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The precipitation Physics Projectis a cooperative research
project directed and coordinated by the Meteorological Branch with
the active participation of the National Research Council and the
assistance and interestof a number of other agencies. . The Project
is aimed at discovering fundamental knoi;vledge of the mechanisms
of precipitation as well as the possibility of its artificial modifi-

cation.
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DETAILED STORM ACCEPTANCE AND EVALUATION CRITERIA
Precipitation Physics Project
by

C. L. Crozier
and .
J. D. Holland

ABSTRACT

During the summers 1959 to 1963, a project:of cloud seeding
combined with physical studies of precipitationmechanisms was
operated in western Quebec. A major part of the project was
devoted to the task oftesting the effect of seeding synoptic scale
weather systems with silver iodide using a randomized cross-
over technique with two separated test areas.

This paper outlines the rules of the experimentas they were
defined before commencement of the project. The sufficient
conditions for cloud seeding are defined and their application in
the field operations arediscussed. The necessary conditions for
acceptance ofa seeded stormfor the evaluation are also defined
.and their application discussed. Comments are made on some
of the details of techniques required to meet the rules.

Details of statistical and physical design, operation and re-
sults of the evaluation are presented in other reports of this
series.
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RESUME

Durantles étés de 1959 3 1963, un projet d'ensemencement
des nuages combiné avec des études physiques des mécanismes
de la précipitation a été mis en oeuvre dans l'ouest du Québec.
Une partieimportante du projet consistaita contrdler 1'effet de
I'ensemencement avec de l'iodure d'argent, au hasard suivant
la technique de plan croisé, de systzmes météorologiques 2a
échelle synoptique dans deux aires expérimentales distinctes.

Les auteurs exposent les regles de l'expérience telles
qu'elles ont été déterminées avantle début duprojet. Ils énoncent
les conditions propices 2 l'ensemencement des nuages et traitent
deleur applicationdans les opérations sur place. Les conditions
nécessaires al'acceptation, aux fins d'évaluation, d'une tempéete
au cours de laquelle les nuages ont été ensemencés sont aussi
définies etles auteurs traitent de leurapplication. Iis font des
observaiions relatives aux détails des techniques nécessaires
pour satisfaire aux régles.,

Les détails relatifs au plan statistique et au plan physique,
al'opération et aux résultatsdel'évaluation sont présentés dans
d'autres rapports de la présente série.
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1. Introduction

As part of a continuing study on the physics ofclouds and pre-
cipitation, a project called the Precipitation Physics Project was
operated inthe field by the Meteorological Branch from 1959 to 1963
inclusive. The project was conducted in the western section of the
Province of Quebec, and involved extensive measurement of physical
parameters both on the ground and in the air. In addition, a pro-
gram of cloud seeding was carried out, to help in the study of pre-
cipitation mechanisms and toc make an assessment of the effect of.
cloud seeding. Previous reports in this series have presented the
physical design and operation of the project {1), the design of the
statistical analysis technique used in evaluating the effects of the
cloud seeding(2), and the results ofthe statistical evaluation of the
cloud seeding tests {3). A summary of the design and operation of
the project and the results of the statistical evaluation have also
been givenin a paper by Godson, Crozier and Holland (4). The pre-
sent report gives the detailed storm acceptance and evaluation cri-
teria used in the project, and in doing so provides background in-
formationand some of the philosophy underlying the project, cover-
ed only sketchily in the earlier reports,

The cloud seeding tests and physical measurements of the Pre-
cipitation Physics Project were carried out on synoptic scale
weather systems. When a suitable Weatherj’sy'sttem crossed the test
areas, cloud seeding with silver iodide was conducted by aircraft
upwind of one of the test areas selected by a random choice while
the other area served as a control area, Suitable weather systems
were, considered to be organized cloud systems such as those asso-
ciated with a front, low or trough. Indicationsthat the system was
likely to affect both test areas approximately equally and evidence
of the operationof an active precipitation mechanism were required
before cloud seeding was carried out. Other criteria laid down for




seeding suitability involved suitable cloud, wind and temperature
conditions, and were strictly observed. The unit for seeding and.
for evaluation was the storm, with a 24-~hour separation between
seeded storrns maintained in order to ensure separation of rain-
fall - data. Measurement of rainfall at the ground during passage
of the sterm provided the basis for evaluation of the eiffects of
seeding. The actualdesign and operation of the project in the field
and the method of statistical evaluation have been described ian the
reports {1), (2) refierred to above, and will not be repeated here,

The present paper is coanfined to discussion of the conditions
or criteria under which seeded storms were considered acceptable
for evaluation. If will be seen that the conditions necessary for
acceptance of a storm for evaluation and the conditions sufficient
to permit seeding tobe carried ot are the same, differing only in
their time and conditions of application. Applicatiorof the criteria
is obviously more difficult under field conditions than under the
conditions which prevail during amnalysis., However, the criteria
were adhered to as strictly as possible under both sets of condi-
tions, and it was found necessaryto reject seeded storms because
of the seeding and evaluationcriteria on only three occasions, des-
cribed more fully in Section 7.

The conditions necessarv for acceptance of a storm for evalu-
ation and their applicationare discussed in Sections 6 and 7 of this
report, while the conditions sufficient for seeding tobe carried out
are discussed in Sections 4 and 5. The controls exercised in order
to ensure an unbiassed selection and analysis of the storms are
also discussed in these sections of .the report. A brief review of
the method of storm selection and the cloud seeding program ’is
provided in Section 3, while Section 2 defines the terms "storm",
"storm rainfall®”, "stormduration' and "contamination' inthe par-
ticular context used ia this report.

