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SUMMARY
This report describes the resul ts of exploratory studies of the effects of

dry ice seeding on a variety of cloud types in Washington State.

Airborne

measurements show that under certain conditions the microstructures of several
cloud types (al tocumulus, stratocumulus, cumulus) can be significantly affected
by seeding.

Nimbostratus, on the other hand, can only rarely be affected

because the natural concentrations of ice particles in these clouds are

generally high.

Measurements of the rates of dispersion of seeding effects

within different cloud types and under various conditions are presented.

The effects of dry ice seeding from cloud to ground have been directly
documented for the first time using a vertically-pointing, col or displ ay, 8 nm

wavelength radar.

In these studies seeding was carried out along tracks perpen-

dicul ar to the wind and upwind of the radar.

By progressively adjusting the

distance at which the seeding was carried out from the radar and the rate of

seeding, the effects of the seeding were targeted to the radar site in the form
of l ight precipitation.
There appears to be systematic changes in the microstructure of clouds in

moving Inl and from the Washington Coast.

These changes are such that precipita-

tion from cl ouds east of the Cascades is more l ikely to be increased by artificial seeding than the more maritime clouds.

Further studies are recommended in which emphasis woul d be placed on airborne and radar measurements of the effects of cloud seeding on precipitation
from cl ouds in Eastern Washington and the Columbia River Basin.

AIRBORNE AND RADAR STUDIES OF THE EFFECTS OF DRY ICE SEEDING
ON CLOUDS AND PRECIPITATION IN WASHINGTON STATE

1.

BACKGROUND
In 1976 the Pacific Northwest experienced a serious drought which threatened

the economy and general well -being of the region.

As part of a general response

to thi s problem, the Pacific Northwest Regional Commission (PNRC) decided that
more research was needed into cl oud seeding as a potential tool for helping the

ong-range water picture in the Pacific Northwest.

In the spring of 1977, Professor Peter V. Hobbs, of the Atmospheric Sciences
Department, University of Washington, proposed to the PNRC a program of research
to investigate the prospects for increasing precipitation by cloud seeding in

Washington State.

The program, as originally proposed, consisted of four

phases, each lasting one year, as follows:
PHASE I

Prel iminary investigations of the effects of seeding on cl ouds and

the design of a statistical technique for quantitative evaluation of
the effects of seeding on the runoff from a target river.

PHASE II

Detailed airborne and radar studies of the effects of seeding on

clouds and precipitation.

Design of a statistical technique for

investigating the downwind effects of seeding.

PHASE III: A full -scale cloud seeding experiment to determine the effects of
seeding on the annual runoff from a target river and the effects, if

any, on precipitation downwind of the target.
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PHASE IV: Evaluation of the resul ts of the Phase III experiments.
Preparations of final report and recommendations to the PNRC on the
potential of cloud seeding for water resource management in the Paci fic

Northwest.

Phase I of the program was approved and funded by the PNRC.

It was success-

fully completed and a written report on the findings was provided to the PNRC in
February 1979.
The PNRC awarded two contracts to carry out Phase II of the program.

Those

aspects of Phase II concerned with airborne and radar investigations of the
effects of artificial seeding on cl oud and precipitation were the responsibil ity
of the University of Washington. This report is concerned with describing these
studies, which received additional support from Bonneville Power Administration
and the National Science Foundation.

The design of a stati stical technique for

determining the downwind effects of seeding was the concern of the Mater

Resources Research Institute of the University of Idaho which will submit a
separate report to the PNRC.
The University of Washington requested support from the PNRC to carry out
Phase III of the Cloud Seeding Project during the 1980-81 winter year.

request was not approved due to lack of funds.

east. Phases III

and IV of the Cl oud Seeding

will not be carried out.

This

Consequently, for the present at
Project as originally conceived
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2.

ORGANIZATION OF REPORT
This report is concerned with a description of the principal scientific

resul ts that have emerged from the University of Washington’ s studies of the
effects of dry ice seeding on the microstructures of various types of clouds and
the development of precipitable particles in these clouds. In

3 we describe

briefly the airborne and radar facil ities used in these studies.
resul ts of the airborne measurements are described;

5

In 4 the

is concerned with the

resul ts of combined airborne and radar measurements of the effects of seeding.
The report concludes with a summary of our principal findings and recommendations for future studies.

3.

FACILITIES
(a)

Airborne.
The principal facil ity for the studies reported herein was the

University of Washington’ s B-23 research aircraft.

This aircraft contains

state-of-the-art instrumentation for measuring the microstructures of clouds
and precipitation and the effects of artificial seeding on these structures.
Tabl e 1 contains full detail s on the instrumentation.

In addition to

measurements of the basic meteorological parameters (e.g. temperature,
dewpoint, winds, turbul ence)

special ized measurements include cloud l iquid

water contents, the size spectrum of cloud and precipitation particles, and
ice particle concentrations.

Seeding with dry ice was carried out from this

aircraft using an automatic instrument that crushed the dry ice and

dispersed it into the air at desired rates.

AH of the measurements made
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Table 1.

Research instruments aboard the Universi ty of Washington’s B-23 aircraft.

Parameter
Total air

Instrument Type
Platinum wire
resistance

temperature!"

Manufacturer

Rosemount Model
102CY2CG + 414 L

Range (and error)*
-70 to 30C
(+/- 0.1 C)

Bridge
Static air

temperature^
Dew point^

Pressure
al titude"^

True airspeed^
Air

turbulence1’

Liquid water

content1’

field1’

Electric

Types and sizes
of hydro-

Computer value

In-house

-70 to 30C
(+/- 0.5C)

Dew condensation

Cambridge Systems
Model TH73-244

-40 to 50C

Rosemount

150 to 1060 mb
(+/- 0.2%)

(+/- 1C)

Variable
capitance

Model 830 BA

Variable
capitance

Model 831 BA

0 to 230 m
(+/- 0.21)

Differential

Meteorology
Research, Inc.
Model 1120

0 to 10
(+/- 101)

Hot wire resistance

Johnson-Will iams

0 to 2 g
0 to 6 g

Rotary field mill

Meteorology
Research, Inc.
Model 611

0 to 110 kV

Meteorology
Research, Inc.

