





ABSTRACT

Tests to determine the effectiveness of seeding convective portions of winter

storm systems passing over Santa Barbara County were conducted from a 1065 meter

mountain ridge using a pyrotechnic fusee during four winter seasons from 1967-68

through 1970-71 (Phase I).
After an experimental period in 1970-71, full scale Phase II aerial operations

were continued through the 1973-74 seasons. Aerial seeding using an AgI-NHAI—acetone

solution was conducted just west of Santa Barbara County with the nucleant being dis~-

pensed by a burner developed by the Naval Weapons Center. A limited amount of seed-

ing was also conducted from the mountain ridge site utilizing a modified version of

the Naval Weapons Center acetone burner.
Organized areas of convection (convective bands) were identified and tracked

through the project area by means of telemetered raingages and radar. In both

phases, the program was randomized with approximately one half of the convection

bands being seeded. However, the randomization scheme in Phase II was revised so

that all the convection bands which occurred in a given storm period (48 hours dur-

ation) were similarly treated (either all seeded or all not~seeded) .

The primary mode of evaluation was a comparison of rainfall from bands with a
test area of about 27,000 square kilometers containing approximately 100 raingages
available for analysis. Single ratio analyses of seeded to not-seeded convection

band precipitation, band duration, and storm precipitation are presented. It addi-

tion, several analyses based on temperature, wind direction, and pressure distribu-
tions were made to investigate mesoscale effects related to seeding.

On the basis of the statistical results, it is concluded that seediung convective
bands is an efficient means of augmenting water supplies with increases on the order

of 50 to 100% indicated within seeded bands.



TABLE OF CONTENTS

Section

1.
2.

INTRODUCTION . . « & & o « & = =
PROJECT DESIGN AND HISTORY . . .
2.1 Convective Band as a Upit .
2.2 Phase I Design . . . . . .
2.3 Phase IIL Design . « « « « =
2.4 Data Network . - - « - « «

OPERATIONAL PROCEDURES AND SUMMARY

3.1 Phase I . . . . o « « o« « -
3.2 Phase II . . . . « « & + -
ANALYSIS PROCEDURES . . . . . .
4.1 Band Precipitation Analysis
4.2 Air Mass Stability . . . .
4.3 Band Pressure Analysis . .
4.4 Evaluation Methods . . . .
RESULTS . « & o ¢ o o o o o « «
5.1 Precipitation Analyses . .
5.2 Baod Duration Analyses . .

5.3 Total Storm Precipitation Analysis

-

5.4 Estimate of Total Precipitation Produced by

5.5 Mesoscale Effects Related to Seeding
SUMMARY « « &« o ¢ o o =« o o & o

CONCLUSIONS AND RECOMMENDATIONS
ACKNOWLEDGEMENTS . . - . - « « =«
REFERENCES . . . . .« « « « « + &
APPENDICES
Appendix A

.A

Appendix B - Index to Recording
Appendix C - Band and Storm Chronology

Appendix D
by Station

Appendix E

Station

Index to Recording

ii

Precipitation Stations

Barograph Stations

iisting of Band Precipitation Totals (inches)

Listing of Band Duration Totals (minutes) by

2-13

5-20
5-25
5-30.
5-33
6-1
7-1
7-2
7-3



Section (Cont'd)

APPENDICLS

Appendix F - Listing of Storm Precipitation Totals (inches)
by Station

Appendix G - Seeding Area of Effect Model
Appendix H - Data Summary for Phases I & II Analyses

Figures

1-1
2-1

2-2
2-3

Map of Santa Barbara County Project area and adjacent counties .

Approximate percentage of precipitation occurring in convective
bands, 1971-74 SEaSONS . « « + « o « o « s o = s o & @ e o e o o=

Comparative effectiveness of Agl generators . . . « » « « « - -

Typical storm 1000 m flow and design area of effect for
ground seeding . . « + + + & ¢ & 4 e e e e e s w e e e e s 0 oo

Project map showing raingage locations, radar and seeding
SIS v ¢ 4 4 4 s e s e e e s e e e e e e s e v e e e e e s

Composite time section of the atmosphere for non-frontal
convection bands at Santa Barbara .« .« .« + < o s s e e e e e

Seeded/not-seeded ratios of band precipitation for Phase II
aerial operatiomns, 1970-74 seasons; 18 seeded and 27 not-
seeded bands . . . . . . . 4 e e e e e e e e e e o e e e ey

Areas of statistical significance associated with band
precipitation ratios, Phase II aerial operations, 1970-74

SEASONS 2 e o o = » o s & = s s o s« o o = s o o

Seeded/not-seeded ratios of band precipitation for Phase I
ground operations, 1967-71 seasons; 56 seeded and 51 not-
seeded bands .« .« + + « s 4+ 4 e e e e e e s s 2 e = s e s e e .
Areas of statistical significance associated with band
precipitation ratios, Phase I ground operations, 1967-71
SEASONS « o« = o o = o o + o o s 3w & = v o2 o+ s s
Seceded/not-seeded ratios of band precipitation for Phase II
ground operations, 1971-74 seasons; 20 seeded and 10 not-
seeded bands . v . . .« s 4 @ e e 4 e e e o= e e s e e s =
Areas of statistical significance associated with band
precipitation ratios, Phase II ground operations, 1971-74
SEASONS « « « « o « o o & o o o & o e e s s o« e e o=

Seeded/not-seeded ratios of band precipitation for Phase I1
ground operations; 20 seed bands from 1971~74 seasons and

61 not-seeded bands from 1967-74 seasons . . . . .« + + + - o o =

Areas of statistical significance associated with band
precipitation ratios, Phase II ground operations, including

large not-seeded data base from Phase T &« v e o o o s o o o o o

iid

. » e @ . e o

2-8
2-14

4-4
5-2

5-4

5-10
5-11

5-12



Figures

5-9

5-10

5-11

5-12

5-13

5-14

5-15

5-18

5-19
5-20
5-21

5-22

5—23w“

5-24

Comparison of high ratio precipitation centers observed
during Phase I ground and Phase II aerial operations . . . . .

Seeded/not-seeded precipitation ratios, band averages

and probabilities for five target stations stratified

by 500 mb temperatures, Phase I 1967-71 ground seeding

with LW-83 pyrotechnies . « « o « o ¢ o o o ¢ o ¢ o o o o o o

Seeded/not-seeded precipitation ratios, band averages

and probabilities for five target stations stratified

by 500 mb temperatures, Phase Il 1971-74 ground seeding

with acetomne generators . « « « + « s « o o o = o o & o = o

Seeded/not-seeded precipitation ratios, band averages

and probabilities for five target stations stratified

by 500 mb temperatures, Phase II 1970-74 aerial seeding

with acetone generators . . « s o« « « + s « o o = =+ & « & = °

Seeded/not-seeded ratios of band duration for Phase TI
aerial operations, 1970-74 seasons; 18 seeded and 27 not-
seeded bands . ¢« « ¢« s e e o s e e e 5 s a2 e e 2 e e & = s e

Areas of statistical significance associated with band
duration ratios, Phase II aerial operations, 1970-74 seasons .

Seeded/not-seeded ratios of band duration for Phase I ground
operations, 1967-71 seasons; 56 seeded and 51 not-seeded
BANAS « « o« 2 & o o a o o s 8 4 & s e e & e a2 s e s e s e = =

Areas of statistical significance associated with band
duration ratios, Phase I ground operatioms, 1967-71 seasons .

. Seeded/not~seeded ratios .of band duration for Phase‘II ground

operations, 1971-74 seasons; 20 seeded and 10 not-seeded
BANAS + « + 4 . s e s e e e s x e s e e s e s e e a4 e e e .

Areas of statistical significance associated with band
duration ratios, Phase II ground operations, 1971-74 seasons .

Seeded/not-seeded ratios of band duration for Phase II ground
operations; 20 seeded bands from 1971-74 seasons and 61
not-seeded bands from 1967-74 seasons . « « « ¢ o o o o o o o

Areas of statistical significance assoclated with band .
duration ratios, Phase II ground operations, including
large not-seeded data base from Phase I . . « « « « o « » - -

Seeded/not-seeded ratios of storm precipitation for Phase 11,
aerial and ground operations, 1971-74 seasons; 16 seeded and
18 not-seeded SLOTMS +« « « « o = o = « o o o o » » o o & o o =

Areas of statistical significance associated with storm
precipitation ratios, Phase II aerial and ground operations,

1971~74 SEASONS « o o « o s o o o o o o 5 o o = = & o o & o

Estimated total precipitation increase produced during Phase I

ground seeded bands, 1967-71 seasons . . « . « - o « o o o o

Estimated total precipitation increase produced during Phase II

aerial seeded bands, 1970-74 seasons . « . « « « ¢ » o & o o+ .

iv

5~-16

5-17

5-19

5-21

5-22

5-23

5-24

5-26

5-27
5-28
5-29
5-31

5-32
5-34

5-35



Figures.

5-25

Comparison of 700 mb wind direction and convective band
movement with areas of high statistical significance
associated with band precipitation ratios from Phase 1

. . e ©

ground operations . . « .« . e e e oo e e o0 s . . .

5-26 Comparison of 700 mb wind direction and convective band
movement with areas of high statistical significance
associated with band precipitation ratios from Phase II
aerial operations . . « « .+ o s e e e e ee e s n 0 . .

5-27 Mean station pressure: not-seeded aerial bands minus seeded

. aerial bands, Phase II 1970-74 seasons . . « « - ¢ = = = * ¢

5-28 Mean station pressureﬁ not-seeded ground bands minus seeded
ground bands, Phases I and II 1967-74 seasons . . « =+ »+» = » =

Tables

91 LW-83 FOrmulation . « « « « = « o = = o mie st e s st nt

2-2 Composition of AgI;NH4I—Acetone Solutionm .« « « ¢ o o o o o =

2-3  OQutput of seeding material for various seeding operations . .

2-4 Santa Barbara program Phase II radar characteristics . . - -

72-5 Minilab characteristics . . « « o ¢ o« e o eoo s T 0 T 0T

3-1 Number of seeded and nOt—seeded bands in each operating phase

4-1 Aerological stability categorles . . . . . . -« = = = ° "7

5-1 Median values of winds and temperatures associated with
seeded and not-seeded bands . « « « .+ o o e e e e ss 00t

5-2 SBA-II Phase I ~ 700 mb wind direction - ground based seeding

5-3  SBA-II Phase II - 700 mb wind direction - aerial seeding . -

5-38

5-39
5-41

5-43

2-12
2-12
2-17
2-18
3-6
4-2

5-36
5-36
5-36



SANTA BARBARA CONVECTIVE BAND SEEDING TEST PROdRAM

FINAL REPORT

1. INTRODUCTION
The Santa Barbara Project was initiated in the fall of 1967 by North American

Weather Consultants (NAWC) to test the effectiveness of various seeding devices and
seeding modes in west coast cyclonic winter and spring storms. The study area of
the program covers Santa Barbara County and portions of adjacent counties as shown
in Figure 1-1. All seeding was conducted during the passage of organized convective
activity (convection bands) through the project area. The initial phase of the pro-
ject (Phase I) ran from the 1967-68 season through the 1970-71 season. During this
period, the primary seeding mode was ground based seeding from a mountain crest
(1065 meters MSL) using high output pyrotechnic fusees, which were ignited at inter-
vals during the passage of convection bands.

The primary seeding mode during Phase II was aerial seeding with a continuously
burning acet0ne-AgI—NH4I jet seeder developed by the Naval Weapons Center (NWC) .
Officially, Phase II began in the fall of 1971 and continued through the 1973-74
season. A limited amount of experimental aerial seeding was conducted during the
1970-71 season concurrent with ‘the Phase I ground operations and this expefimental
seeding has been included in the Phase II operations. The ground based seeding mode
was also continued during Phase II as a backup method when aerial seeding was not
feasible for any reason. However, the ground seeding was conducted with a ground
version of the acetone-Agl burner developed at NWC instead of theApyrotechnic de-
vices used during Phase I.

