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1.1 Bockground on Holl Suppramion N
4
The kolltfom pons o urious problem for agrloolhn in 'ho Province

of Alborto wifh annual crop losses avoraging $40 fo $50 million (lfonick 1975) . _‘ -
‘Agfculmrol claims for. hail domogo are received on on average of 50 doys ch .
" sachon (1 Jume to 10 September) in Alberye (Summers and. Woitiw, 1971), with
30 percent ahmmmﬁ‘gml uaaopomutohh-
damage on the worst 12 day» (Woitiw, 19750)
There are hypofheses which suggest that hail may be suppresed by
j‘miochng (seeding) ice nucleaﬁng agents such as silver lodade (Agl) into growing
convective clouds. The claim is made that the growth of large damaging hail »
s inhibited through the introduction of high concenfra;ions of ice nuclei, ;:ll
competing for a finite 'suppfy of supercool_ed water. Considering the ogriculfbro]
losses; even partially successful hail suppression programs would be economically
beneficial; thus numerous hail s@Ppression experiments have been carried out.in
.Norfh America agd abrodd. .Cloims of decreases in hail damage have been made
in a few cases, bu;we to the lack of significant .evidenée in support of such claims,
o geneml_M’ﬁt exists among the scientific community about their validity
)(Hitschfeld, 1974; Neyman, 1977).
The Alberta Hail Project (AHP), under the auspices of the Alberta
Waeather M&iification Board (AWMB) with participation by the Alberta Research
*Council (ARC), is among thdmost significant hail suppression programs currently

4

in progress. The AWMB established under Alberta Agriculture in 1974, was formed
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1.2 1975 - 76 Alberta Hoifl Project Seeding Technidques

L : '
in response to the recommendations /;f the Special Legislative Committee on Crop

~ Insurance and Wooth.r Modificoﬂ&n to the Legislative’ Ammbly of Alberta

(March 1973). It was granted a five year mandate to odminisfer hail wpprmlon

) -

andhail reseorch programs with ontmuing evaluation to determine the scientific

'onq economic feasibility of hail suppression using current technology. An area

. of 17360 km? (18, 500 mi®) cent¢red on the radar suto ot the Rod Deer Industnol'.

Awport was desngnafed for the 0|ect (Figure 1.1). Although the AHP cloud

seedmg experiment began in 1'974, its orgomzahon and many of its researches

.«

- are extensions of the former Alberta Hail Studies (ALHAS) project which originated
J o

in 1956. The ALHAS project was devoted entirely to basic hailstorm research
] :

and began experimental seec‘ing of storms with Agl for hail damage reduction in
o ’

1970.

v

The AHP cloucﬁ seeding program runs from the middle of June to the

middle of September each year. The cloud seeding is conducted by seven turbo-

# charged twin-engined aircraft either from cloud top, utilizing dropable pyrofechn?g’

flares, or from cloud base with pyrotechnic flares mounted on the aircraft wings.

The cloud-top seeding method was first developed by Simpson et al.

Pl

(1970) in Florida, and odapted to Alberta hailstorms by Summers et al. (1972).

It is closely related to the Alberta multi-cell storm concept as descri
and Hitschfeld (1959), Chisholm and Renick (1972), and Marwit
. In 1974 and 1975, seeding was confined to growing cloud towers and

the main storm-inflow area at cloud base (Figure 1.2). Seeding rates varied but,
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Fig. 1.1: Map showing the area of the Alberta Hajl Project.
(From Deibert (ed. ), 1977)
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in general, cloud-top flares were dropped from approximately. the -I2°C level
at 5 second intervals (approximately 300 m). Base flor.u were Ignlt.od once -<ory
7 minutes unless the updraft at cloud base exceeded 5 ms™', when 5 base flares
were burned simultaneously. Both methods were wed when possible with o higher
priority' given to cloud-top seeding; however, storm type and amount of cloud
cover often dofomon\d which seeding Onhniquo was used.

Seeding procéiuros were changed slughtly in 1976 (Figure 1.3), a
a result of radar studies ‘performed at Alberta Research Council (Borge et al.,
1976). It is now felt that seeding the smaller growing cloud towers at the edge
of the storm more heavnly af‘;g\ earluer stage will gave beffer results. Segding
was performed by aircraft flymg a "figure 8" flight pattern above the new growth
region at approximately the -10°C level and dropping Agl pyrotechnic flares
approximately 2 km apart. If the sl;nelf cloud was obscured by mid-level cloud,
seeding was confined to the weaker updrafts around the edge of the storm at cloud
base.