Detects particles
> 250um

Metal foil impactor

meteors1’

Rosemount

s-1

cm2/3 s-1

m-3
m-3

(+/- 10%)

Model 1220A

Ice particle

concentrations!^
Concentration of
cloud condensation nuclei

Optical polarization
technique

In-house

0 to 1000 A-1
detects particles
> 50um

Light-scattering

In-house

0 to 5000
(+/- 101)

In-house

0.01 to 500

Mee Industries

0.1 to 10,000

^

Ice nucleus

concentrations1’
Ice nucleus

concentrations!^
*

Al

NCAR acoustical
counter

Polarizing

particle sizes refer to maximum particle dimensions.

Data displayed or available aboard the aircraft.

cm-3

-1

A-1

-5Table 1 (continued)

Parameter

Instrument Type

Concentrations of
sodium-containing

Flame spectrometer

In-house

0 to 10,000
(+/- 11)

Al titude above

Radar altimeter

AN/APN22

0 to 6 km
(+/- 51)

5 cm gyro-stabil ized

Radio Corp. of
America. AVQ-10

100 km

Works off DME
and VOR

In-house

180 km
(1 km)

Systron Donner

h, min, s

particles1"

t"1’

terrain’^

radar1’

Weather

Aircraft
position and

course

Manufacturer

plotter!"

Time1’

Time code generator

Range (and error)*

1:105)

Model 8220
Time t"
Ground

communi-

cation1’
Light-scattering

coefficient!^

Jl-1

Radio WWV

Gertsch RHF 1

min

FM transceiver

Motorola

200 km

Integrating nephelo-

Meteorology Res.
Inc. Model 1567
(modified for

0 to 2.5 x 10-4
or
0 to 10 x 10-4

meter

increased stabil ity
and better response
time)

Heading!"

Gyrocompass

Ground speed and
drift angle1’
Ul traviolet

radiation1’
Angle of

attack1’

Doppler navigator

Sperry Model C-2
Bendix Model

Total gaseous
sul fur’ +T
*

+t

0 to 6 km a1’

DRA-12
Barrier-l ayer
photoelectric cel l

Potentiometer

Eppl ey Laboratory,
Inc. Model 14042

0.7 J m"2
(+/- 5%)

Rosemount

+/-

Model 861

Photographs1’

0 to 360
(+/- 2%)

35mm time-l apse

camera

Automax
Model GS-2D-111

FPD flame

Meloy Model 285

photometric detector

All particle sizes refer to maximum particle dimensions.
Data displayed or available aboard the aircraft.
Not relevant to this study.

s-1

23
(+/- 0.5)

s to 10 min
0.5 ppb

1 p’

m-1
m-1
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Table 1 (continued)

Parameter
Ozone t ft

Instrument Type
Chemi1umi nescence

^N4)

Manufacturer

Range (and error)*

Mom’tcir Labs
Model 8410 A

0 to 5 ppm
(+/- 7 ppb)

H3.NO .NO^.NO^ ++

Chemiluminescence

(03)

Mom’to>r Labs
Model 8440

0 to 5 ppm
(+/- 10 ppb)

Size spectrum of
aerosol particles1’

Electrical mobil ity
analyzer

Thermal Systems,
Inc. Model 3030

0.0032 to 1.0 urn

Size spectrum of
aerosol particles1’

90 lightscattering

Royco 202

0.3 to 12 urn

Size spectrum of
aerosol particles1’

Forward

Royco 225
in-house modified)

1.5 to 40 urn

Size spectrum of
aerosol particles

Diffusion battery

Thermal Systems,
Inc. Model 3040
with in-house
automatic valves &
sequencing

0.01

Forward lightscattering

Particle Measuring
Systems, Model
ASSP100

1.5 to 70 urn

cloud particles1’

Diode
occul ation

Particle Measuring
Systems, Model
OAP-200X

20 to 300

Size spectrum of
precipitation
particles

Diode
occultation

Particle Measuring
Systems, Model

300 to 4500 urn

2-D images of
cl oud particles

Diode
occulation

Particle Measuring
Systems, Model
OAP-2D-C

25 urn resolution

2-D images of
precipitation

Diode
occulation

Particle Measuring
Systems. Model
OAP-2D-P

100 pm resolution

Light transmission

General Electric
Model CNC II

102

ight-scattering

particles"1’

Size spectrum
aerosol and

cloud particles!"
Size spectrum

of Aitken

*

+
t+

nuclei^

0.2 urn

urn

OAP-200Y

particles

Concentrations

(in-house modified)

Al l particle sizes refer to maximum particle dimensions.
Data displayed or available aboard the aircraft.
Not relevant to this study.

to 106 cm-3
(particles >0.001 urn)
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Parameter

Concentrations

Instrument Type

Manufacturer

Range (and error)*

Rapid expansion

Gardner

2 x

Si zes and types
of aerosol
particles f +t

Direct impaction

Glass sl ides

5 to 100 urn

Concentrations of

Direct impaction

of Aitken

nuclei1’

ice nuclei

Mass concentration
aerosol

particles1’

Particulate

sulfur^

107

cm

Nuclepore/

Electrostatic deposition onto matched
oscillators

Thermal Systems,
Inc. Model 3205

0.1 to 3000 ug
(+/- 0.1 yg m-3)

Pal flex filters

In-house

0.1 to 50 urn m-3
(for 500z air sample)

Collects cloud
droplets > 3 urn radius

(then Roberts/Husar
flash volatil ization)

Centrifuge

In-house

Size-segregated
concentrations
of aerosol

Cascade impactor

Sierra

Instruments

Inc.

particles1’1’

*

to

Mi H i port

Cl oud water

samples"*^

102

Al l particle sizes refer to maximum particle dimensions.
t Data displayed or available aboard the aircraft.
tt Not relevant to this study.

m-3

0.1
3 urn
(6 size fractions)
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aboard the aircraft are processed by an on-board computer and recorded on
magnetic tape for subsequent detail ed analysis.