This report will summarize the results of the Phase I operations and will report

in detail on the results of the Phase II operations.
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2. PROJECT DESIGN AND HISTORY

2.1 Convective Band as a Unit

Hiétorically, the choice of the observation unit to be used in a reaearch cloud
seeding project has been a trade-off between selecting a unit which is of long enough
duration to be clearly identifiable and trackable and yet short enough to provide a
sufficiently large sample. In some situations, an individual cloud may be an ade-
quate unit, as in a summertime cumulus seeding test. Often, a complete storm period
has been used as the observation unit. These units are based on identifiable physi-
cal mechanisms, an approach which enables the investigator, for example, to follow
the life cycle of the system for treated and non-treated cases. Another type of
observational unit is based on a finite time period such as an hour, a day, or a
season. This approach tends to force the mixing of different physical mechanisms
within a single unit and thus to reduce the éénsitivity of the test and to confuse
the physical interpretation of results. A clear physical interpretation is the key
to transferring knowledge of seeding effects gleaned in one area to another drea
possessing differing terrain features and storm synoptié climatology.

The use of the convective band as an observation unit in winter storms origi-
nated from an investigation of the cloud-~water budget of Pacific storms by Aerometric
Research, Inc., (an affiliate of NAWC) under contract to the National Science Foun-
dation during the period 1961-64 (Elliott and Hovind, 1964a; 1964b; and 1965). This
study showed the presence of ofganized convective bands within extra-tropical winter
cyclonés and made it possible to distinguish between the mean storm motion precipi-
tation component, the orographic precipitation component, and the augmentation of
precipitation rates caused by the organized convection bands.

A number of other researchers have studied convective bands in various parts
of the world. Kuettner (1959), Winston and Tourville (1961), and Malkus (1963) have
all reported visible evidence of banded cloud patterns. Harper and Beimers (1958),
Boucher and Wexler (1961), Browning and Harrold (1969), Harrold (1973), Kreitzberg
and Brown (1970), and Browning, et. al., (1973), have all studied the structure of
rain bands using precipitation gages and/or observations and aerological measure-
rents to explain the mechanisms controlling the formation and movement of these
bands. Convection bands not only produce most of the storm precipitation in west
‘coast storms, but also contain the strong updrafts and supercooled water most con-
ducive to cloud seeding effectiveness. Bands typically last about one to one and

one half hours at a given station (although some last much longer) and are spaced
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about three to four hours apart. An average of three seedable convection bands per

storm 1s typical, although the number may vary from one to as many as six or more.

Thé distribution and approximate percentage of precipftation that can be ex-
pected to occur in bands is illustrated in Figure 2-1. This figure, which utilized
data collected in the period 1971-74, was prepared by dividing the precipitation ob-
served during identified band passage (both seeded and not-seeded) by the total storm
precipitation to obtain the percentage of precipitation that fell during band passagz

at each station. Since operational constraints did mot allow that every convection

band in every storm be identified, some band precipitation was undoubtedly included
in the denominator of the equation with the net effect that the percentages are

consexvatively low; perhaps as much as 10% lower'than if all the band precipitation

which occurred was assigned to the numerator. At any rate, Figure 2-1 indicates

that better than 50% of the precipitation occurring in storms affecting the main
area of interest (Santa Barbara County) does fall during band passage with percen-
tages in excess of 607 along the immediate coastal strip and extending inland some
40-50 kilometers in the western portion of Santa Barbara County. A second area with
band precipitation in excess of 60% is located in the southwestern portion of Kern
County. This area, which is 100-150 kilometers downwind from the seeding zone, wmay
reflect a higher percentage of band precipitation than the adjacent regions due to
the fact that bands which were seeded in Santa Barbara County appear to extend

into the "dry" portions of Kerﬂ and San Luis Obispo Counties more than do the not-
seeded'bands.

Those areas of the figure which reflect less than 50% of the precipitation oc-
curring in bands are located in the higher elevation portions of the counties sug-
gesting that much of the precipitation there is due to orographic effects.

2.2 Phase I Design
With the decision made that the observation and seeding unit would be the con-

vective band, it was neceséary to select a site suitable for testing the effective-
ness of ground-based seeding using the high output pyrotechnic device. It was
desirable to locate the seeding site at an elevation high enough to be near the base
of convection and ahove the cool marine layer which affects the area near the coast.
Conveniently, the Santa Ynez Mountains, which average over 1000 meters at crest line,
are located only a few kilometers north of Santa Barbara. A survey of the area lo-
cated a suitable spot (known as El Capitan Lodge) at the 1065 meter level within

20 km of the NAWC office and a seeding site (see Figure 1-1), was establishedutilizing -
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a mobile trailer for radar and personnel shelter with two-way radio conmunication to

the NAWC operations center at the Santa Barbara Airport.
The principal method of assessing the success or failure of the seeding opera-

tions was through a detalled analysis of a dense recording raingage network available

in Santa Barbara and adjacent counties.
The raingages in the western portion of the county, approximately from Lompoc
northward to Santa Maria, were deslgnated "control area" gages. The rest were desig-

nated "test area" gages. Within the control area, six raingages with consistently

good record were used in the evaluation methods which are described in a later

section.
A detailed discussion of the topographic features of the project area and a map

of the test and control areas showing raingage locations is also presented in a later
section of this chapter.
The " key to a successful operation was in the accurate identification and track-

ing of the convective band. Therefore, certain guidelines had to be establisied

and rules formulated to insure continuity in the selectiom of bands.
A purely objective definition of band configuration would have to be based upon:

© Point precipitation intensity changes
o Continuity between stations
¢ Discriminartion between individual cells and the band (group .of célls arranged
in a lige) . '
The formulation and application of such a rigid procedure to the real time sit-
uation where weather radar and other observational data would also be employed, was

Accordingly, professional judgement, under a set of band de-

out of the question.
Ha did

tection guideline criteria (see below) was applied by the Project Director.

not know whether a particular band was to be seeded or not, so his decisions were

not biased.
2.2.1 Band Detection Guideline Criteria.
in part on our knowledge of band and cell structure and in part on the equipment net-

Selection of these criteria was based

work and characteristics of the individual instruments. For gfound seeding, a philo~-
sophy was adopted that, to qualify as a band, precipitation associated with it should

reach a minimum rate of rainfall increase for a minimum period of time at one of

the telemetered stations, to be considered eligible. Since a single cell at a single

station could meet any such criterion, additional evidence had to be collected to

confirm the existence of a band. This could be in terms of precipitation rate at
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another telemetered statlon or radar observations if credible. When all the neces-

sary criteria were met, the band was confirmed and then either seeded or not-seeded

depending upon the random selection.

2.2.2 General Seedability Guideline Criteria. The general seedability criteria

were faily well known from past applications and can be summarized as follows:
a) The wind flow was to be such that with the existing thermal structure, the
effects of the seeding would fall mainly in the area to the north and/or
east of the seeding site.

b) The air mass structure should be such as to insure mixing from the seeding

site to the -4°C level or higher.

In general, strict application of (b) was not made, but rather, those cases
that conformed to (a), and to the band detection guideline criteria, were treated.

It was not possible to adhere to condition (b) since bands arrived at the radiosonde
site and the NAWC office simultaneously or later than at the seeding site. The radio-
sondes were launched just as the band arrived and this made it impossible to deter-
mine the airvmass structure of the band until it had passed the seeding site. There-
fore, all bands that met condition (a) were considered seedable, regardless of
condition (b).

To perform comparisons of seeded and not-seeded cases, it was decided to seed
about half of the convection bands passing through the area. This required identi-
fication and trécking of the band from the upwind area into the test area. Tracking
was done using real-time telemetered information from raingages in the upwind area
into the NAWC operation center. Use was also made of weather radar information from
a modified 3 cm marine radar, supplied by the Navy, and installed and operated by
NAWC personnel from the seeding site which offered an unobstructed view of the upwind
areas. This radar had an effective range of 55 kilometers, except when attenuated
by precipitation. With its limited range, it was frequently unable to identify ac-
curately a convection band before the band had been identified by telemetry. Because
of its proximity to the ocean to the south, the radar was mosﬁ useful in tracking
bands moving from the southwest. When an identified band reached the seeding site,

a predeterminad random decision was read by the personnel at the site and, if the
band was to be seeded, a pyrotechnic fusee was ignited. Additional fusees were ig-
nited every 15 minutes until the band passed the seeding site.

‘mefhé pyrotechnic device employed was the LW-83 formulation (Table 2-1) in the

form of a fusee 1-1/2 inches in diameter by 11-1/2 inches in length.

2-5



Table 2-1. LW-83 Formulation.

% by Weight

Component
AgIO3, 78 (481 grams/unit)
Al 12
Mg 4
Binder 6

100

Agl output (calcuiated): 657 (399 grams/unit)

Number of effective muclei/gm Agl: 1033 (-10°C), 10%% (-15°C)

Curves showing the number of nuclei produced per gram of Agl for both the LW-83

pyrotechnic and the aerial jet seeder are shown in Figure 2-2.

When ignited, the unit burmned for about three minutes, emitting 399 grams of

csilver iodide,. in smoke form, giving a single source total output of 1596 grams hr

in the mode employed.

During the course of the storms, soundings were made at frequent intervals with

the GMD-1 equipment at the Santa Barbara Airport. These soundings, along with others

taken at nearby Government installations, were iater used in the analyses in deter-

mining the air-mass characteristics of each band.
In the design of the program, it was necessary to develop a preliminary seeding

model which would predict, under average conditions, the area of effect, i.e., the

area where precipitation enhancement could be expected. This model's prediction is

portrayed on the map in Figure 2-3. The predicted area of effect is hatched. Note

that the hatching is heavier on the upwind side of the target area, to indicate a

stronger seeding effect. The basis for this model is as follows: After release

from the seeding site, the nucleating smoke follows a low-level trajectory until it

moves near to a convection cell in the advancing band. Entrainment into this cell

could occur immediately at the seeding site or as much as fifteen kilometers down-—

wind in the low-level flow. Since the cells are normally spaced at intervals of 10

to 15 kilometers, a drift of 15 kilometers was chosen to be the upper limit.

The figure also shows the characteristic low-level flow for the 1000 meter level

under storm conditions. It is known from previous work in this area and from obser-

that with a southwesterly flow at the Santa Barbara

proaches the southern crestline

vations made on this project,

Airport, there is a sharp backing of the wind as it ap
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|OI7-- NAVAL WEAPONS CENTER AIRBORNE JET SEEDER
5.35% Agl - 1.7% NHal - 3.05% HZO - 89.9% acetone
4.0 gal/hr nozzle
100 psi on tank FLETCHERS THEORETICAL
10'6-] Maximum tunnel flow CURVE
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Figure 2-2. Comparative effectiveness of Agl generators. (Tests conducted at

the Cloud Simulation and Aerosol Laboratory, Colorado State
University, March and May, 1972).
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so that south to southeasterly winds occur there. Due to the constriction of flow
over the crest itself, wind speed there exceeds that in the free air. The dashed
arrow pointing from the seeding site to the northwest and north represents aun effec~
tive mean line source of 15 kilometers. The 3 short arrows indicate the trajectory
of precipitation particles formed at the -5°C level as they fall to the ground while
the 3 longer dashed arrows describe the trajectory of precipitation formed at the
-20°C level. At higher levels, glaciation would presumably lead to a very flat
trajectory, with no measurable reflection in surface precipitatioﬁ.-

Due to the large number of nuclei produced at relatively warm temperatures by
the LW-83, it was anticipated that large numbers of crystals would become effective
at the -5°C level and accordingly, rapid growth would occur there, reducing the
reservoir of upward moving cloud water available for transformation to precipitation

at higher levels. This would lead to the production of heaviest fallout just down-
wind of the -5°C trajectory end point, as indicated in the figure. The details of

the ‘area of effect model employed later in the analysis appear in Appendix G. A more
complete treatment is presented in another publication (Elliott, 1969).