In the process of making the definitions referred to above and
defining and describing the storm acceptacce and evaluation cri-
teria, this reportalsoefiectively lays down the "rules of the game"
insofar as the statistical aspects of the cloud seeding evaluation
are concerned. This is anessentialpart of all experiments of this
sort inorder toensure complete objectivityand freedom from bias.
These rules must be (and were) la‘.id down prior to commencement
of the project and strictly adhered to during the subsequent years
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of operation and evaluation. The rulesare asobjectiveas possible
and leave very little room for subjective decision., This report
provides for the record the strict procedures used in the operation
and evaluation of the project.

2. Definition of Terms

For the purposes of this investigation a number ofterms were
used with special connotations somewhat different frem normal
usage. A "'storm'' was considered tocbe anorganized cloud system
accompaniedbyan area of rainfall discernible in the synoptic sense,
while "“storm rainfall" for each test area was defined as the rain-
fall measured in thatarea during the duration of the storm. While
these definitions are not far removed from at least some conven-
tional uses of the terms, the restrictions placed on the meaning of
'storm duration' gave very special meanings also to the terms .
“storm" and "storm rainfall’’, Aswillbe seenin the sections which
follow, certainrestrictions were placed on the storms selected for
seeding and accepted for evaluation, Restrictions on the type of
storm being seeded, the nature and extent of the clouds, the tem-
perature range and the wind conditions under which seeding would
be carried out were imposed inorder to ensure a valid, controlled
experiment. Restrictions on the definition of the duration of the
storm for the purposes of the projectwere imposed in order to en-
sure separationof each seeded storm from every other storm and
in order to ensure complete objectivity in the selection of storm
rainfall data and comparability of storm rainfall in the two test
areas, To ensure separation of the rainfall of one seeded storm
from other storms, seeding was not carried out unless 24 hours
had elapsed since the end of the preceding storm. In the evaluation
procedure, separation of storm rainfall, comparability of storm
rainfall inthe two testareas and objectivity in abstracting the storm
rainfall: from the total rainfall data were achieved by adoption of
the following definitions and rules:

(1) Storm periods were defined in terms of multiples.of’ - -y
consecutive regular l2-hourly precipitation intervals,
0800-2000 and 2000-0800 local time,consistent withthe
times of measurement of rainfall,

(2) The "'duration of a storm' or ""storm duration'' was
defined to be the same for both test areas and to be the
same as the period for which storm precipitation was
measured,



(3) The pericd for which storm precipitation was mea-
sured was defined tc be made up of one or more con-
secutive l2-hourly regular observation periods 0800-
2000 and 2000-08001ocal time, corresponding as closely
as possible to the passage of the weather system in
question, ‘

(4) The actual time of beginning of rainfall in any storm
period was required to bein a regular 12-hourly obser-
vation period different from that containing the actual
ending of rainfall in the preceding storm period,

(5) The actual time of ending of rainfall in any storm
period was required to be in a regular 12-hourly obser-
vation period different from that containing the actual
beginning of rainfall in the succeeding storm period,

(6) The actual beginning of rainfall in both test areas
was required to be in the same or adjacent regular 12-
hourly observation periods,

(7) The actual ending of rainfall in both test areas was

required tobe in the same of adjacentregular 12-hourly

-observation periods.

\

Strict adherence to these objective criteria was maintained in
order to ensure that the storm precipitation could be separated from
the precipitation of preceding and succeeding storms, that the time
of beginning, duration, and time of ending of the ''storm rainfall"
in one test area would not be greatly different from those in the
other, and to ensure complete objectivity in the abstracting of
"storm'" rainfall data, Similar strict criteria were imposed re-
garding the separation of storms when conducting seeding cpera-
tions, (see Section 4) so that no difficulty was experienced in sep-
aration of the actual rainfall of one seeded storm from the next.

The terms '"contamination' and '"contaminated" a's used in this
paper arealso defined, so as to avoid possikle confusionas to their
meaning. These terms as used in this paper refer to the situation
where silver iodide material aimedat the targetarea is considered
because of wind conditions (allowing a ten-degree angle of disper-
sionon either side of the meanwind direction) tohave reached some




partof the intended control area. In this case.'"contamination'of.
. the control -area is said to have occurred or the contfol area is

said to be '‘contaminated'’,
3. Some Details of Technique

In the operation of the Project in the field if was necessary to
maintain a constant watch of the weather in and around the test

"areas on a 24-hour basis and to alert the operational team in ad-

vance of impending suitable sform situations for seeding. A fore-
cast group was assigned the weather watch duties. The group

* ~worked in associationwith a nearby Forecast office of the National
&y " » © ° s .
<iForecast System which provided advice and assistance when re-

gquested, This assistance was provided solely in the interests of
saving manpower and the finalanalysis and prognosis of the weather
system rested withthe Projectforecastand control group who were
well versed in the conditions which were regarded suitable for
seedingas laiddown in Section 4. In order to setthe seeding oper-
ation in motion, a forecast of '"'suitable conditions'" was required
approximately 3 to 6 hours in advance. A final decision to seed
was mandatory about 3 hours in advance if the seeding aircraft
was tobe placed inthe areaat themost suitable time (iﬁ;e.', assem-
bly of crews, aircraft and instrumentation check, fuelling, enroute
flight: time,, etc..,. consumed 3 hours time).