In some of the experiments invol ving joint airborne and radar
observations, a second small er aircraft (a Piper Navajo) was used, primarily
to carry out seeding.

This aircraft was instrumented with a dry ice

dispensing unit, cloud liquid water meter, ice particle counter and
temperature probe.

(b)

Radar.

Conventional weather radars (which have wavelengths of a few
centimeters) can detect precipitation but not cl ouds.

We have recently

modified an ex-mil itary (TPQ-11) 8mm wavel ength radar that is capable of

detecting both cl oud and precipitation particles and we have provided it
with a color-displ ay output on a televi sion screen. This has proved to be a

unique new tool for it provides us with the capabil ity of remotely tracking

from cloud to ground the effects of cloud seeding. It was first used for
this purpose in this project (see 5)
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AIRBORNE MEASUREMENTS OF THE EFFECTS OF DRY ICE SEEDING ON CLOUD STRUCTURES
4.1

Cloud Types Investigated
The clouds that were investigated may be divided into two main

catgories:

stratiform and cumul iform.

further subdivided as described below.

Each of the categories may be
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[a)

Stratiform Cl ouds
(i

Altocumulus (Ac)
These clouds are defined as having bases higher than 2.5 km

above ground level (AGL)

being less than 1 km thick, often in vast

ayers, and having low (<1 l~ } concentrations of natural ice
particles.

Al tocumulus may have cl oud top temperatures ranging from

above freezing to bel ow -30C.
form and usual ly less than 100

Droplet concentrations are often uni-

cm"

the spread in the droplet size

spectra may be quite large.
(i i

Stratocumulus (Sc)
These clouds have bases bel ow about 2.5 km AGL and are less than 2

km thick.
al

They occur in large patches or sheets which cover most or

of the sky; they have only small internal vertical motions and they

usually have low (<1

A"1)

natural ice particle concentrations.

top temperatures are generally < -10C.
be uniform, generally <250 on

(i

Cloud

Droplet concentrations tend to

and the droplet size spectra wide.

Nimbostratus (Ns)
These are the deepest stratiform cl ouds and they al so have great

horizontal extents.

They are the major organized cl oud systems

associated with frontal systems in the Pacific Northwest.

On satell ite

photographs they appear as the large cl oud bands emanating from the
center of cyclones extending from high latitudes often into the
tropics.

Those investigated as part of this study had bases below 2.5

km AGL and tops above 4 km AGL.

Nimbostratus cloud systems incorporate
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the lowest cloud top temperatures (<-20C) withi n the strati
form group
and nearly all portions of such clouds exhibit
high ice particle concentrations (>U~

100&"1)

and occasionally as high as

Overall

ver-

tical motions within Ns systems are rel atively weak, and
where present
are often associated with upward gl ide over frontal
surfaces or terrain

features.

Liquid water contents are general ly low, with droplet con-

centration typically <50

(b)

cm"3.

Cumul i form Clouds (Cu)
(i

Cumulus humil is.

These clouds have depths less than 1 km.

They occur as individual

clouds or small ensembles with individual turrets covering less than
hal f the sky. Ice particle concentrations are <1
Their cloud

A"1.

temperatures in our studies ranged from -1.5 to -26C.
centrations were typically >100

(1 i

top

Droplet con-

cm"3.

Cumul us mediocris and cumulus congestus.

These clouds occurred in isol ation or in small cl usters with individual turrets. Their depths were between 1 and 2 km. Droplet
and ice
particle concentrations varied widely, even for clouds with
the same

dimensions and cloud top temperatures.

This variation may occur from

location-to-l ocation, or from day-to-day at the same location, particularly in western Washington. Dropl et concentrations were >100

cm"

and

frequently greater than 400

cm"3

in the inl and clouds.

particle concentrations varied from 0 to 100

tures ranged from -2 to -26C.

i~1.

Ice

Cloud top tempera-

-ir^

(I ’M

Ciimulom’mbus
This largest (>3 km depth) of convective clouds 1s typified by

strong updrafts and high (>2g

m’3)

iquid water contents.

These clouds

appear as "caul iflower" turrets or shoulders adjacent to and usually on
the upwind side of precipi tating cores.

Droplet concentrations in the updraft regions of these clouds vary
from 200 cm" in maritime air masses to >500
in eastern

on"^

Washington.

Ice particle concentrations exceeding

500"1

were measured

on occasions in these cl ouds.

Due to the high natural ice particle concentrations in

cumulonimbus, artificial seeding of these clouds was not undertaken.
4.2

Objectives of Study

The principal questions addressed in the airborne studies were:
What are the effects of airborne dry ice seeding on the various types
of clouds

isted in 4.1?

At what rates do the effects of dry ice seeding spread within cl ouds?

Are there regional differences in cloud microphysical structures that
might affect their responses to seeding?

These questions are considered in turn in the fol lowing three sections.
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4.3

Effects of Dry Ice Seeding on the Microstructures of the Cl ouds

(a)

Al tocumulus.

It is probably not possible to produce significant precipitation
on the

ground through the seeding of Ac due to their heights above

ground level and sl ight vertical extents.

However, studies of these

clouds can be useful in evaluating the effects of seeding on cloud
structures because they persist for long periods of time without many

natural changes, al so their thinness permits easy tracking of precipitation fal streaks induced by seeding.

Moreover, since these clouds

are supercooled and have low (<1 i~ } natural ice particle
concentrations, the effect of seeding them with dry ice is often
Figure 1 shows a comparison of non-seeded Ac clouds with

dramatic.

generally adjacent) regions of Ac gl aciated by seeding.