2.3 Phase II Design
Consideration of the results achieved with fixed-point ground seeding suggested

that ﬁore extensive effects might be obtained by seeding from an aircraft flying at
or neaf the freezing level, along a 30 to 60 kilometer track within the band and
transverse to its direction of movement. Confining such seeding‘to an area within
10 to 30 kilometers of the coast, upwind of the centroid of the instrumented area,
would allow more effective use of the entire instrument network for assessment. This
operational mode was tested, using a commercial nucleant generator burning an Agl-
NH4I—acetone solution (Sﬁ‘ Amand, et. al., 1971a; Finnegan, et. al., 1971) aboard
a light aircraft under radar control from Vandenmberg Air Force Base (see Figure 1-1),
on seven bands (three seeded, four unseeded) during the 1970-71 season. Although
this sample was inadequate for statistical analysis, the results obtained were suf-
ficiently encouraging to warrant adoption of this operating mode for the next phase
of the program, which commenced with the 1971-72 winter season. It was also decided
to augment the program data-gathering capabilities to include (1) airborne visual

and instrument observations within and between bands, (2) radar measurement of cloud-
~top-altitudes, and (3) radar PPI observations from several locations, to monitor

the movement and evolution of the convection bands approaching and transversing the

target area.
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Scveral changes in experimental design were dictated by the new operational

mode. Use of an aircraft for within-cloud seeding called for (1) a volume of air-

space in which instrument (IFR) flight could be carried out without interference

with other aerial activity, and without problems of terrain clearance, (2) a means

for reliably ideutlfylﬂg and locating suitable convection bands upwind of the seed-

ing zone (as noted above, in the previous phase this function had been provided by

a set of telemetered raingages in the upwind control area, augmented by a small

X-band radar installed at the seeding site), and (3) an aircraft surveillance and

control system for directing the seeding aircraft to suitable portions of the band,

and insuring operational safety. Conveniently, all of these requirements were metl

by the facilities of the Air Force Western Test Range, headquartered at Vandenberg
AY¥B, at the western edge of the project area. Virtually all of the airspace off

the western and southern coasts of Santa Barbara County is subject to reservation
for test purposes by the Air Force, either alone or conjointly with the Navy's Pa-

Mugu, in southwestern Ventura County. Since seeding.oper-
rference with range

"cific Missile Range at Pt.
ations would be conducted during storm conditions, minimal inte

activities or civil flights would be expected. The 1970-71 tests showed that the

Sdb—kw ARSR L-band (23 cm) air surveillance radar located at South Vandenberg, suit-

ably adjusted, could provide sensitive long range detection and surveillance of

while the experienced and highly qualified Air Force air traffic
The cooperation

convection bands,
control staff could direct the maneuvers of the seeding aircraft.

of Air Force, Navy, and Federal Aviation Agency authorities was solicited and readily

obtalned
One criticism of the band-by-band randomization scheme employed in the preced-

ing phase of the program was that, although it did provide adequately for the possi-

bility of interactive effects between a seeded band and unseeded bands preceding

or following it within a given storm, it did not permit the testing for any multi-

plication effects which mlght occur if all bands within a given frontal zome were

seeded. To meet this objection, a randomization mode, based upcn a rigid 48-hour

time block, was adopted in which, during the 48-hour period subsequent to the onset

of precipitation, each convection band was treated in accordance with the randomized

decision for the block as a whole. Since storms in this area have typical duratioms

of between twelve and thirty-six hours, this provided effective randomization on a

storm-by-storm basis, while retaining the advantage of large sample size provided

by statistical treatment of rainfall data for individual bands.
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The LW-83 pyrotechnic flares provided by the Naval Weapons Center for the
first phase of the program represented the most efficient ground-based source of
freezing nuclel available in 1967 (St. Amand, et. al., 1970); theilr effectiveness is
attested to by the results obtained by their use. An alternative method for genera-
tion of AgI nuclei is by the combustion of a solution of Agl and an alkali iodide
in acetone. The alkall jodide assists the process by forming a soluble complex with
the silver iodide, which by itself is not soluble in acetone (Vonnegut; 1949, 1950).
"pcetone burners" have been employed in weather modification programs for over two
decades; the results have been highly variable and inconsistent. A recent recon-
sideration of the nature and properties of acetone burner output products has led
to the realization that these inconsistencies resulted chiefly from the almost uni-
versal employment of sodium or potassium iodide as the solubilizing agent. The com~
bustion products from such solutions are complexes and mixtures of Agl with NaI or
KI, which may be rendered temporarily or permamently ineffective as freezing nuclei
by hydration upon contact with atmospheric moisture. When, however, as proposed
by Vonnegut in 1949, ammonium iodide (NH4I) is used as the salubilizer, the only
solid product of combustion is AgI. This solution is therefore definitely to be
pteferred for in=cloud or cloud-base seeding (St. Amand, et.al., 1971b). 1In
view of the cost and safety advantages offered by the acetone burner, especially for
aircraft use where horizontal dissemination is desired, this approach was selected
for the aerial seeding phase of the program. Initial tests were performed during
the 1970-71 season, using a commercial (Lohse) acetone burner originally designed
for light aircraft use with Nal and Ki-based solutions. Although generally success—
ful, these tests revealed some problems associated with the high concentrations of
the AgI-NHAI acetone solutions employed, and with their corrosive reactions with
some of the materials used in constructing the burmer. Development of a more so-
phisticated bummer was therefore undertaken at NWC during 1971. This new ramjet
generator was first operated during the 1971~-72 season, utilizipg the AgI—NHAI-
acetone solution. During most of the 1971-72 season a 10% (by weight) solution of
Agl was used. This concentration was released at a rate of 9.5 liters hr-l which
produced 850 to 900 grams of AgI hr—l. At the normal aircraft operating speed of
55 m sec_l indicated air speed this was equivalent to about 4.4 gm kmfl. Some ig-

nition problems did develop with the 10% solution so the concentration was reduced

to 5% near the end of the season and that same concentratlon was successfully used
during the 1972-73 and the 1973-74 seasons. To compensate for the lower Agl con-—

centration, the flow rate was increased to 15 liters hr_l which gave an Agl output
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of 700 gm hr.l. At this slightly reduced rate the aircraft generator was dispensing
Agl at about 3.5 gm km L. '

For use on occasions in which range scheduling conflicts or other problems made

aerial seeding impractical, a ground-based version of the airborne acetone burner

was employed. This burner was designed to produce relatively large-sized Agl nuclei,

suited to passage through a warm, moist environment prior to reaching the freezing

level. This generator also burmed the AgI—NH4I—acetone solution. The fuel flow

rate was about eight liters per hour. Using a solution containing 5% Agl, the out-

put was approximately 350 grams per hour.
material dispersed are sumparized in Table 2-2

The composition of the seeding solution

used and the output of the seeding
and 2-3; respectiﬁely.

During the 1972-73 season, two of the seeding flights were made utilizing a

with droppable WMU-1/B pyrotechnic flares. On both

Navy P-3 Orion aircraft equipped
"geed" and the effects of the seeding flights

of the flights, the random decision was

have been incorporated im the four year composite results. These flares, which

were dropped when an updraft was sensed in the aircraft, were injécted into the con-

vective band at a point near cloud top. During their burn time of 43 seconds, they

would drop approximately 1800 meters and be totally consumed while still well above

ground level. A total of 24 of these pyrotechnics were utilized in the two seeding

£lights.
Table 2-2. Composition of AgI~NHAI—Acetone Solution.
' . Percentage
Component By Weight Weight (gm)
Agl 10.0 5.0 (10z) "1,750 (5%) 875
NHAI 3.2 1.6 560 280
Water 2.9 1.4 508 - 254
Acetone 83.9 92.0 14,682 16,091
Totais 100.0 100.0 17,500 17,500
Table 2-3. Output of seeding material for various seeding operations.
Agl Fuel Flow Agl Output_l
Seeding Mode Concentration (by wt) . Rate (liters hr~l) . Rate (gm min )
Aerial 107 A 9.5 14.4
Aerial 52 : 9.5 : - 7.2
Aerial 5% 15.0 1.7
Aerial WMU-1/B Pyro (20%) 29.3
Ground 5% 8.0 5.8
Ground 1W-83 Pyro (65%) 129.0
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2.4 Data Network

As stated earlier, the principal mode of assessment was based upon raingage
records. These consisted of a dense network of recording raingages operated by
various government agencies and supplemented by several raingages installed by NAWC
and its affiliate company, Aerometric Research, Inc. (ARI). Complete raingage
locations are listed in Appendix A. Initially, four telemetered raingages were in-
stalled for upwind band tracking over the northwestern and western portions of
Santa Barbara County. The telemetry network was later expanded to include a gage
to the southwest of the seeding site, a gage further upwind near the northern limit
of the aerial seeding operations area, and two gages within the anticipated area
of effect in the central portion of the county. The total raingage network is
shown in Figure 2-4. The ground seeding and radar site, the Vandenberg radar site,
and the meteorological operations center at the Santa Barbara Municipal Airpoft are
. also shown on this figure.

Santa Barbara County consists of a series of west-to-east oriented mountain
ridges with valleys between. The terrain is higher in elevation to the east sloping
to near sea level in the west and northwest county. The Santa Ynez Mountains run
west to east, approximately 10 km north of the southern boundary of Santa Barbara
County. Because ground seeding was conducted from a single fixed source under a
variefy of wind conditions, it created a "floating target" rather than a fixed tar-
get area that wés being seeded by several sources. This meant that the area of
effect varied from band to band or at least from storm to storm. The test area,
on the other hand, was fixed and large enough to embrace all anticipated floating
target areas of effect. The El Capitan Lodge ground seeding site (Point NA) was
" located at the 1065 m level in the Santa Ynez Range which marked the southern limit
of the test area, while the western limit of the test area was near a break in the
Santa Ynez Range at Gaviota Pass. 'This 1s about 10 km west of the seeding site
along a north-south line between stations $257 and S236. In ground seeding opera-
tions, convection bands with winds which would produce a seeding effect south or
west of these limits were not considered seedable.

The primary target area for ground seeding operations was that area north of
the Santa Ynez Range and east of a line from stations $236, N5, N6, and N20. This
included the eastern half of the Santa Ynez Valley (north of the Santa Ynez Range)
| andkall the area eastward into the westernm portion of Ventura County.

West of the target area and out of the area of effect, a control area was des—

ignated which contained the western portion of the Santa Ynez Valley, and to the
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north, the Santa Maria area. The six control stations used in a portion of the Phase
I evaluation extended from the Santa Maria area in the northern flatlands to south
of Lompéc in the southern Santa Ynez Mountains. : |

Since the effects of aerial seeding were likely to extend from near the coast
eastward through most of the county, it was not possible to employ a control area
for aerial seeding unless one was selected well to the north of Santa Barbara County.
This was not practical from the standpoint of raingage coverage. It was subse~-
quently determined that a control was not required for evaluation anyway. Various
analyses that were made on the data pertaining to the four years of ground seeding
indicated that normalizing the data by the use of a control area did not materially
change the results unless there was a large random selection bias. Although rain-
gage records were the basis for determining band movement, some means of monitoring
and recording the band movement over and aboﬁe the analysis of raingage time-inten-
sity records was desired. Echo returns from a Raytheon Model 2502 X-band radar,
formerly used at the pyrotechnic ground seeding site, had been photographed periodi-
cally in an attempt to acquire such data. Its limited méximum range (90 kilometers)
and the severe attenuation of 3 cm signals in precipitation, however, limited its
utility in this respect. Although S-band (10 cm) radar is normally preferred as
the best compromise between sensitivity to,and penetration of precipitation for
meteorological purposes, experience with the Vandenberg ARSR, and with L-band air
surveillance radars employed in other NWC programs, had demonstrated that these 23
cm radgrs, of adequate power and equipped with MIT (moving target indiéator) cir-
cuitry to suppress stationary (i.e., ground) returns, could provide an excellent
tool for long range weather surveillance. Arrangements were therefore made for
photography of each sweep on the ARSR PPI scope. These photographs were found to
provide an excellent record of the shape, intemnsity, and movement of‘convection
bands approaching and entering the target area; a display of the coastline, control
areas, and transponder returns from the seeder and other aircraft in the area was
also included. The location of the ARSR radar, however, was such that the coastal
mountains seriously impeded the detection and display of echoes from bands passing
further inland. It was therefore decided to install a transportable 500~kw TPS-1D
L-band traffic control radar owned by NWC at the El Capitan Lodge ground seeding
site; this radar was also equipped with MTI circuitry and photographic capability.
From this vantage point, coverage was provided overlapping that of the ARSR to sea,

and extending over most of the target area. The X-band radar, formerly located at
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this site, was moved to the NAWC operations center, where it provided the project

forecasters with direct observation of bands approaching the coast from the south,

across the Santa Barﬂara Channel.

One critical parameter in the interpretation of the results of seeding of con-

vective systems is the actual height, and thus, the temperature of the cloud tops,

both naturally and following seeding. Previous attempts to observe and measure

cloud tops visually and photographically from a light aircraft, during the 1968-69

and 1969-70 seasons, had met with only 1imited success (Cooper, et. al., 1969;

Cooper and King, 1970). Therefore, stratification of the analyses by cloud top

temperature had to be based upon the 500 mb temperatures as derived from meteorolo-

‘gical soundings (Elliott and Thompson, 1972).
res might be obtained by the use of an X-band

It was determined that a more accu-

rate assessment of cloud top temperatu

radar with helght-finding capability. An M-33 tracking radar suitable for this

purpose was also available from NWC, and it was installed adjacent to the TPS-1D,

from which location cloud top measurements could be made over the entirety of, and

somewhat beyond, the seeding and target areas.