Choice of Area to be Seeded

The choice ofthe area to be seeded was determined by a ran--

domizing technique.. A person havingno interestin or association
with the Project was selected form Departmental staff. The per-
son selected was issued with the following instructions. A sample
of 50 numbers was to be selected from the table of random num-
bers in Snedecor (5), pages 10-13, The onlysstiputation-was-that
the sample should notbe seriously unbalanced as to the number of
odd and even numbers. Seeding instructions were determined by
letting even numbers represent '"'seed North Area' and the odd
numbers represent 'seed South Area'. A tableof instructions as
to the area to be seeded on each mission was prepared using the
first number of the random sample for 'seeding .missionunumber
one, the second number for mission number two, and:so on. The
table of instructions was used to type individual instructions to the
Project Flying Officer on separate sheets marked Precipitation

e
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Physics Project, year, number of the seedingand area to be seed-
ed. The instructions were sealed in a set of envelopes marked
with the same information exceptfor the area to be seeded. A dup-
licate set of envelopes was prepared at the same time as a safety
measure and these were all sealed in a separate large envelope to-
gether with a single copy of the table of instructions. All other
copies of the random sample, table of instructions, and any other
references were destroyed. The package of 50 sealed instruction -
envelopes was passed to the ProjectFlying Officer. The duplicate
envelopes and the table of instructions were left in the sealed en--
velopes and retained on a Divisional file. The Project Flying
Officer was therefore the only person with ready access to the
seeding area instructions, and he maintained these under his control
throughout the season, returning the unused sealed envelopes to
the Project Office after completion of the field season. A new list
of random numbers and instructions was drawn up each year.

Decision Regarding Seeding

The decision as to whether seeding was to be conducted was
left to the Project Control Officer, who was the Project'Meteorolog-
ist in almost all instances. This decisionwasmade by careful ex-
amination of all the synoptic weather information and forecasts
available, experience, and consultation with the Project Flying
Officer, who was already in the area of seeding. A radio com-
munication link was available between the Project Control Office
and the ProjectAircraft doing the seeding. The finaldecision was
dictated largely by the existing weather conditions in the area as
reported by the pilot, and their agreement with the conditions as
"set out in Section 4. Forecast skill was thus required to get the
aircraft into the area during suitable weather conditions, but the
actual seeding was only carried out if the observed weather con-
ditions were verified as sufficiently suitable. The Project Control
Officer was not aware at any time during the seeding as to which
area the aircraft was to seed. The seeding was begun and ended
on a consultation basis between Control Officer and Flying Officer:
These decisions were basedmainly on existing weather conditions,
and,in the case of termination, on expeécted developments within
the flight endurance time of the aircraft. The Control Office also-
provided the Flying Officer with a weather watch for safe conduct
of flight.
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Seeding Flight Altitude and Pattern

As has been explained elsewhere (1), a prime consideration
in control ofthe experiment was to place the seeding material at
the position where it was hypothesized to have a physical effect
and in a location where any effect would be measurable. Two
prime controls of the experiment were, therefore, the altitude of
the seeding aircraft and the seeding track.

The seeding aircraft was directed to conduct seeding at an
altitude where the temperature was ~-5°C. Thermometers onthe
aircraft were used for this seeding altitude determination, al-
though for flight planning purposes a forecast of the -5°C altitude
was provided. Operational restrictions on some occasions did
not permitseeding at this altitudeand seeding was then conducted
at slightly higher temperatures. The aircraft, however, was
sufficiently close to the -5°C level that it was no problem to de-
termine that clouds in the seeding area did, in fact, reach the
-5°C level.

" Strict control of the aircraft on the seeding track was also
required. Special navigation syétems and equipments were used
for this purpose along with the normal techniques and existing
facilities. Anaccurate positionwas, therefore, known atall times
and the aircraft seldomdeviated from the prescribedtracks while
seeding. Seeding was conducted on a path normal to the wind
flow, thirty minutes of wind flow upstream fromthe nearest point
of the target area [Figure 2 (ii)]. The length of the flight path,
including minimum turning radiusturns upwind at each end ofthe
path, corresponded to the projection of the target area upstream
into the flight path. For winds of 230° and 310°, the flight paths
were shortened on the end nearest the control area so that ten
degrees ofdiffusion of material f{rom the winddirection would not
'"contaminate' the control area E1gufe 1 ] When winds fell to
10 knots or less, the seeding flight was changed to two inside

squares of 4 and 12 nautical miles respectively. concentrically
located 1ns1de tho target boundaries- Eﬁgures I (iii) a*’ld]

The’ seed1ng material was released upwind from the target'
area Where the effect is to be measured. With a moving cloud
system, time was, therefore, allowed for the seedmg material
to réadt within the cloud and the effects of ahy .change in precipi-
tation to be transmitted to the ground where the effect was being
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Figure 1 '
Schematic Diagram of Typical Seeding Flight Tracks A .
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300°T

North Area 300°T
' Speed N.T. P. S.T.P. Track Length
15 49°13,5' N . 48936" N 4315 n. mi.
79028" W 80002' W '
20 49015' N 48037, 5' N 43
79°32' W 80°05' W
25 49°16' N 48039, 5' N 42,5
79935, 5' W . 80°08' W
30 . 49°17' N 48°41' N 42
79938, 5' W 80°10, 5* W
35 49018, 5' N 48942, 5' N 41,5
79042t W 80013, 5' W
40 49019, 5' N 48044 N 41
79°45' W . . 80°16,5' W
45 49°21' N . 48°45;5' N 40, 5
79°48.5' W 80°19,5' W _
50 49°22' N 48947' N 40
79°51,.5' W 80°22,5' W
South A-rea. ' 3000T
Speed N.T.P S.T.P. Track Length
15 48°100 N 479321 N 44 n.mi.
79929 W 80001, 5' W
20 48011* N 147°33¢ N 44
7903245 W - 80°04,,5?-w
25 f;_f_ksél'z-'* N '_,47-93.4—'.; 5! N 44
‘ 79°35.5' W '80007.8" W
30 48°13' N  47935,5' N 44
79038' W ' 80°10.5' W
35 ~ 48°14.5' N 47037 N 44
- 79°41.5' W 80°14" W
40 48016' N 47038" N 44
- 79045' W 80017, 5 W' ‘
45 48017.5' N 47939.5' N 44
- 79%48" W gooz21l' W
50 48°18.5' N 47040, 5¢ N 44
799517 W - 800247 W
Figure 2

