR tank model simulations were found to do remarkably well in

predicting the trajectories of the plumes during this study.

Microphysical and visual observations in post-frontal conditions

indicated the presence of a growth zone between 30 and 65 km west of the

Sierra Crest. Cumulus growth was most active in this zone. The growth

zone might well be a good target for the seeding agents. The agents

should be released far enough upwind to be ingested into this growth zone,
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No viable relationship appears to exist between cloud-top

temperatures and ice particle concentrations. However, nearly all

clouds with tops at -16C or wanner (measured by the B-23) contained

less than 10 ice particles per liter, and 80% exhibited less than 3

ice particles per liter. However, even these concentrations are

sufficiently high to raise questions as to the efficacy of artificial

seeding.

Our tracer and diffusion studies and microphysical measurements

indicate that silver iodide generator sites at high elevations close

to the Sierra Crest are unlikely to be effective because the silver

iodide is unlikely to rise high enough to produce precipitation which

will fall out on the western slopes. In addition, our microphysical

observations indicate that clouds close to the crest already contain

high concentrations of natural ice particles.

Aircraft tracking of plumes under IFR conditions is going to

be handicapped to the point of futility by present FAA regulations

which specify MVA’s over the Sierra, since ground-released plumes did

not apparently rise high enough to reach the MVA’s. In addition,

shallow orographic cloud systems have tops below the MVA’s.

The only significant rain-producing frontal system which

crossed the ARE during the period of our study was associated with

extremely high ice particle concentration, but nevertheless was not

completely glaciated. However, it seems unlikely that the addition

of artificial ice nuclei could significantly perturb systems of

this type.

No significant industrial sources of ice nuclei were observed

in a check of 24 possible emission sources.
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Exceeding the explicit scope of this report, but nevertheless

an item which deserves attention, are recommendations on the criteria

to be used in determining experimental units in the proposed randomized

cloud seeding experiment. The objective should be to have criteria

which will result in the greatest differences between seeded and non-

seeded experimental units.

Based on the admittedly limited data set which we obtained in

this study (plus experience from other programs) we make the following

recommendations:

The experimental units should include only post-frontal or

prototype post-frontal periods of precipitation. Vertical dispersion

appears to be adequate in these situations for material released from

the ground to reach cloud levels provided the material is released

far enough upwind of the Sierra Crest. Also, in these situations, the

draw is more likely to be unbiased as excessive precipitation amounts

would be excluded from the sample by the showery nature of the pre-

cipitation.

A 12-hour, mostly daytime, experimental unit should be con-

sidered to further ensure the adequate vertical dispersion of the

nucleant. The 12-hour interval between experimental units would also

serve as a purge time between random draws.