During the last year of the project, an Enterprise Electronics Corp
orth Vandenberg AFB at a location

oration

WRL00-5 weather radar was installed by NAWC at N

about 10 kilometers from the coast. This location, which offered an undisturbed

view of the offshore aerial seeding area, allowed us to make observations of cloud

tops in the seeding area, both before and after the convection bands were treated

and before they were possibly affected by coming over the land area. This 5 cm

designed to perform pulse-to-pulse averag-

radar was equipped with an echo processor
The

ing of weather targets and to record the information on 7-track magnetic tape.

unit became operational in January 1974 and was tested on several storms to 1) aug-

ment the raingage network, 2) to obtain detailed cloud top observations, and 3) to

obtain detailed three-dimensional information about the structure of the bands. A

supplementary report on the results of these observations will be made separately.

The characteristics of the radars employed in the present phase of the program

are summarized in Table 2-4.

The NAWC forecast office was provided with National Weather Service teletype

circuits A, C, and 0, and with facsimile maps and satellite photos. Frequent sound-
ings made during storms at the Santa Barbara Airport and special soundings for range

operations at Vandenberg ARB and Polnt Mugu Naval Air Station were also available.

These data have been supplemented by the seeding aircraft, which was equipped with

a Metrodata "minilab" airborne meteorological data collection package. This package
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is capable of recording a variety of meteorological parameters on digital incremen-

tal magnetic tape for subsequent computer reduction to tabular and graphical form

(Table 2-5).

Table 2~5. Mipnilab characteristics.

Parameter _ Sensor System Range

Time pigital clock 24 hr (by sec)

C.I.C. Mdl. 7000 Altditude Transducer 0-900 meters

Altitude
(from aircraft pitot-static system)

Indicated Airspeed C.T.C. Mdl. 7000 Airspeed Transducer 0-175 m/sec
(from aircraft pitot-static system)

W.S.I. TS-22 Temperature System ~30°C to +30°C

Temperature
(Thermistor bridge)

Dew Point Cambridge Mdl. 137-C3 Dew Pointer -50°C to +50°C
(Cooled mirror)
Johnson-Williams LWC Indicator 0-2.g/m3 (low range)

Liquid Water Content
_ 0-6 g/m3 (high range)

-900 to +900 m/min .

(Hot-wire bridge)

Vertical Velocity Ball Mdl. 101-B Variometer
(Capillary leak)

The data sampling rate, in continuous mode, is 2.4 scans per second.

rovided to the project for

Jacksonville, Florida.

The meteorologically instrumented WP-3 aircraft was p

a four week period from Weather Reconnaissance Squadron Four,

This aircraft added to the project a number of capabilities not otherwise available.

n~top seeding, 2) flight level

Among the more important were, 1) a platform for o
The range of this aircraft and

wind observations, and 3) a dropsonde capability.

the crew comfort add significantly to its contribution to the project. Although

and February 10, 1973,

the WP-3 was available for only two operations, February 3-
e of a low level jet

it made possible physical measurements indicating the existenc

along the axis of one of the bands. Without a platform such as the WP-3, it would

be almost impossible to investigate the air flow associated with a band in such

detail.
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3. OPERATIONAL PROCEDURES AND SUMMARY OF OPERATIONS
3.1 Phase I

Weather situations were monitored in the NAWC laboratory at the Santa Barbara
Airport, and on the approach of a storm, project personnel were alerted and assumed
their posts. The control meteorologist then. examined his upwind telemetry and
weather radar reports for the approach of the first convection band. When this
band appeared, and was confirmed by tracking across the upwind area, the seeding
technician was informed when to ignite the first seeding flare.

Typically, the operation would occur in two stages: 1) a band alert stage,
and 2) a band confirmation stage. A band alert was called when any one of the tele-
metered stations reported 0.02 inch in a 1l5-minute period or when the radar opera-
tor reported a banded echo approaching the target area.

If the band was detected by radar, the band was confirmed when any telemetered
station recorded 0.02 inch/15 minutes, provided this coincided with the radar posi-
tion of the band. If the band was detected from raingage data, the band was con-
firmed either by a radar report of the band or by a subsequent precipitation report
of .02 inch/15 minutes from any other telemetered station. For tracking purposes,
the bands were requived to meet the objective criteria as much as possible, but the
most important feature in band tracking was the continuity of similar'evgnts at the
various upwind telemetéred gages. Obviously, at times, the meteorologist's subjec—
tive evaluation of the situation had to prevail. Once the existence of the band
was confirmed and if the wind direction criterion was met, the decision to seed was -
made. | |

The first ignition was timed to occur just prior to onset of band precipitation.
Prior to any firing, the seeding technician consulted a book of pre-prepared ran— .
domly selected yes or no decisions in order to know whether or not he should seed
the selected band. The seeding technician was the only person who knew what bands
were actually seeded until after the band analysis was completed at the end of the
season. If the band was seeded, then another pyrotechnic device was ignited every
15 minutes uatil the decision was made that the band had passed’the site.

The routine of band recognition, and subsequent seeding or simulated seeding,
continued throughout the storm period or until termination of operations. Every
attempt was made to work as much of each storm as possible. At times, however,
some coanvective bands were not worked, either because the crew was down for required

rest, the wind direction was considered to be wrong for movement across the target
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area, or rarely, the band was not recognized as such until it had moved past the

seeding site.
During the course of the storms, upper air soundings were made at frequent in-

tervals with the GMD-1 equipment at the Santa Barbara Airport. A rough schedule of

radiosondes at three to four hour intervals was kept, but an attempt was always made

to release into the convection band as it passed over the airport.

The initial set-up of the project was not completed until mid-January 1968 with

the first convective bands identified late in the month. Even with the late start,

the season produced eight storm periods in which a total of 22 convection bands

were identified and treated.
The winter season of 1968-69 was one which yielded above normal seasonal pre-~

cipitation throughout southern California. Most of the season's precipitation oc-

curred in two periods in the months of January and February, while other months

during the season were below monthly normals. During these periods of concentrated

precipitation, especially in the last third of January, the threat of flooding caused
the temporary termination of all seeding operations until the flood threat had passed.

This meant that many bands, and indeed several storms that occurred from late January

to mid-February, were not available for operation. A similar period existed from

late Feb*uary until mid-March after which operations were resumed.

In all, 41 bands were identifled.and tracked durlng the operational period from

November 1, 1968, through April 30, 1969. The first storm occurred November 14—15,

1968, and the last operation occurred April 5, 1969.

The season of 1969-70 in Southern California produced from one half to two

thirds of the normal precipitation for the period. Im this respect, it was some-

what like the season of 1967-68 which also was characterized by below normal pre-

cipitation, and unlike the winter season of 1968~69 which had very heavy and much
above normal precipitation over all of Southern California. The middle year also
produced much warmer storms from lower latitudes and contained a large number of
storms and their assoclated bands which occurred in relatively stable air masses.
Both the first and third years, however, contained a large percentage of colder
storms and were associated with more unstable air masses. |
Actually, twenty-five convection bands were intially identified and worked dur-

ing the 1969-70 season. Before the precipitation analysis was completed, however,

three of the bands were eliminated from the sample because their movement and/or

orientation was such that the area of effect was not within the limits of the project
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design. These bands were eliminated by the project meteorologist without his knowl-
edge of whether the band was seeded or mnot.

Thé winter season of 1970-71 had many good seeding oppbrtunities during November
and December. Thereafter, an extended dry period developed with only minor oppor-
tunities in January, Feburary, March and April. The storms tended to be relatively
cold from the middle of December on.

This season saw the introduction of aerial seeding (Phase II) to the project
but only in a limited way as a myriad of technical problems associated with the air-
craft operations precluded the consistent use of the aircraft. Because of these
technical problems, more bands were ground-seeded in the mode of previous years than
were aerially seeded. However, the inability to ﬁonduct aerial seeding was not gen-
erally due to weather causes soO that neither sample was biased by the switch from
aerial to ground seeding. There were 13 seeded and 9 not-seeded bands in the ground
mode and three seeded and four not-seeded bands in the aerial mode.

3.2 Phase 11

In general, the procedures adopted for Phase I were continued for Phase II.
However, since the operation of the aircraft within the Western Test Range area of
responsibility required close coordination with several support groups on the range,
this meant that the entire operation had to be pre-scheduled. This required a con-
tinual watch on weather developments and occasional reschgduling of operations at
the range when the storm system either slowed down or sped up in its movement toward
the California Coast.

In actuality, the Phase II operations varied somewhat, depending upon the availa-
bility of personnel to perform the duties, but typically, the NAWC project director
always went to the radar control room at Vandenberg AFB, from which point he directed
subsequent activities by radio and telephone. (Ground operations were still directed
from NAWC headquarters). In addition to the radar information from the ARSR, rain-
gage telemetry and hourly weather reports were fed to the project director via a
telephone link with the duty meteorologist at the NAWC office. When a convection
band was detected and tracked toward the coast, the NAWC radar crew located at the
ground seeding site in the Santa Ynez Mountains set the TPS-1D and Mr33 radars into
operation, to monitor and record cloud top heights and band structure. At the same
time, the aircraft crew, consisting of the pilot, a copilot who doubled as radio
and acetone-burner operator, and, on occaéion, an observer who operatedlthe Minilab,

were briefed on the weather situation and proposed operating schedule, filed their
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flight plan, and departed on thelr mission. To provide maximum use of aircraft range

and duration (approximately 4-1/2 hours), take-off was timed to allow the aircraft

to intercept the band 50 to 75 kilometers off the coast.
After all available information had been considered, if in his opinion the con-

vection band was suitable in character and moving toward the coast, the project di-

rector declared a "go" situation. The aircraft crew was then directed to consult

a table of 50-50 randomized decisions by cumulative storm number, prepared in advance
If the decision called for seeding, the crew ignited the burner when
Seeding

of the season.
vectored to the band intercept point and given a "begin seeding" signal.

operations were conducted in the band at an altitude 150 to 300 meters below the

freezing level (typically 1800 to 3000 meters MSL). The aircraft was then vectored
‘el legs 30 to 60 kilometers

along a seeding track consisting of a series of paralle

long, parallel to and within the long axis of the band, over the ocean upwind of

the instrumented area and within 40 kilometers of the coast. Thils process was con-

tinued until the trailing edge of the band had reached the coast, at which point an
If the decision was not to seed, the

"end seeding" signal was passed to the crew.
As in Phase I, the_

same procedure was followed except the burner was not ignited.

nature of the decision was not communicated to the director or the analysis staff

until the post-season data analysis was completed in order mot to introduce any

analysis bias.

Following the seeding run, if time, fuel, and oxygen supplies were sufficient,

the aireraft would either return to its base at the Santa Barbara Airport in Goleta,

or stand by to operate on the next band. Turnaround time on the ground for refuel-
ing and seeding solution and oxygen replenishment was approximately 60 to 90 minutes,
y limited to two fllohts in succession before

Two flights would generally suf-

and the crew and aircraft were usuall

adveight to twelve hour rest period was required.

' fice for the majority of storms; however, the ground generator was available, if

conditions were suitable, to conduct seeding operations until the aircraft was again

ready to fly.

Radar operations were continued for as long as the storm was within surveillance

Rawinsonde observations were again made from the NAWC headquarters at inter-

range.
with a major effort to time them to coincide with passage

vals of three to four hours,
These and other available soundings were used in the sub~

which were

of the baunds over Goleta.
sequent analysis to determine the air-mass characteristics of the storm,
fed into the Elliott area of effect model to forecast the region of precipitation

enhancement.



It was hoped that in the Phase II operations the aircraft and the M-33 radar
would help document the cloud tops. Unfortunately, in actual practice, the aircrafc
was only able to climb on-top infrequently. In the few observatious made by the
aircraft, tops in bands .ranged from the 4000 to the 7000 meter level. The M-33 opera-
tions were severely limited by Ehe strong winds which frequently ﬁere observed at
the crest of the mountain range. Most of the time during storm and band passage
the wind speeds were such that the radaf antenna could not be aimed in any direction
except downwind and level (zero elevation). The few cloud top observations that
were made with the radar would have to be considered questionabie at best.