Sample Page from '""Tow Lines for See.ding Flights" for a Wind Direction of 300° (T)
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AIRCRAFT TRACK - LIGHT WINDS (10 kts. or less)
iie. DOUBLE INSDE SQUARE TRACK
0] NORTH AREA BOUNDARY
4mi. 7
, a8°52'N__L > 4 € N 2852 N
79°28' ) 8mi . 78*485'W -
48°44N © 48°434'N
79%3'W 79°01'W
48°36N
79°01'W
48°36N
79°13'W
48°28'N_L 7" el 48°28'N
79°28'W 78°48.5'W
O
' SOUTH AREA BOUNDARY
a7sgen] . . 47°49'N
79°25 T<78048.8'w
47°40N
79°13'W
®) 47°315'N
47°24'N ) b ] 47%24'N
79°25'W| 78°48.8'W '
\\ J

. Figure 3
Seeding Track and Coordinates for Wind Velocities of 10 Knots or Less

PRECIPITATION PHYSICS

bPROJECT

Envelope Of Flight Traocks
For All Suitgble Winds
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)
" NORTH AREA
[}
1

o °
Virginigtown, Upper Air Station 1) McWatters, Weather Radar

© Toronto . — **
b =

Figure 4
Precipitation Physics Project Areas of Operation
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. measured. Theallowance ofthirty minutes was based on earlier
experiments by Warner and Twomey (6) and the application of
these results to later experiments by Adderley and Twomey (7).

The exact seeding track was determined by the area to be
seeded and the existing winds at flight altitude .during seeding.
Special rawinsonde observations and an airborne Doppler radar
navigation system provided.the wind information, The :aircraift
was flown on a path consistent withthe existing wind and changed
reggla‘i:’rly whenever wind changes of + 10 degrees or + 5 kts oc-
cuf-regi. A table of "Tow Lines for Seeding Flights'" was drawn
up prior to commencement of the Project, giving for both the
North and South Areas the geographical coordinates of the North
Turning Point (N, T.P. )and the South Turning Point (S; T. P. ) for
each wind direction (in 10-degree intervals)from 220 to 320 de~
grees and for each wind speed (in 5 kt. intervals) from 15 to 50
~ kts. A page of the table of tow lines is given in Figure 2. The
prescribedtrack for winds of 10 kts orless is shown in Figure 3.
This table allowed the Project Flying Officer to adjust the air-
craft flight quickly durlng ‘operations to ‘changing conditions of
wind,

The foregoing pa ﬂagr’aphs have reviewed the need for strict
control measures on the operations of the field experiment, and
have provided the detail of some of the techniques and controls.
Successful evaluation is very dependent on, and greatly assisted
by, adequate control of the'é‘ﬁcpefi’rnent. Great care i's required
in categorically defining the experiment and then following the
rules and established procedures. The experimentis further de-
fined by Sections 4, 5, 6 and 7, which describe the sufficient at-
mospheric conditions. requu'ed before operatlons wereconsidered
feasibleand the necessary conditions applled to determlne the ac-
ceptablllty of storms for evaluahon

4. The .Sufficieht Conditions for Cond@ic'ting Cloud vSeeding Op-
erations

Theneed for being as objectiveas possibleina cloud seeding
evaluation experimentwas realized and stressed during the design
ofthe Project. Thecritéria for sufficient storm and cloud condi-
tions which would warrant a seedmg operation were, therefore,
defined before beginning the experiment. These conditions were




feltto be reasonable from the standpeint ofdesign and operational Q
considerations discussed more fully elsewhere (1}{2). The suf-

ficient conditions required before cloud seeding would be con-

ducted were stated as follows:

(2) The storm system should be an organized
cloud system accompanied by an area of rainfall
discernible in the synoptic sense, crossing or
expected to cross both target areas, and in the
synoptic scale not giving any reason to believe
that the -syster'n would affect the two test areas
differently,

{(b) Clouds in the system should cover at least
50% of the seeding track at flight altitude cr just
above flight altitude.

(c) Clouds shculd be at least 3000 feet thick.

{d}) Clouds should extend at least toc the level
where the temperature falls to -5°C.

- {e¢} The storm system should show some sign ‘
that an active precipitation mechanism is in op-
eration in some clouds.

{f} The winds in the levels between 5000 ft. and
30, 000 ft, should lie between 230° and 310°, or
be ' <10 knots if lying outside these limits,

{g) The precipitation from the ''storm" to be
seeded should be separable from the previcus
"storm' and from the succeeding "'storm!'', using

n  and criteria for "'storm' and
"storm duration' given in Section 2.

the defis

A few comments on the sufficient conditions can be made by
way of clarification, It was felt from the beginning that storms
which obviously affect the two areas differently in the synoptic
. scale would not provide a true test of seeding, Since the area of
study was chosentoc be a region of concentration of summer storm




tracks, such differences were a real possibility. If synoptic dif-
ferences could be forecast before seeding occurred, seeding of
such storms was not attempted, (If synoptic differences were
suspected by the evaluation team after seeding took place, such
storms were rejected before any knowledge of which area was
seeded was obtained, asg indicated in Sections 6 and 7). The main:
aim of condition (a) was to exclude any storm which would ob-
viously introduce spurious effects or tend to dilute any seeding
effect in the sample. An example of this type of situation would
be a front which crossed only one area,