It can be

seen that the l iquid water contents and droplet concentrations in the
seeded clouds were about hal f those in the unseeded clouds, while ice

particle concentrations in seeded clouds were greater by a factor of
about 35.

Al so, precipitation-sized aggregates were routinely observed

in the seeded clouds up to 1 km below cl oud base.

Due to the sl ight

upward air motions in Ac, the repleni shment of cl oud water glaciated by

seeding is slow.

Therefore, the "rift" l ines produced by seeding are

ong-1 ived.
Figure 2 il lustrates the changes in particle size distributions

caused by dry ice seeding of Ac.

There are higher concentrations of

arge precipitable particles in the seeded cl ouds than in the unseeded
clouds.

Cl early, if a low-l evel counterpart to al tocumulus coul d be
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found, there would be little doubt that cloud seeding with dry ice

woul d increase precipitation above that which would occur naturally.

Subsequent sections will address the structural changes produced in

clouds that form closer to the ground than Ac.

(b)

Stratocumulus

Due’ to their widespread coverage, cl oseness to the ground, and
frequently low natural ice particle concentrations, supercooled Sc

clouds might be expected to be good candidates for cl oud seeding.
Figure 3 supports this view by demonstrating that the seeding of Sc
cl ouds caused sharp increases in ice particles when compared to the
unseeded clouds.

Figure 4 detail s the di fferences in the particle size

spectra between the natural and seeded clouds.

The concentrations of

precipitable particles (>100 pm) in the seeded cl ouds were six times

greater than in the natural clouds.

However, these data are from Sc

clouds over fl at terrain or oceanic areas, where the clouds were produced by rather small upward air motions and condensation was sl ight
and cloud depths shall ow.

In these cases, seeding with dry ice often

caused dissipation of the clouds, with only a

"trace" of precipitation

at the ground, even at seeding rates as low as 0.1 kg

km"1.

However,

Stratocumulus produced by stronger upward air motions over mountains
contain more

iquid water and have greater depths.

These factors

suggest that orographically-enhanced Stratocumulus clouds might produce
significant precipitation when seeded, provided the natural ice particle concentrations remain low (<1 i~ ) during passage across the
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barrier.

However,

previous studies in the Cascade mountains*
indicate-

that, even in the absence of seeding, ice particl e
concentrations in
shallow cl ouds may increase signi ficantly when the cl
ouds are subjected
to forced ascent over a large barrier.

(c)

Nimbostratus

Figure 5 il lustrates the changes in the microstructure
of Ns
clouds fol lowing seeding; the changes are simil ar to
those observed in
Ac and Sc. However, unl ike Ac and Sc, where evidence of
seeding on the

microstructures of the clouds is still often detectable up to two
hours
after the seeding has stopped, the differences between
the seeded and
unseeded Ns cl ouds depicted in Fig. 5 were general ly
only detectable

for up to

1/2

hr after seeding, probably because in the absence of
l iquid

water the small ice particles produced by seeding subl ime
or aggregate
with the larger natural crystal s which abound in
Ns cl ouds. In one

case, however, where liquid water was encountered embedded
within an Ns
cloud system, the seeding "signature" in the cloud
microstructure was
tracked for an hour, at which point it passed over the TPQ-ll
radar.
The seeded portion of the cloud was detected by the
radar but precipitation particl es were not reaching the ground at this
location.
Fig. 6 shows the rel atively smal

changes which

seeding produced in the particle size spectra in Ns.

on average,

Even these small

differences were generally detectable only for a short time after
seeding.
*

J. Appl

Heteorot

J_4, 783-858,

1975.
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d)

Cumul form douds
Of the categories of cumul form cl ouds

sted in 4.1(b)

only the

second category (cumul us mediocri s and cumulus congestus) was
seeded

frequently enough to permi t eval uations of the effects of seeding.
Supercool ed cumul us mediocris and cumul us congestus cl ouds of
modest depths (~3 km) were seeded in an attempt to identi fy
the characteri stics of the seeding effects that coul d later be
appl ied to

arger convective cl ouds.

microstructures (Fig. 7)

Seedi ng produced marked changes in their

These changes are al so refl ected in changes

n the particl e si ze spectra before and after seeding (Fi
g. 8)

the smal

sizes of these cl ouds

Due to

no precipi tation was observed to reach

the ground as a resul t of seedi ng.

An important and interesting facet of the seeding of these clouds
(which was al so observed in the seeding of some larger
cumulus) was

that the seeded segment of the cl oud usual ly passed out of
downwind

edge of the cl oud.

Thi s is to be expected in the case of

orographi-cal ly-anchored cl ouds (because the wi nd and cl oud particles

are carried by the wind through the stationary cl ouds)

however, in

some cases it was al so observed in cumul us cl ouds over fl at terrain
and
over the ocean. In these si tuations the maximim time that
the
ice

particl es produced by seeding have to grow in the cl oud is
determined

by the wind speed rel ative to the cl oud and the width of the cl
oud
al ong the direction of the wind.

These maximum times can be read off

500

re""
2 250

^)
t/)

1^

^^
l~1

NATURAL CLOUDS
SEEDED CLOUDS

2
0

^<i^

g

(U

200

2
0

2
LJ
U
Z.
0

0

&0:

t2
LJ

50

u 10
2:

LJ

0
U

Q-

0

LJ

^

U

Q:

_1

100

<

i

lc

5

tr

g

t;nl

^
t^l

^

LJ
U

0

The effects of dry Ice seeding on Hquld water contents, droplet
concentrations and Ice particle concentrations for cumul us medlocrls
and cumulus congestus clouds. Sample size: 418 natural cloud elements
and 125 seeded cloud elements obtained on 33 days.

lOQOOOr

IO.OOOH,
000

500

1000

1500

2000 2500 3000

PARTICLE DIAMETER (^.m)
Fig. 8

Particle size spectra measured in natural and seeded cumul us mediocris
and cumulus congestus. Sample size: 332 natural cloud elements and 95
seeded cloud elements obtained on 17 days.