It was mentioned earlier that a limited amount of aerial seeding was conducted
during the latter half of the 1970-71 season on an experimental basis. Consequently,
the 1971-72 winter season was the first full season's operation of Phase II. Un-
fortunately, the winter of 1971-72 was one of the driest on record and seediug oppor-—
tunities were minimal. Rainfall was abundant during December; however, the major
stormy period was centered during Christmas week which made operations difficult.
During the season, seveén storm periods containing seven bands (3 seeded, 4 not-seeded)
fell into the aerial operations category and three bands (all not seeded) fell into
the ground seeding category. In ome 48-hour storm period, two bands were identified
during aerial operations and one ground band was identified when the airc;aft was
not available. Otherwise, the ground and aerial modes were not mixed during storms
with the ground generator being.used only once during the season. In this same
storm period, which was a "seed” decision, ignition problems with the aerial genera-
tor precluded the.seeding of ‘the second band. This baﬁd was treated as avﬁggpi§eed“z
band, but the storm period was classified as seeded. _ | o

It was originally intended to operate the ground-based acetone burner at the
site previously used for the'pyrotechnié generators. This would have permitted
direct comparison of the acetone generator's effectiveness with that of the pyrotech-
nics. A fire in the mountains above the Cérpenteria—Summerland area in October 1971
made this location undesirable during the 1971-72 season, due to the possibility of
enhancing the possible flood damage (such flooding did in fact occur in December at
Carpenteria). The ground burner was therefore installed at a low elevation site 16
kilometers southwest of Santa Maria im the northwestern cormer of the project area.
Since the ground burner was used only once during the season, the one band which
was treated has been eliminated from the analysis since a sample of one would be
of little value in the evaluation. The ground-based burner was returned to the

original seeding site for the 1972-73 season so that the aforementioned comparisaon

with pyrotechnic seeding could be made.



Unlike the previdus two seasons, rainfall was plentiful during the 1972-1973
season with a total of eighteen stofms observed during the period from November
through March. No rainfall was observed in the spring months of April or May. Seed-
ing was conducted from either the aircraft or the ground site in nine of the 18
storms. During the season, 39 convecﬁion bands were declared oﬁérational; a total
almost triple the number of bands accumulated during the first two seasons of the
Phase II operatioms. Seventeen of these were worked in'thé aerial seeding mode with
eight of the 17 bands seeded; twenty-two were in the ground seeding mode with 15 of

the bands seeded. After three years of aerial seeding, a total of 31 bands had been

identified with 14 of them seeded. The Phase 11 ground seeding from the ridge line

using the acetone generator was begun during this season but the three not-seeded
bands identified during the ground operations of 1971-72 were included in the evalu-

ations to yield a sample of 15 seeded and 10 not-seeded bands.

The final year of the Phase II operations, the 1973-74 season, was one in which

average total rainfall was observed in most areas but the number of storms was be-

low normal. A large portion of the total rainfall occurred during the first week

of January 1974, but then the normally wet month of February was almost totaliy dry.

No measurable rainfall was recorded after the first week of April. Nine storm

periods were observed from mid-November to early April. Within these nine storms

a total of 19 convection bands were jidentified. Fourteen of those bands were worked
in the aerial mode but only four of the fourteen were destined to be seeded by the

random choice decision process. The remaining five bands were worked in the ground

seeded mode and as fate would have it, all five were seeded within two seeded storms.
The total number of seeded and not—seeded bands for each Phase is listed in

Table 3-1. A complete listing of the Phase I ground seeding operations and the

Phase II ground and aerial seeding operations are included in Appendix C, Band and

Storm Chronology.

Table 3-1. Number of seeded and not-seeded bands in each operating‘phase. 
Phase Seeding Mode Seeded Not-Seeded
Phase I - Ground Seeded 56 51
Phase 1I - Ground Seeded 20 : 10
Phase II - Aerial Seeded 18 27
3-6
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4. ANALYSIS PROCEDURES

4.1 Band Precipitation Analysis

The‘statistical analysis procedures that were employed were generally the same
cor both Phase I and Phase LI

The first steP in the analysis involved.the tracking of the precipitation band
pattern across the gage network on the-basis‘of plots of 211 available precipitation
and radar information. in order toO insure jack of subconscious pias, the meteoro~
jogical analyst was uninformed as to which bands were seeded, and which were not.
Once & realistic pattern for the band movement was obtained, each station was assigned
a total precipitation value for that band. The total rime (band duration),required
for each pand to pass the station was also determined from each gage record, to per”
mit determination of the effects of seeding upon band width oF rate of movement.

in addition, since in Phase Il each band in 2 given storm wWas subjected to the
same treatment within the 48 hourl randomization block, the total stord (or block)
precipitation was also tabulated for each Bag€ to determine the effects of band
seeding on the total watel produced py the storm: Seeded/unseeded precipitation .
and duration ratios for bands were then subjected to statistical tests for gignifi-
cant differences attributable to seeding.- The total band precipitation and band
duration for poth Phase 1 and Phase 11 are'listed for each station in Appendices
p and E, respectively. The storm total (48 hour) for Phase II operations is listed
for each station in Appendix E. In Appendices D and F the precipitation totals have
been 1isted as they were recorded, j.e., in inches and hundredths of inches. These
values may be converted to millimeters by multiplying the 1isted precipitation to-
tals by the factor 25.4. The band duration totals in Appendix E are iisted'in
minutes.

4.2 AT Mass Analysis
4.2.1 Stability- In Phase 1 an evaluation of the air mass characteristics of

each band was made from the radiosonde data available. A critical examination of

the soundings raken during the passage of the Phase 1 bands revealed four different
alir mass structures which, when considered»from the standpoint of seeding from the
1065 meter ridge 1ine (about 900 mb jevel) s 1ed to four categories of air mass sta-

pility and seedability- ;
In the following categories of stability (Table 4-1), the lapse yates-have beel.

compared tO the moist adiabatic lapse rate gince it was assumed that the air mass
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in the band was at or near saturation. The Convective Instability Base (CIB) is

that level at which the air mass lapse rate first reaches or exceeds the molst adia-
batic lapse rate. The Convective Instability Top (CIT) is the level at which the

alr parcel lifted from the CIB along the moist adiabatic lapse rate curve again in-

tersects the air mass lapse rate curve.

Table 4-1. Aerological Stability Categories.

Category CIB (Ht.)
1. Unstable, Low CIB Below 1065 meters
2. Unstable, High CIB Between 1065 and 1830 meters
3. Stable (A) Above 1830 meters
4. Stable (B) No CIB

The most seedable cases fall in Category 1. In these cases the ground level

smoke plume has a high assurance of being entrained into convection, a virtual ne-

cessity 1f seeding is to occur.
Bands with Category 2 stability characteristics were considered as marginally

If local heating was present mear the seeding site or there was strong

seedable.
mechanical turbulence over the ridge, then the nuclei may have been entrained.
Bands that occurred in partially or totally stable air masses (Categories 3

and 4) wvere the least likely to entrain nuclei from the ground pyrotechnic source

and probably should be considered essentially unseedable by this method, although

they were seeded in this research program. However, bands occurring in either Cate-

gories 2 or 3, both exhibiting instability above the seeding site, most assuredly

could be seeded from a higher ground source or by aircraft.

Bands classified in Categories 3 and 4, while not seedable by convective mix-

ing, might be seeded by frontal lifting, provided the front is a sharp cold front

type which fits the precipitation intensity criterion. This lifting could raise the

nucleant to the CIB in a Category 3 type air mass and to the -4°C level in a Cate-

~gory 4 type air mass. The effect should be further downwind in Category 3 than with

Categories 1 or 2 and the effect should be very far downwind with Category 4.

Based on the above air mass statility categories, the bands were stratified

into one of the four categories. For analysis purposes, Categories 2, 3, and 4

were lumped into one group, with Category 1 constituting the other group.
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The radiosonde data available in Phase II were not similarly classified as the
aerial operations were generally near the freezing level and above stable layers
or inversions which often were located in the lower atmosphere. The sounding data
associateﬂ with Phase II ground seedingwerenot similarly classified as the sample
size was not considered large enbugh to partition.

4.2.2 Temperature. There has been a great deal of interest in the dependence
of seeding effectiveness on cloud top temperature. In the Climax experiments this
was well documented by Mielke and Grant (1967), using the 500 mb temperature as an
indication of cloud top temperatures. We had very little reliable cloud top tempera- °
ture information, especially in Phase I, but from our knowledge of the local area,
it was felt that the cloud tops during storms were close to 5500 meters (about the
500 mb level). Therefore, each convection band was assigned a 500 mb temperature
measured from the sounding data. These bands were subsequently stratified on the
500 wb temperature and various seeded to not-seeded ratios computed. A complete
SOO mb temperature listing for each band is also included in Appendix C.

As mentioned in Chapter 3, it was hoped that these cloud top heights could be
documented by aircraft and radar observations. But for the reasons given in that’
discussion, we were not able to successfully measure the cloud tops very often.
Therefore, in spite of its shortcomings, for lack of better information it was de-
cided to continue listing the 500 mb temperature for each band in Phase II as well.

4.2.3 Convective Band Cross—Section. The large number of soundings available

from Santa Barbara and Vaﬁdenberg associated with the storm periods under study have
made possible the constfuction of a cowposite crogs—-section of the atmospheric asso-
ciated with non-frontal convection bands. This cross—-section, shown in Figure 4-1,
was constructed from sounding data associated with 79 non-frontal bands and presents
the average temperature, moisture, vertical velocity, and wind flow during the four
hours before band passage to four hours after band passage. Those bands associated
with the surface frontal position were eliminated from this composite since frontal
bands typically have one or more convective bands within the four hour period'pre-
ceding them and, therefore, present a distorted view of the relationship between
in-band and between-band air mass characteristics.

Figure 4-1 was constructed with time, in hours before (-) passage and hours
after (+) passage, along the abscissa and elevation, in millibars, along the ordi-
nate. Average wind directions and velocities have been plotted at 100 mb levels

for each hour on the graph and are represented in the conventional way with a wind
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arrow and barbs (or flags) representing each five knots of wind (2.5 m sec-l). In
addition, computations of vertical and horizontal convergence have been made for

50 mb increments starting at 975 mb. These computations were based upon the assump-
tion that the bands ex:énded, and had a uniform flow field, to the north and south.
Thus, the wind convergence and divergence would occur due to motions in the XZ plane
(east and up) only. An average band speed of 32 km hr_l toward the east was used

to convert time to space. The resultant wind vectors for these layers have been
plotted at each 50 mb level starting at 950 wb and are shown by the arrow vectors.
Regions of rising and sinking motion are clearly delineated. Isotherms have been
drawn for each 4° interval to depict the vertical temperature structure and, finally,
the moisture deficit has been ahalyzed for those areas in which the témperature—
dewpoint spread was 2.0°C or less (shown as the étippled area) and those areas where
the spread was 2.1°C to 5.0°C (shown as hatched). If we arbitrarily define the band
as that area containing high moisture values (less than 5° spread) and significant
vertical motion, then the band appears to be as shown by the heavy dashed line. The
band dimensions are sbout 50 km wide (1.5 hours duration at an average speed of
about 35 km hr—l) and 6000 meters deep — extending from a cloud.base mear 870 mwb to
cloud top at 400 mb. There is a suggestion that the band leans forward with height
and the heavy precipitation falls from the trailing portion of the band. The high-
est cloud moisture concentrations are at cloud base and in the core of the updrait.
A strong downdraft area precedés the band. The precipitation rates for the Santa
Barbara Airport, shown at the bottom of Figure 4-1, indicate quite steady hourly
values before and after the band with the rates within the band being about twice
the rate between bands.

4.3 Band Pressure Analysis

Basically, the barometric network used consisted of National Weather Service
and Federal Aviation Administration operated recorders primarily located at airports,
but was supplemented by project operated recorders at key locations within the net-
work to increase the demsity. A total of seven suﬁplemental microbarographs were
installed during the Phase II portion of the project. Five of these, however, were
installed only during the last season of operation and because of their very limited
records have not been included in the data bank. Complete identification, location,
and years of record of the recorders used can be found in Appendix B. A mean baro-

metric station pressure was assigned to each band at each of the several stations

for which recorded barometric pressure was available. The mean station pressure
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difference between the not-seeded and the seeded bands was then calculated and

plotted for each of the recording stations and the results analyzed to determine

if seeding had a noticeable effect on surface pressure.

4.4 Evaluation Methods
The heart of the evaluation program was protecting the objectivity of the

analysis. Great care was taken that only the operator at the seeding site was aware

of the random seeding instructions for each band. This secrecy was maintained until
each band's seedability had been determined and a decision made as to whether it

should be included in the total storm sample. The meteorologist who analyzed the

precipitation records and assigned a quantitative value to each band at each station
was quite unaware as to whether a band was seeded or not—seeded.