Precipitation canonly form in the atmosphere ifthere is suf-~
ficient moisture to produce the water particles. Fufther, the
particles will only survive and grow inthe atmosphere and weach
the ground if the environment is suffictently moist and populated
with other cloud particles. Thereare minimum cloud dimensions,
therefore, which willallow precipitation developmentand thus, by
inference, production of a measurable effectfrom cloud seeding.
Conditions (b) and (c¢) recognize these facts., Since the effect of
seeding is being measured by means of an areal rainfall estimate
over an area of 32 n. miles square with a seeding path varying
from: 30 to 40 n. miles, to require that at least ‘half the seeding
track be covered with cloud does not seem an unreasonable con-
dition:to impose. on the operation, It is certain that the vertical
depth of the cloud is significantand the minimum thickness critical
in the rainfall production process, This is adequately demon-
strated by Mason (8) and Fletcher (¢), The minimum Jithiclkness
is 2lso dependent on other characteristics such as liquia water
content, cloud base termperature, etc. In selecting a minimum
thickness condition, itis, thérefore, only possible to .<hoose somie
reasonable value, There are guide lines for this choice in the
scientific literature from both cbservationand theorys;s; Adderley
and Twomey (7), basing their decision’ on sdme.‘earlier experi-
mients with individualclouds, recognized the need for thick clouds
in ﬁh'eir‘cloud‘seeding in the Snowy Mountains;: Ludlam'"s (10) study
of the coalescence of clouddtroplets in showers indicated a criti-
cal depth of between 1.5 and 2 km for productionzcf showers.
Mason and Howorth (11), in their study of stratiform cloud ob-
servations, found that rain/snow fell only from clouds of thick-
ness > 3300 ft. (lkm. ), continuous rain only from much thicker
clouds, while no rain fell from clouds of depths < 1500 ft. Other
similar studiesare reviewed byMason (8). Selection of the mini-
mum cloud thickness of 3,000 ft. as a condition of the experiment
seems reasonable and perhaps slightly conservative.



In silver iodide cloud seeding experiments, it is generally
assumed that the silver iodide acts as a freezing nucleus and
initiates the Bergeron-Findersen precipitation process. If such
is the case, then temperatures at least in the top of the cloud
must be sufficiently cold tc allow the silver iodide to act as a
freezing nucleus. Thethreshold temperature of silver iodide has
been deteraned by several scientists (12)(13), to be ofthe order
of -4°Cto -5°C. Condition(d), therefore, insures thattempera-
turesinthe seeded cloud are suitable {or action of this mechanism.

Condition(e), wasimposed for various reasons. Theinterest
inthe Project was to determine the effects on rainfall of a cloud-
system. It was, therefore, apropos to have the cloud system in
an active stage. Experienceprior tc and during the Project also
showed that the absence of rainfall in the synoptic scale cloud
system was a reasonable indicator thatthe clouds were not "'suf-
ficient" [1 e. condition (b), (c) and (d)likely not fulfilled]“ Sim-
ilar criteria have been used in other experiments to indicate
suitability for seeding. Battan and Kassander (14}, for instance,,
found thatan atmospheric moisture indicater({precipitable water)
could be used effectively by itself to indicate the occurrence of
clouds suitable for sceding. The statistical procedures set up
would also not handle cases of zero precipitation in either area.
The sensitivity of the experiment would also be increased using
larger storm rainfalls, i.e., lower percentage standard error.
in the rainfall determination. '

Condition (f) was a requirement based on the wish to keep
the controlareafreefromany seeding material during the .seeding
period, and was governed by the geometry of the seeding areas
and seeding track as outlined in Section.3.

Condlhon(g)was an analys1s requlrement It was necessary
to be able to separate the storm’ rainfall., If preceding or suc-
ceeding storms did not overlap, this ~could be done quite objec-
tively. Iftherewas an overlap-and no seeding had taken place in
the overlappmg storm, the result was not too serious. The
storm period couldbe lengfhened to 1nclude the complete rainfall
period with onlvaposclkﬂedﬂutwn of' effect Overlapping seeded
storms could not be tolerated in a- randomlzed _experiment,

‘~r»' ..




5. Application of Sufficient Conditions in Practice

While the sufficient conditions for the conduct of cloud seed-
ing operations werecarefully selected and defined as described in
Section 4, it was not always possible to be absolutely strict in
their application. Aside fromthe problems whichwere encountered
in aircraft operation and associated equipments, there were also
problems with the weather. During storm conditions the weather
was generally changing rather quickly, and even with the good com-
munications available, the process of observation, analysis, fore-
casting, operational planning and control was not instantaneous,
and a great effort was required to keep the operations matched
to the existing weather conditions. Nevertheless, during opera-
tions the '"rules' of the experiment were adhered to as consistently
and as rigourously as field conditions would permit at'the time. If
violations of the rules occurred, such:as by miscalculation or
poor forecasts, the evaluators who made the final appraisals and
applied the necessaryconditions for acceptance of a seeded storm
for evaluation(without knowledge of which area was seeded) would
eliminate these storms as unsuitable. (See Sections 6 and 7).

Action by Seeding Agency

The seeding agency was an integral part of the Project field
team. ‘The overall field team was directed by the Project met-
eorologistiwho alse .conductedthe: metcorological. operation of
weather watch, analysis, prognosis, operational planning and final
direction and control of the seeding operation. TheProject Flying
Officer conducted the airborne seeding operation on the instruction
and advice ofthe ProjectMeteorologist, following set procedures:
and rules defined at the outset of the Project.