In 1975 the cloud-top seeding flares were 50 gm Agl, WM-105
formulation from Olin corporation. These flares fall a;;;;roxi:sately 1800 v during
their one-minute burn time. The cloud-base seéding flares were 70 gm Agl,
SR-14 fusees (Nuclei Engineering Incorporated) which burn for 7 minutes.

In 1976 the cloud-seeding flare types included those from 1975 plus
70 gm Agl, TB1 cloud-top flares (Nuclei Engineering Inc.) which have a burn time
of 35 seconds after an 11 second delay, and TBI cloud base fusees (Nuclei

Engineering Inc.) which contain 150 gm of Agl with a burntime of 4 minutes.

\\s



Clvnod!ng operations both yeers were carried eut ocAoordln'o. \

following criteria (Deibert ed., 1976). The procedure wes to ad!n eday . -
R
“experimental” at the first ce of a 35 dBZ rador echo hld:'ho'n:nhom '
orea. Then the next member in o yn series of envelopes wes opomdond the
"seed" or “no-seed” instruction contolm; therein was carried dut. If the in-
struction was “seed”, oll shorme QM- rador reflectivities grester then 35 d8Z oc-
curring within the project area were :&d for the remainder of the day. If the -
instruction was “no-seed" , storms in the northem area were not seeded unless they
were moving southward and expected to enter the southern area, in which case
the no-seed decision was overruled and the storms seeded.
A buffer zone was established between the ﬁprthem and southern areas
to facilitate earlier seeding of pmhmrd-mving storms close tc; the southern area
border. Storms that formed in this zone and were forecast-or observed to mow‘/e
south or east were seeded as though they were in the southern area. If the storm

was forecast to track northward, the zone was considered as part of the northern

—
.

area and randomization procedures were used. X —
On 23 July, 1976 the AWMB authorized the: project monogemenf' to
extend the limits of the northern pfc;iecf area to 176 km (110 mi) towq\rds the north~
west in order to include what is called a storm " breed‘ing',_' area, and enable earlier
seeding of storms moving into the ‘creo from that direction.
In the southern area, the 35 dBZ radar reflgctivify criterion for initiat-
ing seeding of al sto?ms was used. However, when the forecast called for large

hail, seeding often commenced prior to the first appearance of a 35 dBZ echo.



1.3 Alberte Mell Project Evelustion .
Eveluation of the AMP to date has been hesed primerily on stetistical
) Menhllfollw:?q’fnd'md'mmmmﬁnﬂn
' \Wma experimant (Wong, 1975, Wong, 1976). However, due to the high
degree of vcrlob}lllfy in 3pece and time of the output of hell MOM. ferge
nmdmwwmmho;wﬁdlnofduh“tmy
differences between the two with adequate sfoﬂtﬂcol conﬂdonc'o lt oppeays that
unless the seeding is very oifoq'lvo, como?\ﬁoml Minlcol.mlym require
poriodl. of time which mgy be unacceptable in many places (Schickendanz ond
Changnon, 1970; Goyer, 1975). The probability of evaluating statistically the
. efficacy of cloud-seeding by the AHP( using present 'ochr;iqucs wos reduced after
the decision was made by the AWMB e§ seed all pot;nﬁd hailstorms in both the
northern and southern sectors in 1977, th;s cndir;g the rondomize&Fportion of the
experiment after only 3 yoc\m of operation.
The field of hail suppression is in need of some fresh evaluation methods
which are able to abridge r.he excessive time requirement inupo;ed by a conventional

} o

-

statistical evaluation of hoilfall measurements. ~

1.4 Rodar ond Evaluation

w«nher radar has long been considered essential in weather-modifica-
tion ex;‘)eri'menfs because of its value as o short-term forecasting tool and as a basis
for directing the field operations; but only recor;tly has it been considered as a
source of data to evalua‘te the seeding effects. The major uses of calibrated radar

data, either in real time, or in subsequent analysis, as given by Changnon ond



Maggen (1976), 'Mlc.‘c
1. Delineating develeping hailsterms for directing seeding ecdivities.
2, thghd'bunlnmdd“wwm-mdn

oveluetion. .
3. Monitering veriow physies! chonges ia sterms bofore ond o *
seeding for eveluotion. . . .