Initially, the basic test statistic used in Phase I for the ground seeding

evaluation was the double ratio:

T / C .
s s
D.R., = —— 1)
C
ns ns
where:
E; = Test station seeded band average precipitation
E; = Control area seeded band average precipitation
'Tgs = Test station not-seeded band average precipitation, and

l

ns Control area not-seeded band average precipitation.

This provided a simple way of comparing seeded and not-seeded precipitation

ratios, corrected for the natural intensity of a given seeded band as measured by

the control area average precipitation.
Because of the method of seeding from the same point source with varying winds

(creating the floating target), double ratios for individual bands vary consider-

ably across the target area. Consequently, while an individual band analysis was

made for all bands, double ratios for individual bands were not prepared in all

cases. More meaningful were the analyses of the ratios comp031ted for the four

years and particularly in relation to the effects of seeding compared to the com-

puted area of effect (in this case tke envelope of all the individual band area of
effects) from the area of effect model.

In order to determine whether normalizing the data by using the upwind control

had a pronounced effect on the ratio results, a second evaluation was conducted
using a single ratio:
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Es
S.R. = —/< (2)
ns
where:
Ts, = Test station seeded band average precipitation, and
— = Test station not—-seeded band average precipitation.
ns

When the two results were compared, it was found that no significant difference
was apparent between the two evaluations. On that basis, therefore, it was decided
that the single ratio technique would suffice for both phases, since there did not
appeer to be any reasonable solution to selecting a control area for the aerial
seeding that was to comeé in Phase II operations. A pumber of composite ratios, both
double and single, however, were made at the end of the Phase 1 operations for
various temperature classes ane alr mass stabilities and these are presented in de-
tail in the final report submitted by NAWC at that time (Elliott and Thompson, 1972).
Where relevant, some of these have been included in this report for comparison with
Phase 11 results.

A similar evaluation was made on the duration of bands by computing the single

‘ratio (also the double ratio for Phase I data) of the test sration seeded band aver—

age duration to the test station noi-seeded band average duration. In Fhase IT,
the ratio of precipitation total for seeded to not-seeded storms was computed from
(2) where E; and'fns represented all the precipitation which fell in the designated
48-hour period.

To test for the significance of the results, the data at each station asso~
ciated with the seeded and the not-seeded bands were ranked from highest to lowest
value. The Wilcoxon, Mann-Whitney U Test (Siegel, 1956) was then applied to the
data used‘in the various ratio evaluations to determine if the seeded sample showed

significantly different ranking than the not-seeded sample.



5. RESULTS
While this report deals primarily with the results of the Phase 11 operations,

several comparisons are made between the Phase II and Phase I results. FYor con-
venience in making these comparisons, some figures from the Phase I operations have

been included where appropriate. For a more complete treatmeant of the Phase 1

operations, the reader is referred to NWC TP 5308, Santa Barbara Convective Seeding
Test Program, 1970-71 Season, and 1967-71 Summary.

5.1 Precipitation Analyses
5.1.1 Phase II Aerial Band Precipitation Analysis. Ratios of mean seeded

band precipitation to mean not-seeded band precipitation were computed for some 104

recording raingages in Santa Barbara and adjacent counties. As much of the data as

possible has been used in making the analyses, but at times the data sample was re-

duced because of missing data. In general, only those stations which had more than

half the sample available were considered in making the final analyses and evaluations.
The results of the analysis of aerial seeding conducted from 1970-74, using a

continuous seeding mode is shown in Figure 5-1. (Data used to construct Figure 5-1

and other figures in this section are summarized in Appendix H). The total sample
size consisted of 18 ceeded bands and 27 not-seeded bands. Tor ease of identifica-
tion in this and subsequent figures, ratio areas of 1.5 or larger have been shaded
while the corresponding decrease areas of 0.75 or less have been hatched. The area

of primary effect as determined by the area of effect model composited for all the

seeded bands is shown by the heavy solid lime. Within the area of effect ratios

range from greater than 1.0 to about 2.0, although it should be stressed that the
overall pattern is more significant than the absolute value of the ratio number. The
highest ratios are along the coastal strip immediately east of the seeding area and
in the eastern portion of the target, an additional 60-80 kilometers eastward from

the seeding zone. These high ratio areas tend to be elongated north to south. This

orientation is parallel to the track of the seeding aircraft which generally flew
on a north to south track within the aerial seeding operations area. A third high

ratio area, also elongated north to south, is apparent at a distance of 70 kilometers

east of the second area (a tatal of 140 km east of the seeding zone), suggesting
that a sort of sinusoidal effect may have been induced by the aerial seeding of con-

vection bands. Two low ratio areas are centered in southwestern Kern County about

135-150 kilometers downwind from the seeding zone.
Within the primary area of effect there are 33 precipitation stations with good

record. The average ratio for these stations was 1.43 while the average ratio outside
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the predicted area of effect was 1.36. It should be noted that most of the stations

pe are in the reglon of apparent "downwind' ef-

erley (1968), Brier, et. al., (1973), and

outside of the area of effect envelo

fect. Several investigators including Add

Brown and Elliott (1971), have found that these ‘'downwind" areas frequently indi-~

cate increases greater than those in the target area.

Figure 5-2 is a companion figure to 5-1 in which those areas which contained

stations that exhibited statistical significance at the 107 or better level have

been delineated. The number of stations that were significant at either the 10, 5,

the coastline. Of

or 1 percent level are indicated in the table at the left of
21 exhibited

the fact that of the 104 statibns available for analysis,
a figure somewhat larger than might be

interest is

51gn1f1cance at the 10% or better level;

expected to occur by. random chance. Seven of these stations are within the primary

target area, including both of the stations that were significant at the 1 percent

level. These areas also agree well with the area of high ratios shown on Figure

5-1. It is also important to note that there were no significant decreases pro-—

duced by the four years of aerial band seeding, even in the area of southwestern

Kern Couﬁty, where the ratio analy51s showed ratios less than 1.0.

To compare the effects of aerial seeding with the ground band seeding accom-

plished in Phase I, Figures 5-3 and 5-4 are presented. These figures show the seeded

to not-seeded ratios from ground seeding and the areas of statistical significance,

It is to be noted that in the Phase I ground seeding, a high ratio
ed eastward within the area of

respectively.

area began near the ground seeding site and extend

effect, with the long axis ﬁarallel to the west to east Santa Ynez Mountain Range.

Forty raingages were located within the area of effect envelope with an average ra-

tio of 1.39. Out51de the envelope the ratlo for the remaining stations in the Phase

I analysis averaged 1.21. A second high ratio area was centered well north of the

predicted area of effect in the San Joaquin Valley near the city of Bakersfield,

some 120 kilometers downwind (northeast) from the seeding site. Both of these areas

exhibited high statistical significance but otherwise, the patterns of Phase I ground

and Phase II aerial seeding are markedly different, with the Phase I ground seeding

results showing none of the north to south '"banded" orientation that is visible in

Figure 5-1. Conversely, unless it is the northern portion of the middle high ratio

area in Figure 5-1, there does not appear to be a separate well defined high ratio

center downwind (northeast) from the aerial seeding area as there is in Figure 5-3.

It has been suggested by Brown and Elliott (1971) that the high ratio area evident

.5-3
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in the San Joaquin Valley in Phase I seeding was along the 700 mb wind vector and
might be due to a microphysical "downwind” effect that extends that far northward

from the seeding site. If such an effect also occurred with aerial seeding, it is

-

not appérent.
It has been hypothesized (Brown, Elliott and Thompson, 1973) that the area of

precipitation increase in the San Joaquin Valley is due to direct microphysical ef-
fects while the increase to the east of the seeding site is due to a dynamic intensi~
fication of the convective band. The comparison of the two seeding modes (Phase I -
Ground and Phase II - Aerial) suggests that both methods produce a dynamic response
with the attendant increase in precipitation to the east but only the ground seeding
mode produced an effect in the '"downwind" area of the San Joaquin Valley. This would
be consistent with the mechanics of the two seediﬁg modes. Aerial releases were made
continuously along a 30 to 60 km line at a rate of about 700 gm hr~1 or 11.7 gm min
either within the cloud or at cloud base. The Phase I ground seeding used high out~
put pyrotechnics in short bursts, releasing about 1600 gm hr—l or 133 gm min“l from

a single point several hundred meters below the cloud base. The latter method would

certainly be more likely to produce excess nuclei which could be carried by the cloud
level winds into a downwind area, either as unused nuclei or in ice particles from
portions of the cloud which were glaciated from the high concentrations of Agl.

The areas of significance for Phase I ground seeding are shown in Figure 5-4,
where it appears that a large area of the primary target contained stations signifi-
cantly at the 107 or better levél. All told, 21 of the 27 stations that exhilbited
statisﬁical significance at these levels were located within the target. The high
ratio area in southern Kern County, north of the predicted area of effect, was also
statistically significant, and a small area far to the northwest near Paso Robles
showed significance. The latter area could not have been effected direcctly by the
seeding opeyation since the bands were almost always beyond that area when seeding

commenced. The statistical significance indicated at this station must therefore be

considered as a chance variation.
5.1.2 Phase II - Ground Band Precipitation Analysis. The results of the Phase

II ground seeding operations have generally been disappointing, primarily due to the
| relatively small number of cases and to the ureven random draw that saw several bands
with large totals fall into the not-seeded category. These large amounts of precipi-
tation occurred both in and out of the study area with the net effect that the re-
sults are strongly biased toward low ratios over all of the analysis area.

This can be seen in Figure 5-5, which is a plot of the ratio of ground seeded
to not-seeded band precipitation for the 1971-74 Phase II ground operations. The

total sample size consisted of 20 seeded and 10 not-seeded bands. It is apparent
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from the analysis that generally low ratios exist thrdugHOut the entire analysis
area. The average ratio for the 37 stations in the predicted area of effect is only
0.73 with the remaining stations outside the target averaging 0.76. It is of some
interest that the two ﬁighest ratios on the map are located within the target and
to the east of the target in Ventura County. However, as Figure 5-6 shows, only
two stations showed positive significénce and neither of these were within the pri-

mary target. Of more interest is the fact that six stations showed negative sig-

nificance. One of these is within the target, while the remaining five are located

upwind (westward) of the seeding site at an average distance of 40 kilometers.

In an attempt to reduce the possible bias which could be caused by a bad fanﬁ
dom draw with a few very 1érge bands in tﬁe unseeded sample, a second analysis was
made, comparing the Phase II ground seeded bands with all the unseeded bands from

both Phase I and Phase II. This gave a maximum of 20 seeded and 61 not-seeded bands.

for those stations which had a complete sample. The ratio analysis pattern revealed

by this grouping (see Figure 5-7) does not appear to have been changed markedly from

the results shown in Figure 5-5. The numerical value of the ratlos has generally"

become more positive throughout the map, but otherwise, the overall pattern is simi~
lar to the results of Figure 5-5 with the highest ratios along the south coast (just

south and southwest of the target), in Ventura County (east of the target), and far

upwind in northern San Luis Obispo County. Low ratios continued over all of south-

ern Kern and eastern San Luis Obispo Counties and through much of northern and west-

ern Santa Barbara County in the northern portion of the target. Thirty one stations

in the target had an average ratio of 1.03 while those statioms outside the target

averaged 1.08.
Looking at the area of significance map for this grouping, in Figure 5-8 we

can see a major change from Figure 5-6. Firstly, the number of positively signifi-

cant stations has increased to 34, while the number of negatively significant sta-

tions has remained at six. These positively significant stations form a solid area

covering the southern portion of the area of effect and extend eastward into Ventura
County. Secondly, the large area of negative significance visible on Figure 5-6,

west of the target, is still apparent on Figure 5-8 but has decreased markedly in

size with only one station showing significance at the 10% level. Thirdly, a large

area of negative significance has appeared in the northeast portion of the target

and beyond into Kern County. Five of the six stations which showed negative sig-

nificance are within this area with two of these significant at the 5% level. This
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is also a low ratio area with ratios of about 0.5 evident on Figure 5-7, suggesting
that some significant decreases in band precipitation may have occurred in this re-

gion with the Phase 1I ground seeding techniques.
The ratio-pattern: .revealed in Figure 5-7 is somewhat different than either of

the patterns revealed in Figure 5-1 (aerial seeding) or Figure 5-3 (Phase I, ground

seeding). Overall, however, it is more like the latter in that the high ratio areas

produced tend to elongate west to east in the southern half of the target and east-

ward. A major difference in the pattern is the existence of a low ratio area in

Kern County where a high ratio area appeared in Phase I.