-16-

trom Fig.

For exampl e. In the case of a
stationary orographic
cl oud in a wi nd speed of 15 m
the cloud woul d have to be at
least
9.

s-1.

10 km wide al ong the di rection of
the wind if the growth time of
the
Particles in the cl oud is to exceed 10 .in.
Since 10 .i n is general ly
considered to be about the minimum time
required to form precipi tablesized particles, and individual cumul
us cl ouds in the Paci fic
Northwest
do not normal ly reach widths of
10 km, it seems unl ikely
that the
seeding of individual orographic cumul us
win produce large enough particles to reach the ground as preci pi
tation in these cases. In the
case
large orographic cl oud systems, such
as commonly exi st over the
Cascade Mountains, the width of the cl
ouds are sufficient that

^

growth

t1.es in the cl ouds shoul d not be a

imi tation on the formation of pro-

cipi tabl e particl es.

4-4 D^persion of the Effects of
Seedi ng

It is necessary to establ sh the
volume of cl oud affected by seeding
in
order to ascertain whether it is
sufficiently arge to potential ly effect an
ncrease in precipitation at the ground over a
meaningful area. Several

factors might be

expected to infl

uence the vol ume of a cloud affected by
seeding (e.g. el apsed time from initial
seeding, downwind distance from the
Point of seeding, cl oud type temperature of
the cl oud at the level of
seeding, and seeding rate)
Some of these effects are discussed
below.
When a cl oud is seeded by dry ice
al ong a

ine. the region of cloud

affected by the seeding (i .e. that showing
high ice

particle concentrations

10

20

30

40

50

WIDTH OF CLOUD (KM)
Fig. 9

Maximum growth times (T) of cloud particles given the speed of the wind
rel ative to a cloud and the width of the cl oud al ong the direction of
wind.

0
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and reduced concentrations of water drops) spreads
out lateral ly in a direction perpendicul ar to the length of the seeded track.
Fig. 10 shows the

resul ts of airborne measurements of this spreading.

The best-fit l ine

through a11 the data points shown in Fig. 10 is given by the
rel ation:
W

0.03

t’61

where W is the horizontal width of the track affected by
seeding (in km) and
t the time (in sec) after seeding. Thi s relation
fits the data points
with

a correl ation coefficient of 0.95.

It can be seen from Fig. 10 that the rate of change of W with
time is
ess for the strati form cl ouds (Ac, Sc and Ns) than for the
cumul i-form
clouds (Cu).

This reflects the lower level s of tubulence and mixing in
the
stratiform clouds.
Figure 11 shows the expansion of the horizontal width of
the seeded

track as a function of distance downwind from the seeded
l ine.

The rapid

nitial growth in the width is largely due to the fact that
the data points
out to a distance of 10 km are dominated by Cu
clouds. The best-fit ine
through all the data points shown in Fig. 11 is:
W

0.7

s-43

where W is the horizontal width of the track (in km) and s
the distance
downwind (in km)

Further studies of pl ume expansion as a function of distance below
the
release level (Fig. 12) show that the width of the seeded
track

expands much

more rapidly with distance (but not necessarily time) in the
vertical than
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t does with distance in the horizontal (Fig. 11)

Thi s is because as the

ice crystal s produced by seeding settle downwards they are segregated in the

vertical plane by their different fall speeds and this produces an increase
in the horizonal width of the track over and above that produced by mixing.

(The spreading of seeded tracks in the vertical plane is clearly seen in the
radar displays shown in Fig. 18 in

5 below)

It can be seen from the data shown in Fig. 13 that the widths of the
clouds affected by seeding general ly increased as the seeding rate was
increased, and that for a given seeding rate the colder the cl oud the

greater the width affected by seeding.

However, these parameters appear to

have much less effect on the wi dth of the track affected by seeding than
either time or distance from the seeded l ine.

4.5 Regional Differences in Cloud Microstructures

It is known that there are pronounced differences in the microstructures of maritime and continental clouds.

Since these differences might

impact the effects of artificial seeding, a study was initiated to determine
the differences in the microstructures of cumulus clouds in eastern

Washington from those in western Washington.

Figure 14 summarizes the differences in cloud dropl et spectra in nonprecipitating cumulus clouds for three regions of Washington State.

"Marine

cumulus" appl ies to clouds encountered approximately west of Shel ton, WA,
those for the

"Puget

Sound and the Cascades" were located east of Shel ton to
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the Cascade Crest, and those for

"eastern Washington" were cl ouds encoun-

tered east of the Cascade Crest.

It can be seen from Fig. 14 that these

three categories of cloud have distinct dropl et size distributions.
the clouds become increasingly continental

As

in moving from west to east

across the State, the concentrations of the larger drops decrease significantly and the concentrations of the smallest drops (<15 urn) increase.
Laboratory studies* indicate that the cloud droplet size spectra should

pl ay a crucial role in determining whether the concentrations of ice
particles in a cloud can increase through mul tipl ication processes;
in

turn, wil l affect the seedabil ity of a cloud.

this,

The importance of ice

mul tipl ication in a cloud can be measured through the ice enhancement
ratio, which is defined as the ratio of the concentrations of ice particles
to the concentration of ice nuclei active at the cl oud top temperature.

If

the ice enhancement ratio is high, ice multipl ication mechanisms are significant in enhancing the concentrations of ice particl es in a cloud above

those produced through the action of natural ice nuclei

Those clouds in

which the ice enhancement is high are unl ikely to be suitabl e candidates

for artificial seeding, since the natural concentrations of ice particles in

these cl ouds shoul d be more than adequate for the efficient release of
precipitation.