M=teorologists at the Project Control Office monitored the
daily weather charts independently using as much of the National
Forecast System facilities as possible, A daily advisory was is-
sued in the early morning of each day to all operational person-
nel, giving the likelihood of a seeding operation being conducted
within the next 24 hours. Operational personnel planned their
daily activities accordingly. Intermediate advisories were issued
if seeding operations were expected or pending. '
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When conditions appeared likely to be suitable to conduct
seeding operations, using allinformationavailable from the fore-
castsystem, specialcharts prepared by the Projectteam, special
observations provided for the Project, etc., the Project Met-
eorologistdetermined whether the sufficient conditions(a) to (g)
(Section 4)were fulfilled or made a best estimateas to when the
conditions would be fulfilled. The meeting of criteria (a) and (g)
was determined solely fromthe regular synoptic and other met-
eorological reports available to the Project Meteorologist and
was uniquely determined prior to departure of the seeding flights,
Determination of whether the other criteria (b) to (f) inclusive,
were met contained input from both the general meteorological
situation as known to the Project Meteorologist and from obser-
vations of the seeding aircraft personnel on reaching the target
areas, with the aircraft input the deciding factor. In practice,
criterion(g) wasmetby ensuringthatno stormwas seeded unless
there had been aperiod of 24 hours without precipitation since the
previous seeded storm. When it was decided that allthese con-
ditions (a) to (g) were met or likely to be met, the Project Met-
eorologist declared the storm to be a switable case. This de-
cision wasusually required 3to6 hours in advance of a storm in
order to place the aircraft into the area when conditions were
suitable. This was particularly critical when storms of only 3
to 6 hours duration were expected to affect the area. This de-
cision was made without any knowledge as to which area might
be selected for seeding. '

When this decision was made, the Project Flying Officer was
briefed on the meteorological aspects of the operation, provided
with a full scale flight briefing for safe conduct of the flight, and
issued instructions as to the time the flight should be over the
target area, and any other special procedures or tasks. The
Officer was also provided writteninformm ﬂé)ion on the expected du-
ration of the storm, the altitude of the -5 Clevel(the flight alti-
tude), the forecast wind speed and direction atthe proposed flight
altitude, and any other pertinent information. A copy of the in-
formation form provided is illustrated in Appendix I(a}.

Atthispointthe Project Flying Officer determined the "Area
tobe seeded by drawing the appropriate sequential envelope. The
"Area''to be seeded wasnotdisclosed toanyother personnel who
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didnotneed to know; the exceptions wereusually only the co-pilot
and navigator. A flight plan was drawn up based on the seeding
instructions and the required seeding track, which, in turn, was
determined from the"Area' to be seeded, the wind speed and di-
rection, and the table of tow lines. The aircraft then proceeded
to the target area according to the instructions.

The Project Flying Officer, on reaching the seeding track,
adjusted the flight altituges ifnecessary, tocorrespond as closely
as possible with the -5 C temperature level, and, based on ob-
servations made over the length of the seeding track, assessed
whether the sufficient conditions(b)through(f), (Section 4), were
fulfilled. The relevant weather information was passed directly
to the Project Meteorologist by direct two-way radio. If all con-
ditions were fulfilled, the actual seeding operation was begun.
Carewas still exercised in not disclosing which"Area' was being
seeded.  Winds were measured regularly and the seeding track
adjusted accordingly.

If the sufficient conditions were not met, the situation was
discussed by the Project Flying Officer and Meteorologist, using
the newinformation provided by the aircraft onthe spot. Usually
two possibilities were presented. This reconnoitre phase could
often determine that it was highly unlikely that sufficient condi-
tions would be met with this storm. For example, a front might
be clearly defined by the cloud and weather, with no significant
cloud reaching or likely to reach the required altitude, or the
winds might already be outside the limits defined by condition {f),
Section 4, with the synoptic analysis providing no hope of them
backing or veering to within the suitable limits. In this case,
the seeding attempt was abandoned. The remaining possibility
was that while conditions were not presently' suitable, there was
1] is,oniit o e‘gpec\uthat,they,womd 1mprove,9 11,655, the :frontal
cloud had not yet reached the area, or winds had not yet swung
tothe suitabledirection. Inthiscase, the flightheldtothe seeding
pattern and monitored the weather, beginning seedmg if condi-
tions became suitable, or abandoning the seeding if they did not
or if the limit of flight endurance was reached.

The seeding was continued as long as the sufficient condi-
tions weremaintained; seeding was discontinued ifweather condi-
tions became unsuitable or if other operational requirements
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demanded cessation., Ifthe aircraftendurance was exhausted and
conditions were still suitable, the aircraft returnedto the opera-

ting base, refuelled, and returned to continue seeding. Occasion- -

ally, suitable storm condifions did persist beyond .the endurance
limit of the aircraft.

Occasionally, the wind direction during the storm period
hovered around the limits of acceptability, i.e., 230° and 310°,
In this special case, if the winds shifted to 220° or 320° while
seeding was in progress, the seeding track was shortened ap-
propriately to maintainthe control area free of seeding material,
and the seeding continved for a period of one hour. If the wind
had not then returned within prescribed limits, the seeding was
terminated. A seeding was not initiated, however, with these
wind directions.

Strictcontrol and adequate documentation of all phases of the
operation were maintained, Suitable logs recorded all the op-
erational and weather information, The Project Metéorologist
maintained a record of all pertinent inforrmation on operations
and transactions as well as original weather charts, weather ob-
servations and data. The inflight information and observations
were recorded on forms by the Project Flying Officer [Appendix

1 (_bD, the Instrument Technician [A,ppendix I(c)]» the Air Weather

Observer [Appendix I (d)], and the Navigator (in 1963 only) [Ap=
pendix I (e)]. The forms were designed to insure that certain
required information would be recorded, but left scope for re-
cording other information as it occurred.

It is beyond the intent of this paper to elaborate in detail on
the operational problems encountered during the conduct of this
experiment, but a few further comments are worthwhile. The
positioning of the aircraft in the target area at the correct time
tosatisfy the operating criteria was a difficult butnotinsurmount-
able task.- It did require a considérable expenditure of time, a
great number of personnel and a good deal ofcare and diligence.
The use of aircraft in experiments does require an additional
amount of patience and expertise, as those familiar with this
technique of experimentation will know and testify.