5.1.3 Comparison of High Ratio Centers. One of the objectives of changing

the seeding mode and location from a single site at the ground to an aerial line

source was to determine if the high ratio areas detected during the first phase of

the program would shift locations in a logical manner. Since the seeding site was

moved about 60 kilometers to the west, we might expect these ratio centers to move

a comparable distance unless the mechanism producing these centers 1is closely re-

lated to topography.
In order to compare the two modes of seeding, the ratio centers shown in Figure

5-1 (Aerial Seeding-Precipitation) and those produced by the Phase I ground seeding

(Figure 5-3) were superimposed in Figure 5-9. There is a rather remarkable simi-

larity in the patterns produced by the two seeding modes. It appears that the cen~

ters did shift westward when the seeding site was moved to the west indicating that

the seeding effect is not topographically-produced.

5.1.4 Temperature Dependence of Precipitation. As stated earlier, direct

measurements of the cloud-top height in bands were infrequent. It was therefore

decided to use the 500 mb temperatures as an approximation to the band cloud-top
temperature with each convective band being assigned a 500 mb temperature represen-
Five stations, namely, E1253, M105, N14, N15, and N17, located

e then selected and a band precipitation

tation of cloud-top.

within the calculated area of effect wer

average was computed for each band. These band averages were then compared for the

seeded and not-seeded bands stratified by 500 mb band temperature. To reduce the

scatter, the 500 mb temperatures were averaged over seven degrees (three and five

degree averages were also calculated, but these showed considerable fluctuation

from point to point). The same five stations were used with the Phase I and Phase

II ground seeding bands since the area of effect for these two seeding modes was

almost in the same place. The aerial area of effect, on the other hand, was much

- 5-13
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further west and flve different stations within that target were sclected. Thesc

stations consisted of E7946, E8697, N1, N2, and S217.
Figure 5-10 shows the result of this stratification f01 the Phase I pyrotech=-

nic ground seeding methed. The 500 mb temperature has been plotted along the ab-

scissa with the seeded to not-seeded ratio and the five station precipitation aver-

age plotted along the ordinate. The Wilcoxon, Mann-Whitney U Test was used to de-

termine whether there was any significant difference between the seeded and not-

seeded precipitation samples for each temperature value. These probabilities have

been plotted near the top of the figure for each temperature level. It is apparent
from examination of Figure 5-10 that there was a difference between the seeded and
not-seeded sample in the warm end of the temperaﬁure spectrum with the seeded bands

averaging about .10 inch (2.54 mm) more precipitation than the not-seeded bands.

The temperature curves begin to merge at about the -22°C level and cross over between
-25°C and -26°C, suggesting that the LW-83 pyrotechnic seeding would not be effective

with 500 mb temperatures colder than about -25°C. The seed to not-seed ratio plotted

in the lower portion of the figure indicates a ratio near 1.5 in the warm end, de-

creasing to slightly below 1.0 in the cold end. The curves are statistically sig-

nificant at the 10% or better level from T = -15°C to T = -24°C, with the signifi-
cance increasing to the 1% level between -17°C and -20°C.
A similar pattern is evident in the results of the FPhase II acetone ground

seeding operations as well. TFigure 5-11 indicates that the warmest temperatures

yielded the greatest difference between seeded and not-seeded precipitation averages
with a steady decrease in these differences as the 500 mb temperature got colder.

The cross—over point indicated in this figure occurs between -21°C and -22°C, which

is about 4 degrees warmer than with the pyrotechnic seeding. However, the non-para~-

metric statistical test indicated that there was a significant difference between

the seeded and unseeded populations at the -23°C level with the seeded population

having higher ranks even though the seeded band average precipitation was lower

than the unseeded. This is due to some large precipitation values in the unseeded

category and a relatively small sample in the seeded category with uniformly moder-

ate amounts of precipitation. This suggests that there is still a positive seeding

effect at ~24°C and wé are unable to determine a true cross-over point since there
were insufficient cold bands in the seeded sample. The highest statistical signifi-
cance in both the Phase I and Phase II ground based seeding operations occurs with
a 500 mb temperature of -19°C.
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A somewhat dlfferent set of curves was revealed when the aerial cases from
Phase 1I were exawined. These are shown in Figure 5-12. The difference between
the seeded band average precipitation and the not-sceded band precipitation for
the five stations within the aerial area of effect is much greater in the warmer
temperatures than either of the ground seeded resultb were. It averaged about .18
inches (4.57 mm) more from ~15°C to -20°C which is almosL twice the average of the
ground seeded differences. Unlike the Phase I ground seeded results, the seeded
and not-seeded curves do not cross, mainly because the precipitation with the not-
seeded curve does not increase as much in the cold end of the spectrum as it did A
with the Phase I and II ground operations. The two curves do converge, however,
and become parallel at about the -23°C level. Less statistical significance is
achieved with the aerial seeded cases; however, those values in the warm end be-
tween -16°C and -19°C are significant at the lO%vlevel.

In order to determine whether these warm temperature/high ratio relationships
applied outside of the target area as'well, seed to not-seed ratio maps for Phase
I, ground seeded and Phase II, ground and aerial seeded, were prepared statifying
the data into warm and cold tcmperature categories. The data was split at -22°C
with all bands warmer than -22°C belng considered as warm and -22°C and colder
considered as cold. The smaller number of Phase II cases did not allow a very
large numbér of cases in the cold temperature category, but nevertheless, the re-
sults in all cases were quite similar. The warm temperatures generally had the
highest ratios and the most significant number of stations both in and eastward
from the target area. The cold temperature stratifications had less consistent
patterns and a fewer number of significant stations. Of particular interest, how-
ever, is the fact that no significént decreases were indicated with the cold cases.

A cautionary note should be made that the use of the 500 mb temperature to

indicate cloud top temperature can introduce significant errors under certain storm

types and in some geographical areas. The fact that the Santa Barbara data indi-

cates a fairly strong relationship between 500 mb temperature and seeding effective-
ness sugzests that cloud tops in convective bduds in Southern California may be
fairly consistently at about 6000 m MSL. It is likely, however, that a measured

or calculated cloud top temperature would provide a more accurate picfure of the
relationship between seeding effectiveness and temperature. Time constraints have
precluded this approach for this report but it is planned to use a calculated cloud

top temperature on these data from the Santa Barbara Project in the preparation of
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32 at the 5% or better, and nine at the 1% level. With the exception of the small

apparently random area far to the north, these make up the major portion of the

primary target and immediately adjacent areas.

5.2.2 Phase II Ground Band Duration Analysis. Since a high correlation exists

between band precipitation total and band duration, the Phase II ground seeding

analyses suffer from the same problems; namely, a small number of cases, and the

bias toward longer-stronger bands in the not-seeded category.

For completeness, the analysis of the 1971-74 data containing the 20 seeded

and the 10 not-seeded bands is presented in Figure 5-17. The analysis results are

much like those for the band precipitation (Figure 5-5) wherein most of the chart
is covered by ratios less than 1.0. A small portion of the target area near the

seeding site has positive ratios as does the extreme northwest part of the target.

The target average was .80 while those stations outside the target averaged .85.

Figure 5-18 contains the areas of significance for the ratios in Figure 5-17.

A total of 12 stations were significant, all negatively. Most of these were either

in or adjacent to the target area.
When the not-seeded bias is reduced, however, by including the not-seeded bands

from Phase I, a completely different pattern for the Phase II ground seeded band

duration emerges. This relatively flat pattern is evident in Figure 5-19, where

it now appears that all of the map has positive ratios except for the northern half

of the target and the area immediately northward therefrom. Small high ratlo cen-

ters are centered just west of the northwestern portion of the target, within the

target just downwind from the seeding site, and to the southeast of the target in

southwestern Ventura County. Target station ratios average 1.29 even with the

northern half of the target indicating ratios below 1.0. The remainder of the

area outside the targét averages 1.47.
A high degree of statistical significance is evident from the analysis in

Figure 5-20. Forty-nine stations show statistical significance at the 10%Z or better

level with 44 of these at the 5% or better level, and an amazing 17 at the 1% level.

Only two stations show negative significance in the area just north of the target.

5.3 Total Storm Precipitation Analysis
One criticism of the Phase I randomization scheme, which had both seeded and

not-seeded bands within the same stofm, was that it did not allow testing the effi-

cacy of the band seeding mode of operation in increasing the total water produced

by a storm system. During Phase 1I, therefore, the randomization scheme was changed
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to one wherein all identified bands were treated alike for the duration of the storm.
A total of 34 storms coustiLute the sample collected in the 1971- 74 period with 16
(47 percent) of these being sceded either by air or ground generators. Of the 16
seeded storms, eight were exclusively aerially seeded, six were seeded from the
ground, and the remaining two were seeded by both air and ground sources. The seed-
ed to not-seeded ratio pattern revealed in Figure 5-21 would suggest that seeding
has increased the storm total. The combined targets (indicated by the heavy solid
and dashed lines) cover the southern portiom of San Luis Obispo County and almost
all of Santa Barbara County. Within this envelope the average ratio of seed to not-
seed precipitation 1s 1.34 with high ratios extending east of the envelope into
western Ventura County. Ratios outside the target average 1.26 with a slight defi-
cit in seeded storm totals (not significant) centered downwind ian Kern County.

The area of significance map, Figure 5-22, shows only positive significance
with a large portion of the combined targets covered by those stations significant
at the 10% or better level. The large number of significant stations (59 at the
10% level or better, including 27 at the 5% level and 7 at the 1% level) certainly
suggests that a differcnce does exist between the seeded and not-seeded populations.
The potential increase is probably larger than indicated since some of the precipi-
tation recorded in seeded storms actually occurred in seedable bands which were mnot
seeded because gf operating limitations. Had all of these seedablc bands been seeded,
the ratio analysis quite likely would indicate even higher ratios and more signifi-
cance than it does.

5.4 Estimate of Total Precipitation Produced by Band Seeding

Precipitation ratios are highly dependent on the relative amounts of precilpi-
tation, i.e., large ratios are more likely to occur in arid regions than in areas
of high rainfall and therefore do not always give a true picture in terms of water
yield. To calculate the total amount of additional water that was apparently pro-
duced during Phase I by ground seeding with pyrotechnics, and in Phase II by the
aerial seeding method, the following calculations were made. For Phase I, the dif-
ference between the average of the 56 seeded bands precipitation and the average
of the 51 not-seeded bands precipitation was determined for each station. This dif-
ference was then multiplied by the number of seeded bands (56) during the four years
of operation. The resulting value was considered to be the estimate of the total
precipitation produced by band seeding. This procedure was repeated for the 18
seeded and the 27 not-seeded bands that make up the Phase II aerlial seeded opera-

tions package but was not attempted for the ground seeded mode because of the strong
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not-seeded band bias of the data sample. The results of these calculations are pro-

duced for Phase I ground operations and for Phase I1 aerial operations in Figures

5-23 and 5-24, respectively. (The values are shown in inches where 1 in = 25.4 mm).

From Figure 5-23 it would appear that with ground seeding from the mountain

crest, increases of six to 10 inches of rainfall occurred over the mountainous re-

gions of Santa Barbara and Ventura Counties during the four years of seeding. In

the southern portion of Kern County, where high ratios of over 2:1 were observed,

increases of about 2 inches are indicated. Since these values were produced by seed-

ing approximately one-half of the available bands, the potential increase should be

nearly twice as much as shown in the figure.

The results of aerial seeding, shown in Figure 5-24, indicate that increases

of two to four inches of additional water were produced in the southwest cormer of

Santa Barbara County and in the higher mountain sections of eastern Santa Barbara

and western Ventura Counties. In the high ratio areas of north-~central Santa Barbara

and southeastern San Luis Obispo Counties, increases of one to three inches are in-

dicated. The low ratio areas of Kern County generally indicate values near zero.

On the basis that 40% of the aerial bands were actually seeded, these values repre-

sent less than half the additional water that might be expected 1if all the available

bands had been treated.

5.5 Mesoscale Effects Related to Seeding

In order to gain more insight into whether seeding might have been instrumental

in producing mesoscale changes in the wind or temperature parameters, Table 5-1 was

prepared. This table gives a summary of the 700 mb and 500 mb median wind direction

and speed for the seeded, the not-seeded, and the all bands combined categories.

The 500 mb temperature median is also included in the table.