On the other hand, clouds in which ice mul tipl ication is

absent, and therefore the ice enhancement ratio is close to unity, are

potential candidates for seeding to increase precipitation provided they are
warmer than about -20C.

*Quart. J. Roy. Meteor. Soc.

104, 323-330, 1978.
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In Fig. 15 we have plotted the maximum concentrations of droplets at
the bases of cumulus clouds against the concentrations of drops >25 urn in
diameter in the updrafts of the clouds.

The general decrease in the maximum

concentrations with increasing concentrations of drops >25 urn, simply

reflects the fact that the more droplets there are the small er is their

average size.

As noted previously, this can al so be seen in Fig. 14 where

the eastern Washington clouds, which have the highest total droplet

concentrations, have the smallest concentrations of large drops.

The data

points in Fig. 15 are divided into two groups: those with and without

significant (>50) ice enhancement ratios.

It can be seen that, without

exception, those cl ouds exhibiting significant ice enhancement ratios al so

contained drops >25 urn in concentrations of at least 20

cm"3.

This obser-

vation supports the laboratory studies that show ice mul tipl ication through

drop freezing only becomes significant if drops with diameters > 25 pm are

present in appreciable concentrations.

It follows from these discussions that the prime candidates for artificial seeding to increase precipitation from cumulus clouds are those

corresponding to the data points indicated by the open circl es in Fig. 15.
These tend to be the more continental clouds (indicated by C in Fig. 15)

5-

COMBINED AIRBORNE AND RADAR MEASUREMENTS OF THE EFFECTS OF SEEDING
5.1

Techniques.
During December 1979 and February 1980 an intensive fiel d program was

operated on the Washington coast (near Gray! and) to obtain simul taneous
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airborne and radar measurements on stratiform clouds seeded with dry
Both the B-23 and Piper Navajo

ai

ice.

rcraft were involved in these studies.

The

radar was the TPQ-11 which was located at Grayl and.

The operational procedures were as follows.

Seeding with dry ice was

carried out from one of the aircraft at several locations upwind of
the

radar.

The seeded tracks were 15-18 km long and oriented perpendicul ar to

the direction of the wind.

Fol lowing seeding the aircraft made passes

through the cloud at various al titudes to determine the effects of the
seeding (Fig. 16)

The radar was pointed vertically in order to monitor the

unseeded clouds and the seeded tracks as they drifted over the radar.

5.2 Overview of Data Set.

A total of 108 cloud elements were seeded, 19 during December, 1979 and
89 in February, 1980.

To determine whether or not a seeded track produced a

noticeable effect on the radar, the time that the track passed over the
radar was determined from the winds and airborne observations and measure-

ments in the seeded track.

The radar echo return signal s from various

al ti tudes within the track were then inspected to see if they showed
signi-

ficant differences from adjacent regions of unseeded cloud.
The overal

resul ts of thi s analysis are summarized in Table 2.

The

category "noticeable effects" refers to cases where the passage of the
seeded track over the radar produced significant changes in the radar echo.

"No noticeable effects" refers to those cases where the passage of a seeded
track

over the radar produced no significant changes in radar echoes and

Fig. 16

Schematic of typical n ight paths used In the combined airborne and
radar measurements of the effects of dry Ice seeding on clouds and

precipitation.
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Table 2.

Di stribution of seeded events as determined by changes in TPQ-11 radar
echoes. See text for discussion.

Effects of seeding
on radar echoes

Number of cases

"Noticeable effects"

24

"No noticeable effects"

54

Ambiguous

21

No radar data
Total number of cases

9
108
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al so cases where (due to mistargeting) the seeded track did not pass over
the radar.

Lest Table 2 be misinterpreted, two points should be emphasized.
Firstly, "noticeable effects" does not necessarily mean precipitation on the

ground, since precipitation detected by the radar aloft may evaporate before
reaching the ground. (However, as we shall see below, in some cases the

seeded tracks did produce l ight rainfall on the ground)

Secondly, the

numbers in Table 2 are not meant to be indicative of the overall effectiveness of seeding, since the data set is probably biased towards those

cloud conditions most likely to show seeding effects.

This is because if,

on a particular day, seeding was observed to produce "noticeable effects" in
the radar echoes, it is l ikely that more tracks would have been subsequently

seeded than on those days when there were "no noticeable effects" due to
seeding.

Of the 24 cases where seeding produced "noticeable effects", only one

case was in a thicker (>1500 m) cloud layer that was producing, widespread

precipitation prior to seeding; the other cases were for clouds that were
not naturally precipitating, generally al tocumulus.
there were

"no noticeable effects" on the radar

For the 54 cases where

due to seeding, 44 were

either thicker (>1500 m) or naturally precipitating clouds and the remaining

10 were thinner, non-precipitating cl ouds.
The particle spectra measured prior to seeding in the clouds that produce

"no noticeabl e effects" on the radar after they were seeded extended to

much larger sizes (~ few mill imeters) than those that did produce
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"noticeable effects".

Al so, those clouds that produced "noticeable effects"

had larger concentrations of smaller
shown in Fig. 17)

(<

50 urn) particles (an example is

This reflects the fact that the clouds that produced

"noticeable effects" on the radar after they were seeded contained higher
concentrations of supercooled l iquid water (smal

particles) and lower

concentrations of ice (l arge particles) than clouds that produced

"no

noti-

ceable effects" in radar echo foll owing seeding. For example, on 20 February

1980, no ice particles were found in the penetrations through the unseeded

clouds, but cloud droplets were present in average concentrations of 4.4
cm

and the average l iquid water content was 0.1 g m

By comparison,

prior to seeding, the clouds on 26 February 1980, (which produce

"no

noti-

ceable effects" in the radar echoes when seeded) contained essentially no
l iquid water but had average ice particle concentration of 8.5

5.3

t~

Two Case Studies.
We now describe the case studies of February 20 and 26, 1980 in more

detail to illustrate situations in which seeding did and did not produce

"noticeable effects" on the TPQ-11 radar echoes.
On February 20, 1980 a broken al tocumulus cl oud deck was situated over
Grayl and. Cl oud tops were at an al titude of 2.5 km above mean sea level

(MSL)

where the temperature was -9.5C.

knots (6.2

7.7 m

s~

Winds were from 220 at 12-15

Prior to seeding, spectacular glories were observed

from the aircraft flying above cloud top, reveal ing that the cloud consisted

of fairly uniform water dropl ets.