v

4. Determining the surface orea covered by hail for_avaluation ond
directing post-storm rveys,
5‘. Ascerteining the echo volumes containing hail for direction of seed-
ing octivities.
. The wefulness of rodar os on evaluation tool is that it is able to scon
a lorg. volume in space in o relatively short period of time, ond is able to provide
quontitative information concerning echo structures and mtoorol.ogicol processes.
An objective evaluation must be bosed on a method which is able to monitor the
ho”-p’o&ning capacity of a hail st.orm prior to, during, and after cloud seeding o
not just the hailstorm r:wlfs such as total hail mass, or the effects such as tc;tol
crop domage, which are moroly fx'mctiom of this hail-producing copocnty (Goyer,

-

private commumcohon) Rodar may be able to accomplish this.



CHAPTER 2 )
THEORY
- 2.1 Introducfion
The central problem described here is to ~ffqd“a rodar pafameter, suf-
ficiently correlated wifﬁihailfall at the surface, to won:ant its use as an evalud-
tion parameter.

N It is particularly difficult to find clear relations between radar para-
meters and precipitation type and rate for thunderstorms since they contain un-
known and variable combingt#ons of rain with wet, dry, or slushy hail of various
sizes and coﬁcentraf,ioqs. In spite of these difficulties, useful relations between
radar parameters and h;Ji' have been noted by ‘Geoﬁg (1963), Barge (1972),
Changnon and Morgan (1976), and Eccles (1976).

2.2 The Meteorological Radar Equation

The mefeorologica] radar equation relates the precipitation particles

which comprise the illuminated "target" to the echo power received. Probert-
4

Jones (1962), showed that the meteorological radar equation is obtained by sub-

stituting the "radar reflectivity" ™, of small spherical drops, as given by (2.2.1):

. 9 64 1°
r‘.: r = ! = —
Jn(g)gdo unit A4

volume

-1

€+ 2

r (2.2.1)

3

where 7, are the radar cross-sections of all the individual scatterers, 7 = 3.14159,.
€ is the dielectric constant, r is the particle radius and A is the wavelength of the
radar being used; into an appropriate form of the radar equation for a distributed

target given by (2.2.2):



1 : »‘ )

= . m3c T 1 fe-1 (% _&
P =—C 1t G35 T 2.2.2
o162 A3 @ lev2 |7 @.2.2

where c is the speed of light (3 x )0‘i ms-1), Fr is the average returned power, P;
. v ‘

is the peak transmitted power, T is-the-pulse duration, G is the antenna gain, ©

and ? are the azimuth and elevation beamwidths respectively, and R is the distance

A

from the radar to the farget.;‘ The result is the meteorological radar equation (2.2.3):

P < 2 n .
- P, TX° G® 6% _ _
/ P' 1024 2n 2 m3 [ t R - (2.2.3)
radar _ target
parameters parameters

FER
o

The equation is often written in terms of the radar reflectivity factor Z. 8y defi-

A

nition: )
A 2
z = vN;D;® = S | E12 (2.2.4)
unit T €-1
volume

where D; are the diameters of all the individual scatterers comprising the target,
and N; the number concentration. The meteorological radar equation in terms

of the radar reflectivity factor is:

Fome (BICH 2 el 2.2.9
T 1024 n2 A2 RR le+2 . T

- -
-

According to Smith (1970), the most important assumptions underlying

the meteorological radar equation are:



"

, 1. The scatterers are }mmgﬁnoous‘dielecfric s‘ph;res, with di:meters
small compared to the wavelength, allowing Rayleigh scattering
theory to be used. This applies to water spheres with D; <0.07 A
(Gunn and East, 1954),' and to ice spheres '.with D; <0.16 A (Ryde,
1946). |
2. The illuminated volume is filled with scatterers.
3.  The radar reflectivity factor Znis uniform throughout the illuminated‘

volume.

4.  The scatterers all have the same dielectric constant, that is, they

-
~

are all water drops or all ice spheres.