The statistical nature of the experimentA implies repetition
and sampling. In general, the larger the sample, the more ac-
curate and reliable the result. Each sample in the experiment
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was acquired at a considerable cost. The application of the suf-
ficient conditions in practice and the design of the experiment took
these facts into acco'unt, There were few cases missed during
the period of operation of this experiment.

Information Provided Evaluator

At the completion of each year's field operation, data on the
storms seeded and on the operations were gathered together to
evaluate and determine whether in fact the storms and the actual
seeding had met the necessary conditions for acceptance as a
seeded stormcase, The necessaryconditions aredetailed in Sec-
tion 6. The case history and all pertinent observational and op-
erational information were collated by the Project Meteorologist,
who at this point in time might have (and probably had) become
aware of which ""Area' had been seeded. A second investigator
(Meteorologist) associated with the Project, but with no active
contact with the field operations, no knowledge of which "Area"
had been seeded, and without reference to the network precipi-
tation data, served as the'"Evaluator' for storm acceptance pur-
poses.

The following information was provided to the Evaluator for
each seeded storm:

(i) the storm code number, the date and time
of the séeding (but no information as to the
"Area' seeded),

(ii) a description of the synoptic situation, to-
gether with synoptic analyses, tephigrams,
special charts, intermediate hourly weather
observations, and in general, all available
synoptic data;,

(iii) an approximate time of the beginning and
ending of the storm period detiermitied: from:
the synoptic information as availablein the
field,

(iv) the altitude at which seeding was conducted,
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(v) the flight information and obser¥ations
made on clouds, temperature, winds,
etc., garnered from the inflight report
forms,

(vi) a note on operational problems encoun-
tered (if any), i.e., reason for partial
seeding, late flight, early termination,
equipment malfunctions, etc.

The information provided to the evaluator consisted mainly
of the records obtained during the field operation on a routine
basis and, therefore, posed no particular problems of supply.
Later information which for various reasons, was not available
at the time of the operation was also provided. Care was taken
to screen the records before provisionto the evaluator to insure
that no information was made available which would point toward
the seeding of one particular Area.

6. The Necessary Conditions for Acceptance of a Seeded Storm
for Evaluation ’

The criteria for acceptance ofa seeded storm for evaluation
werethe sameasthecriteria outlined in Section 4 as the sufficient
conditions for conducting cloud seeding operations. Briefly, these
required that the storm system be an organized cloud system ac-
companied byan area of rainfall discerniblein the synoptic sensé
crossing both target areas in such a way as to give no reason to
~expect that the system would affect the two areas differently; the
clouds of the system were required to be atleast 3,000 feet thick
near the seeding altitude, to have tops extending to at least the
-5 Clevel, to cover at least50 per cent of the seeding track, and
to show signs of an active precipitation mechanism; in addition,
the winds were required tobe such that the silver iodide or clduds
treated with silver iodide would not move over the control area;
a final requirement was that the''storm'' precipitation as defined
in Section 2 should be separable from the previous and succeeding
"'storms''. The reasons governing the establishment of these
criteria have been discussed in Section 4.

The differences between the above criteria as sufficient to
permit seeding and as necessary for acceptance of the seeded
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storm for evaluation were mainly in the method of application.
Obviously, it was not always possible under field conditions to
adhere rigidly to the criteria, and at times, it was necessary to
proceed with the seeding anddetermine later whether the storm
was svitable for evaluation. In determining whether a seeded
stormwas acceptable for evaluation, the acceptancecriteriawere
adhered to strictly so as to ensure objectivity and freedom from
bias. In order to avoid possible bias on the part of the seeding
team, the evaluation was conducted independently by an evaluator
who had not taken part in the seeding operations. A description
of the method of application of the criteria in determining ac-
ceptance or rejectipn of a seeded storm for evaluation is given
in the section which follows.

7. Application of the Necessary Conditions

The data received by the evaluator from the seeding agency
for analysis (as outlined in Section 5) consisted of the number
identifying the seeded storm, the date and time of seeding (but
not the area seeded), a description of the synoptic situation to-
gether with all available regular synoptic data, the approximate
time of beginning and ending ‘of the storm period as determined
from the synoptic information available in the field, the seeding
level, pertinent flightinformation and aircraft observations, ‘but
not the aircraft position as this would give away the location of
the seeded area. No information consideredlikely to reveal the
location of the seeded area was provided to the evaluator. The
rainfall and other meteorological data collected by the special
Project network installed in the test areas were also not made
available to the evaluator until after he had made hisdetermina-
tion of whether a storm was acceptable for evaluation using the
other factors, as itwas fearedthatpossible bias could be intro-
duced by knowledge of this information too early inthe evaluation.
As an additional precaution; the Project network data were also
not made available to the seeding team during operations of the
project in the field.