Except for the smaller Phase II ground seeded group, the median wind directions

at the 700 mb and the 500 wb levels are more southerly than are the corresponding

not-seeded winds. The reverse is true for the Phase II ground seeded group. No

differences are to be noted in the table except that the 500 wb wind

other apparent
1 lower than for the Phase 11

speeds for Phase I ground seeding are about 5-8 m sec

ground or aerial seeded groups.

In order to determine whether the observed differences in the 700 mb wind direc-

. -2 . .
tion were due to chance variation, a X Median Test was applied to these values and

they are shown in Tables 5-2 and 5-3. (Winds which were exactly at the Median value

were dropped from the analysis). With significance near the 10% level it appears
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Table 5-1. Median values of winds and temperatures associated with seeded
and not-seeded bands.

PHASE I GROUND PHASE II GROUND PHASE II AERIAL

S NS COMB S NS COMB S NS___ COMB
Number of Bands 56 51 107 20 10 - 30 18 27 45
700 mb Direction 229.0 235.0 230.0 232.5 225.5 230.0 227.0 243.0 239.0
700 wb Speed (m sec ¥y 17.5 17.5 17.5 16.8 15.8 16.5 17.0 20.0 19.0
/500 mb Direction 240.0 249.0 240.0 246.0 230.0 245.0 234.0 250.0 250.0
500 mb Speed (m sec ©)  25.0 23.5 24.0 30.0 28.2 29.8 33.0 34.0 33.5
500 mb Temperature °C  -20.4 -19.5 =-20.1 -20.5 -21.4 -20.5 -19.1 -19.5 -19.7

Table 5-2. SBA-II Phase I - 700 mb wind direction - ground
based seeding.

Seeded Bands Unseeded Bands Total

> Median 23 28 51

< Median 29 18 47

TOTAL 52 46 98
x2 = 2.14, probability = .14

Table 5-3. SBA-II Phase II - 700 mb wind direction - aerial

seeding.

Seeded Bands Unseeded Bands Total
> Median 6 16 S22
< Median 12 10 22

TOTAL ' 18 26 44
2 iq
x = 2.35, probability = .12
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that seeding may have caused the 700 mb wind direction to have a wmore southerly
component at least in the area to the south of the primary seeding effect. In

order to postulate a cause for this apparent backing of the cloud level wind direc-

tion, it should be observed that the rawinsondes taken at the Santa Barbara Airport
would usually be sampling a seeded environment. The airport is located 20 km east-

southeast of the ground seeding site and about 70 km east-southeast from the aerial

seeding zone. Since seeding has been shown to produce a dynamic intensification

and broadening of the convective band, it is logical to assume that the vertical

motion within the band was increased. Greater vertical velocity would cause in-

creased inflow into the activated portion of the band. Since the Santa Barbara

rawinsonde was located on the southern edge of the area of seeding effect, this in-
flow would result in a backing of the wind. This apparent change in 700 mb wind
direction could account for the slower movement of the seeded: bands since it was
found by Boucher and Wexler (1961) that band speed correlates best with the 700 mb
wind component normal to the line. Similar analyses of the 700 mb wind speed and
of the 500 mb temperatures showed no significant changes between the seedad and

not—seeded bands at statistical levels near 10%.
Bands that were seeded in Phase I, on the average, moved from the west (267°)
with (from Table 5-1) a 700 mb wind direction from the southwest (median value 229°).

1f we superimpose these directions on the areas of high statistical significance

associated with the band precipitation seeded/not-seeded ratios of Figure 5-4, we

can see, in Figure 5-25, that the major features of the statistical significance

patterns correlate well with these two movements. The Phase II aerial seeded bands

on the average, moved from 281°. The 700 mb wind direction for these same bands had

a median at 227°. Superimposing these directions on the statistically significant

areas from Figure 5-2, we see in Figure 5-26, a high correlation between the high
significance areas and the direction of band movement, but the agreement between the
700 wb wind direction and the areas of statistical significance near the western

coastline is not as good as with the Phase I seeding.

The analyses made earlier of band duration have shown that seeded bands have

a longer duration than unseeded bands. This appears to be due, in part, to a slow-

ing of the seeded bands. The seeded bands moved 3% slower than the unseeded bands

during the Phzse I program and 12% slower in the Phase II sample. A more important

factor in the increased duration of seeded bands appears to be a widening of the

band after seeding. Analyses indicate that while the leading edge of the band slows
slightly, the trailing edge slows significantly, thus producing a wider band. This
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slowing and widening of the convective band due to seeding indicates that a large
part of the observed increase in precipitation is due to an increase in duration of
the heavier rainfall rather than an increase in precipitation intensity.

During the course of this research program, increasing attention was paid to
possible effects of cloud seeding on surface pressure measurements beneath the con-
vective'bands. This interest was prompted by theoretical calculations which showed
that the pressure could be reduced by a measurable increment due to a combination
of seeding effects. A small reduction in surface pressure would be caused by the
dynamically produced dispersion.of air warmed by the release of the latent heat of
‘fusion within the nucleating zone and spread by mixing through a greater depth and
laterally over the entire band segment. The increased updrafts would also cause by
increased condensation as more low-level moist air is processed by the cloud system. "
The extra heat of condensation released is sizeable. If we assume this heat was
distributed in the. lowest 500 mb of the convection band, then the condensation re-
quired to produce an additional millimeter (.04 inches) of precipitation would re-
sult in a 0.5°C heating effect. If this heat were distributed across the band only,
it would be reflected hydrostatically in a 1.8 mb drop in surface pressure. In
addition to this heat produced reduction in pressure, there would also be an incre-
mental reduction due to the removal of liquid water from the band by the.increased
precipitation efficiency caused by seeding. Compensatory mesoscale redistribution
of the air mass would probably preclude the appearance of the full effect at ground
level; however, even a fraction of this value would result in an increase in the low
level horizontal convergence of air and of water, into the convection band. - .

The mean station pressure difference between the 27 not-seeded and the 18 seeded
aerial bands at 17 stations is shwon in Figure 5-27. The network of stations extend
from Salinas (SN§) and Fresno (FAT) (well nortb of the predicted area of effect) in
the north, to Long Beach (LGB) and San Nicholas Island (NSI) in the south. The data
sample is complete for the four seasons, 1970-74, except for the project operated
recorders at Taft (TFT) and Cuyama (CUY) which were installed in the 1972-73 season.

The data from the five additional recorders installed during tﬁe 1973-74 season were
not included in this analysis because of their limited sample size. The pattern
shows a lowering of pressure of about one millibar in the "downwind" area about 100
km east-northeast of the seeding zone, strongly suggesting that band seeding effects

in the downwind area are dynamically produced. However, none of the storms showed

high statistical significance in this analysis.
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Figure 5-27. Mean station pressure (mbs): not-seeded aerlal bands (27) minus
seeded aerial bands (18), Phase II 1970-74 seasons.
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The same analysis (Figure 5-28) was made for the ground seeding opcrations of

Phases I and 1I, combined. The sample size consisted of 61 not-seeded bands and

76 seeded bands. The pattern produced is very slmilar to that of Figure 5-27 with
a "downwind" decrease of about one millibar centered at a distance of about 90 km

from the seeding site. Stations that exhibited a high level of statistical signifi-

cance (10%Z or better) are indicated on the figure by a square, circle or triangle
It can be seen that a large number (10) of the stations
The shift in the center

around the station dot.
show statistical significance at the 107 or better level.
of the maximum pressure drop from Phase I to Phase TII compares favorably with the

shift in seeding sites; in both cases, a movement of about 60 km to the northwest.
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Figure 5-28.

Mean station pressure (mbs):
seeded ground bands (76), Phase 1 and II 1967-74 seasons.
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6. SUMMARY

The Santa Barbara projcct extended over seven winter scasons from 1967-68 through
1973~-74 and was divided into 2 phases; Phase I covering the period 1967-68 through
1970-71, and Phase II covering the 1970-71 through the 1973-74 seasons with a one
year overlap. The object of both phases was to test the effectiveness of seeding
clouds within convectilon bands. These convection bands, which are a mesoscale fea-
ture of west coast storms, are essentially north to south oriented bands or lines of
convection moving eastward through the area. They last about 1.5 hours at one site
and are spaced 3-4 hours apart. They contain 50-70% of storm precipitation.

A pyrotechnic device (LW-83) located on a 1000 meter mountain ridge was employed
as a nuclei source during the first 4 years, and an aircraft equipped with a high
output AgI—NH4I*Acetone type burner was used during the sccond phase. In additionm,
some seeding was also done by use of a ground based high output generator on some
bands during Phase II.

The design of the project called for a randomized decision to be made to seed
or not to seed (50% chance of calling for seeding) following identification of a
seedable band. The advance of the band eastward to the western boundary of the test
area was monitored by telemetered raingages and weather radar. After the randomiza-
tion decision, the further advance through the test area (central and eastern part
of Santa Barbara County and adjacent areas) was recorded by a dense raingage net-
work of over 106 recording gages. A statistical evaluation of results was made by
comparing the seeded and not-seeded band precipitation values at the various test

stations.

The air mass structure and wind flow were monitored and recorded by means of
a rawinsonde taken during every band passage.

The aerial seeding in Phase II was conducted just off the coast with the air-
craft directed by means of the ARSR L-band radar at Vandenberg AFB. The main track
ran north to south over a 30-60 km line.

The evaluation of results showed that, except for those cases with cloud top
temperatures (as represented by the 500 mb temperature) lower than about ~24°C to
-25°C, there were substantial excesses of band precipitation for seeded bands over
not-seeded bénds with large areas of over 507 excess and some smaller areas with

greater than doubling indicated for the seeded cases. A much larger than expected

number of gages showed statistically signifiéaﬁt differences in the ranking of seeded

over not-seeded precipitation.

On the basis of area of effect model runs and of winds aloft data, it was con-

cluded that the direct microphysical effects of seeding spread on the average to
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the northeastward of the seeding source beyond the northern boundary of Santa Barbara
County and into the San Joaquin Valley. However, a more extensive area of positive
effect spread eastward from the source across Santa Barbara County and into Ventura
County. This latter area is postulated to be due to the dynamic intensification of
the circulation within the seeded bands and the persistence of this enhancemen£~for
several hours during the eastward movement of the band.

The seeded bands definitely experienced a (significant) increase in duration
at a given gage in the test area, indicating a physical broadening of the band

through seeding. There was marginal evidence that the surface pressure was reduced

by up to 1.5 mb beneath seeded bands.
Both ground seeding and aerial seeding produced similar amounts of increased

precipitation, although the patterns of augmentation areas differed somewhat due to

the change from point seeding to line seeding. The centers of maximum increases

in precipitation shifted westward by an amount comparable to the westward shift in

the nucleant source between Phase I and Phase II operations.



7. CONCLUSIONS AND RECOMMENDATLONS

The following conclusions have been made as a result of seven years of research

in seeding convective bands. The conclusions are listed in a descending order of

certainty.

1.

2.

Seeding convective bands is an efficient means of augmenting water
supplies from west coast winter storms.
Two seeding modes tested (ground-based seeding with high output pyro-

technics and aerial seediung with acetone burners) produced comparable

results.
The magnitude of the precipitation increase is on the order of 50 °

to 100% within the bands seeded and 25 fo 50% for the storm total. \

The primary location of the enhanced precipitation is predicted fairly
well by the area of effect model, but increases also extend well be-
yond the predicted cutoff point.

The convective bands tend to widen and possibly slow down after seed-
ing, indicating that much of the increase in pfecipitation is due to
a change in duration of band precipitation rather than an increase

in intensity.

Seeding effectiveness is related to the temperature structure of the
band airmass. Seeding is most effective when the 500 mb temperature
{(presumed to be an in&icator of cloud top temperature) is between
about —17 and ~20°C and appears to become ineffective at a tempera-
ture of about -24 or -25°C.

There is some evidence that the dynamics of convective bands are
altered by seeding to produce a reduction of surface pressure be-
neath the band and an increase in convergence‘into the band as re-
flected by a backing of the 700 mb wind in the area on the south side

of the seeding effect zone.

The major area where further research is needed is in improving our understand-

ing of the dynamic effect of seeding convective bands. The entire interrelationship

between cells, mesoscale convective bands and synoptic scale storms must be investi-

gated.

The evidence cited in conclusion number 7 above suggests a potential for

_major modifications in storm dynamics and possibly storm steeriug or control which

could expand weather modification applications into a new area. There is clearly

a need for physical measurements to expand on the statistical evidence shown in this

report leading to a conceptual model of convective band and storm dynamics.
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