Seeding with dry ice was carried out at

cloud top al ong several tracks located at various distances upwind of the

PARTICLE DIAMETER (/i m)
Fig. 17

Particle size spectr; measured in two cl ouds prior to seeding. When the cloud
indicated by the continuous curve was subsequently seeded with 0.05
0.1 kg
km"1 of dry ice it produced "noticeable effects" on the radar echoes. When the
cloud indicated by the dashed curve was subsequently seeded with 0.23
0.45 kg
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radar.

Measurements and observations on three of the seeded tracks are

described below.

The first seeded track was si tuated 9 km upwind of the radar and was
seeded at a rate of 0.05 kg of dry ice per km al ong a l ine 17 km long.

This

track passed over the radar between 1245 and 1248 Pacific Standard Time

(PST) about 21 min after it was seeded.

It can be seen from Fig. 18 that as

the seeded track passed over the radar it produced a detectable echo between

al titudes of ~2

2.7 km MSL, whereas, the particles in the cloud on either

side of the seeded track were either not present in high enough concentrations or they were too small to be readily detected by the radar.

The first aircraft penetration of the seeded portion of the cloud was at

an al titude of 2.3 km MSL (-8.9C) 33 min after seeding and 12 min after the
seeded track had passed over the radar.

The size spectum of particles

measured during this penetration is shown as curve A in Fig. 19a.

It can

be seen that the seeded cloud contained particles between 200 urn and 1 mm in
size in measurable concentrations, whereas, the adjacent unseeded cloud

(curve C in Fig. 19a) did not.

A second aircraft pass was made through the seeded cloud at an al titude
of 2 km MSL (-6.1C) 39 min after seeding and 18 min after this cloud had

passed over the radar.

The particle size spectra measured on this pass is

shown as curve B in Fig. 19a.

It shows simil ar concentrations of large

particles to curve A, but the concentrations of smal ler particles (y$ 50 pm)
are much lower than those shown in either curve A (the seeded cloud 6 min
earl ier and 0.3 km higher) or curve C (the unseeded cloud)

The progressive

Time-Height displ ay from the TPQ-11
between 5000 and 10,000 ft (1.5
3
in structure and not precipitating.
dry ice produced more intense radar
tion. Precipitation from the third

radar echo pattern on February 20, 1980. Cl ouds are located
km). The natural cloud (purple and bl ue) is fairly uniform
Portions of the cloud that were artificial ly seeded with
echoes (green, yellow and brown) and trail s of precipitaseeded track reached the ground at the radar site.
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depletion of the smaller particl es in the seeded cloud was no doubt due to
their collection by the larger ice particles; observations of the latter
with instrumentation aboard the aircraft showed that they consisted of

graupel-l ike particles and ice crystal aggregates.

Precipitation

fall streaks from the seeded cloud, extending below cl oud base but not
reaching the ground, were observed vi sually from the aircraft after the

cloud had passed over the radar.
The second track that was seeded was al so located 9 km upwind of the

radar; dry ice was again dispersed at a rate of 0.05 kg

km"1

but the length of the seeded track was increased to 25 km.

into cloud top,

The seeded track

passed over the radar 25 min after seeding (at 1257-1307 PST) and produced

stronger radar echoes than did the first seeded track

see Fig. 18)

However, again, no precipitation reached the ground at the radar site.
aircraft made four passes through the seeded cloud.

The

The particle size

distribution measured on two of these passes are shown as curves A and B in
Fig. 19b.

They reveal very simil ar effects due to seeding to those noted

for the first seeded track, namely, appearance of large ice particles and,

subsequently, depletion of the small particl es.

It shoul d be noted that, in

this case, the measurements shown as curve A in Fig. 19b were obtained just

2 min before the seeded cl oud passed over the radar.

It is clear that the seeding of the two tracks described above produced
significant changes in the microstructures of the clouds that resul ted in

enhancement in the radar echoes.

However, it appeared that the seeding was

being carried out too close to the radar to allow sufficient time for the
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arge particles produced by the seeding to reach the ground at the radar
site.

Consequently, the thi rd seeded track was moved back to 18 km upwind

of the radar (twice the distance used previously)

In addition, the rate of

dry ice seeding was doubled (to 0.1 kg km
The third seeded cloud passed over the radar between ~1326 and 1328 PST

(~40 nn’n after seeding)

It can be seen from Fig. 18 that precipitation

trail s from this cl oud reached the ground between -1331 and 1336 PST.

The

amount of precipitation that reached the ground at the radar site was quite
small (observers on the ground reported a "trace")

from al tocumulus cloud.

as is to be expected

The fact that the radar detected a strong signal

all the way to the ground illustrates its sensitivity to even small amounts
of precipitation.

The particle size spectra measured in this third seeded

track are shown as curves A and B in Fig. 19(c)

spectra in an adjacent cloud that was not seeded.

curve C shows the measured
The spectra shown in

curve B was measured at an al titude of 1.6 km MSL (-4.2C) just 1 min after
the seeded cloud passed over the radar.
size in concentrations of -30 i

Aggregates of ice particles 2 mm in

were measured on this pass.

We turn now to the cl ouds on 26 February, 1980 for which seeding did not
produce noticeable changes in the radar echoes.

On this day a thick preci-

pitating cloud deck persi sted over Grayland which deposited 40.7 mm of rain
between 0700 and 1900 PST. Cloud top was at approximately 7.6 km MSL.