The evaluator proceeded first to verify whether each seeded
storm fulfilled the criteria laid down as necessary for its ac-
ceptance for evaluation, The firstfive criteria, i.e. (1) that the
storm system be an organized cloud system accompanied by an
area of rainfall discernible in the synoptic sense, crossing both
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target areas in such a way as to give no reason to expect that the
system would affect the two areas differently; (2) clouds at least
3, 000 ft. thick near the seeding altitude; (3} cloud tops to at least
-5 °c; (4) clouds covering at least 50 per cent of the seeding track,
and (5) showing signs of an active precipitation mechanism, were
verified through study of the regular and special synoptic meteoro-
logical data available (excluding the Project raingauge network
data)and the aircraft reports. If any of these five necessary con-
ditions were not fulfilled, the storm was rejected as a case for
evaluation. In actualfact, only one of the seeded storms was re-
jected onthe basis ofthe firstfive criteria.* The sixth criterion,
that the winds would not carry seeded clouds or seeding material
over the control area, was verified by plotting the aircraft seeding
track and the mean wind over the areas on a chartand determining
geometrically whether ''contamination would result. Since the
aircraft track was changed whenever the wind changed, a separate
computation was made whenever the aircrait track was changed.
The best estimate of themean wind from 5 to 30 thousand feetover
the test areas was obtained for eachaircrafttrack fromthée rawin-
sonde observations taken at Virginiatown, midway between the
two test areas and just to the West of them (see figure 4). The
mean wind was determined by averaging the 6, 10, 14, 18 and 25
thousand foot level winds obtained from the Virginiatown rawin-
sonde or rawinsondes corresponding most closely in time to the
mean time of the airborne seeding. A rawin was usually avail-
able for the mean time or within + 3 hours. Applying the mean
wind to the aircraft seeding track and allowing a ten-degree angle
-of dispersion on either side of the mean wind, a geometrical de-
termination was made as to whether any ''contamination' of the
control area would result. It was foundthat in a number of cases,
the ten-degree angle of dispersion intersected a portion of the
control area., The degree of "contamination' in most cases was

* In all, three storms out of 48 seeded were rejected because
of failure to meet the seven acceptancecriteria. All of these
storms were seeded inadvertently, largely through failure of
communications or other operational difficulties. Inthe storm
referred to above, the clouds failed to meet the sufficiency
criteria. In the other two storms rejected, wind information
later discovered to be incorrect led to the conduct of seeding
which could have had little effect on either the targetarea or
the control.
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slight, so it was decided not to reject the '"contaminated' cases
but to place them in a separate category and analyse them sep-
arately. Accordingly, sitvations in which there was no "'con-
‘tamination’ were labelled Category A while those with some "con-
tamination' were labelled Category B. Of the forty-five seeded
storms accepted for evaluation, thirty-nine were found tc be in
Category' A and six in Category B.

Thenext step was to examine the rainfall data from the Pro-
ject raingauge network for each seeded storm meeting the first
five criteria, to determine whether the storm rainfall data could
successfully be separated. Hourly rainfall amounts for each of
the sixty stations of the raingauge network were tabulated on a
single chart and the criteria outlined in Section 2 were rigidly
applied. Starting withtheactualtime of seeding and the estimated
time of beginning and ending of rainfall in the test areas provided
by the seedingagency, the evaluator delineatedthe storm periods
and abstracted the storm rainfallaccordingto the ruleslaid down
in Section 2. To review those rules briefly, itwas insisted that
the 'storm duration' be the same for both the test areas, that
the actual time of Beginning of rainfall in both test areas be in
the same or adjacent regular 12-hourly observationperiods, that
the actual time of ending of rainfall in both test areas meet this
same criterion, and that the actual beginning of rainfall in any
storm period be in a regular 12-hourly observation period dif-
ferent from that containing the actual ending of rainfall in the
preceding storm period. (A similar criterion wasapplied to the
ending of rainfall in any storm period.) The regular 12-hourly
observaticn periods referredto as the units of which the storms
were composed were 0800 to 2000 and 2000 to 0800 local time.
Since these criteria hadalso been observedduring the conduct of
seeding operations, no difficulty was.actually experienced in
separating the rainfall of succeeding storms, and noiseeded
storms had .to be excluded from evaluation for this cause.

Once the seeded storms had been found to satisfy all the cri-
teria for acceptance for evaluation, the storm rainfall data for-
each storm were abstracted from the total data, following the
rules and definitions for "storm!'', ""storm rainfall!' and '"'storm
duration'' as outlinedin Section 2. Missing data were interpolated
by linear interpolation among adjacent gauges.
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Subsequent steps in the evaluation procedure involved com-
putation of weighting factors for each gauge, weighted mean areal
rainfall by area for each storm, determinationof an index of the
effect of seeding and the statistical significance of the index.
These procedures have been described in papers by Derco (15);
Godson, Crozier and Holland (2} (4), and Holland and Crozier (2),
and will not be repeated here.

8. Conclusion

This reporthas presented the detailed stormacceptance and
evaluation criteria used in the Precipitation Physics Project, a
five-year field program of cloud seeding conducted in western
Quebec, aimed at evaluation of the effect of cloud seeding with
silver iodide on the rainfall of synoptic scale weather systems.
Inpresentingthese criteria, the report has documented the rules
of the experiment as they were defined prior to the commence-
ment of the project, and hasalso provided background information
and some of the philosophy underlying the projectbut not covered
in earlier reports., A detailed account of procedures used in the
applicatior of the criteria in the operation and evaluation of the
project has also been given, including details of technique re-
quired to meet the rules of the game, such as special restrictive
definitions for suchterms as'storm'" and "storm rainfail, These
so-called "rules of the game' are an essential part of all sta-
tistical experiments of this sort, and are required in order to
ensure complete objectivity and freedom from bias in the experi-
ment, These rules, established prior toc commencement of the
experiment, were strictly adheredto throughoutits duration, and.
permitted very little opportunity for subjective decisions,

The conditions judged sufficient for the conduct of cloud
seeding have been outlined ahd their application under field con-
ditions have been discussed. The reasons for the adoption of
these criteria have been reviewed, The conditions considered
necessary for acceptance of a seeded storm for evaluation have
been shown to be e'ss‘entially the same as those sufficient for con-
ducting seeding, differing only inthe strictness with which it was
possible .to apply them. The methods used in application of the
suffi.cien.t criteria have been discussed,
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‘ The results of the evaluation of the effect of the cloud seed-
. ing, and details of the statistical and physicaldesign and operation
of the projecthave been presentedin other reports in this series

(3),-(2), (1).

APPROVED,

" J. R. H. Noble,

Director,
Meteorological Branch.
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