Six

tracks were seeded with dry ice within this deck at several distances upwind
of the radar.

Four of the seeding events will be described.

seediny al titudes ranges from 220-240 at 40-50 kts.

Winds at
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The first track was seeded at 5.2 km MSL (-12-C) with 0.45 kg

dry ice 22 km upwind of the radar.

of

The track was about 31 km long and was

predicted to pass over the radar at 1737

seeded.

km"1

PST, about 14 min after it was

However, there were no noticeabl e changes in the radar echoes at

the time when the seeded track passed over the radar.

The seeded track was penetrated three times by the aircraft.
penetration was made at 4.8 km MSL

The first

(-10.2C) 16 min after seeding and 2 min

after the seeded track has passed over the radar.

The particle spectrum

measured on this pass is shown as curve A in Figure 20.

The seeded track

shows somewhat lower concentrations of smal l particles and greater concentrations of particl es 40 pm to 1500

urn in size compared to the particl e

spectrum in the unseeded cloud (curve C in Fig. 20)
The second and third penetrations through the first seeded track were
made at 4.7 km (-9.3C) and 4.6 km MSL (-8.3C)

respectively.

The second

pass was made 19 min after seeding and 5 min after the seeded track had
passed over the radar.

The third pass intercepted the seeded track 3 min

after the second pass; the particl e spectrum measured on the third pass is
shown as curve B in Figure 20.

ves A and B are simil ar.

The particle concentrations depicted by cur-

Both contain higher particle concentrations than

in the unseeded cl oud for most particle sizes, particularly for particles

200-700 urn in diameter. However, the differences in particle concentrations
between the seeded and unseeded portions of the cloud are not as great as in
the case 20 February where seeding produced "noticeable effects" on the
radar -echoes (see Fig. 18)

No measurable concentrations of cloud l iquid

water were detected during the passes through the unseeded cloud on 26

10’
10’
10"
PARTICLE DIAMETER (/xm)
Fig. 20

Particl e size spectra measured on 26 February in the fi rst seeded
track 16 min after seeding (curve A) in the fi rst seeded track 22 min
after seeding (curve B) and in the unseeded cloud (curve C).
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February.

Dendn’tes were the predominant crystal type in the unseeded cloud

at 4.8 km MSL (-10.2C).

A few ice aggregates, up to 4 mm in size, and

small graupel -l ike particles 300 urn in size were al so detected in the
unseeded cl oud.
The second, third and fourth tracks were seeded at at titudes between 4.6

and 4.8 km MSL (-9.5C to -11.1C) and at distances ranging from 6 to 41 km

upwind of the radar.

Al though several aircraft passes were made through

areas of cloud that were seeded, no increases in particle concentrations
were measured above the relatively high concentration that were already

present in the cl oud prior to seeding.
Clearly, the natural microphysical structures of the clouds on 26
February was quite different from those on 20 February 1980.

The unseeded

clouds on 26 February contained rel atively high ice particle concentrations
and produced precipitation naturally.

On 20 February, on the other hand, no

ice was detected in the unseeded clouds and they were not precipitating

naturally. The ice crystal s produced by the dry ice seeding grew into precipitable particles that produced "noticeable effects" in the radar echo and a

trace of precipitation on the ground.
6.

SUMMARY AND RECOMMENDATIONS

In this report we have described the resul ts of artificially seeding
various types of clouds with dry ice.

The principal resul ts that have

emerged from these studies may be summarized as fol lows:
The microstructures of supercooled al tocumulus, stratocumulus and

small cumulus clouds are changed appreciably by seeding with dry
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ice and in such a direction as to increase the concentrations of

the larger particles.

Despite several seedings of nimbostratus clouds, a long-l ived
seeding effect was observed on only one occasion.

In the other

cases, the seeding effect was observed to diminish and disappear
within 30 minutes.
Maritime cumulus clouds, along the Washington coast, often have

naturally high concentrations of ice particles, even at tem-

peratures as high at -7C.

As a resul t, the artificial seeding of

these clouds is of questionable value for increasing precipitation.

In the Puget Sound and western Cascades, cumulus clouds are

more variable in structure.

On some days, the natural ice-forming

mechanisms were as active as those for the maritime cumulus, while

on other days no natural ice particles were encountered in clouds

as cold as -12C.

In eastern Washington, cumulus clouds showed

the least tendency to form natural ice particles.

This inhibition

appears to be rel ated to the large concentrations of small cloud
droplets in these clouds.

Consequently, cumul i form cl ouds east of

the Cascade Mountains may be more amenable to arti ficial seeding

to increase precipitation than maritime cumul i

During the course of this work we have documented for the first
time and in a direct manner the effects of cloud seeding from

cloud to ground (see Fig. 18)

This has been done through the use
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of an 8 mm wavelength radar that detects clouds as well as

precipitation.

In view of the good progress that we have made during the past year in
establ ishing the effects of dry ice seeding on various cloud types, we
recommend that the following topics now be pursued in order to complete the

exploratory phase of this research effort:
Further studies are needed to establ ish more firmly the apparent
dichotomy between maritime clouds off the coast of Washington and
the more continental clouds east of the Cascade Mountains.

Particular emphasis shoul d be given to the latter, since these

appear to offer a greater potential for increasing precipitation
through artificial seeding.
The demonstration that our 8 mm wavelength radar can be used to

detect the effects of cloud seeding on precipitation from cloud to
ground offers a powerful new tool for eval uating cl oud seeding

We recommend that further cloud seeding studies be

experiments.

carried out util izing thi s radar, together with detailed airborne

measurements.

These studies could be carried out either in the

Cascade Mountains or the mountainous regions of eastern Washington
and Idaho.

The potential for increasing precipitation by cl oud

seeding appears to be greater in these regions than in western
Washington and the demand for
Basin) is also greater.

water (e.g. in the Columbia River
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