5. Multiple scattering is negligible.

6.  The main lobe of the antenna beam pattern ccm' be described adequately
by the Gaussian function.

7.  Microwave attenuation along the propogr;:tion path between the radar
and the target is negligible.

8. T.'he incident and back-scattered waves are linearly polarized.

Where one or more of the assumptions break down (2.2.4) can be used
to define an "‘equivcle,nf radar reflectivity factor" Z,. Zis sometir.'nes referred
to as a measure of "what the radar sees", and can be considered to be a parameter
which is calculated from the radar measurements. For hailstorms (2.2.5) should

more appropriately be written as:

= mle P, TG 6% -Ze e-1 |2
Pr 1024 in2 LA2 R2 €+ 2 (2.2.6)
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2.3 The Evaluation Parameter -

According to Athe hypothesis being tested by the AHP, the si.zo distri-
bution of hailstones will be shifted towards smaller sizes and their number con-
centration will be increased as a result of effective seeding. This stems from the
hypofhesis that the large, damaging hailstones occur because of a natural defi-
ciency of ice nuclei, and that the injection of suitable numbers of ice nuclei
(Agl) 'Q% the storm promotes the formation of a lc;rger number of smaller, less
Jomaging hailstones, many of which could melt during their fall-to the surface.

‘ 'If the hypothesis is correct, what changes in the rod;:r reflectivity
are expected? From i;s definition in (2.2.4), the radar reflectivity factor varies
as the sixth power of the target diameter and only as the first power of the number

concentration of the scatterers. Eccles (1976), found that for hail below the

0°C level the relation is:

Z = £DS®

and above the 0°C level:

These are very close to the Rayleigh relation.
As an example, assume that a volume in goce contains a hailstone

concentration of .01 m~2, with each hailstone having a diameter of 20 mm. The

radar reflectivity factor is:

Z, = TN;D,®° = (.01 m"3)(20 mm)®



= 6.40 x ]O' mm®m=2
* = 58,06 dBZ

I
According to English (1973) the natural concentration would have to be increased

by at least a factor of 100 in order for depletion to become significant. Assuming
that the supply of supercooled water-is fixed, the new diameter of the hailstones

will be Dy where:

+

3\1/a 3 1/3‘
D, = 2(5;‘."1) . = ((-'-(l']-)-go_)) = 4.31 mm
2 .

The'new radar reflectivity factor will be:

(l.d m=-2) (4.31 mm)°®

Z, = TNgD,’

6.40 x 10° mm® m-2

i}

38.06 dBZ

Thé radar reflectivity factor has been reduced by a factor of 100 (20 dBZ). There-
fore, effective seeding should lead to a decrease in the reflectivity of the volume
which contains the hailstones within c. storm., 4
Noretheless, reflectivity alone has been. shown to be a rather in-
consistent indicator of hail (Barge, 1972; Changnon, 1972; Martner and Dye,
1978). However, it has been found by Chisho!m (1968) and Changnon and Morgan
(1976), that there is a good correlation between high surface reflectivity areas |

on a given day and the area of hail at the surface, and that hail shafts near the

ground generally exist in steep reflectivity gradients.
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With this in mind, the parameter chosen for study was radar reflect- .

ivity N, averaged oy;rkthn volo'm_i Pf the storm ocl;o near the surface. The mod- e
ifier "neor the surface” in this case means echoes returned fromthe 1° to 2° ele-
vation angles of the rodolr antenna, but not including ground clutter. Table 2.1
"givﬂ the height above ground of the radar beam.for a given range ot low eleva-
tion angles. The nflocﬁvir); valves rocc!v'iq from the low levels can be assumed
to come from precipitation scatterers which actually reach the ground. In this
way the parameter utili;es ‘the good correlation betweon high surface re}leétivity
areas and hailfall areas at the ground. Vol‘;me averaging is ;md in order to
take into account the fact that the rﬁd&r beam di\;erges wfth increasing range and
*  that the reflectivity values are determined over lorger volumes as the target -
antenna distance increases.
A useful expres\sion involving 7 can be found in (2.2.3). This equation
'exﬁre;ses the average receiv;d power P, in terms of the average radar cross section
or reflectivity N of the array of scatterers distributed fhr*\out the volume illumi-
nated by the radar beam. This form is preferred because all terms are either known or
e;::sily measured, and all uncertainties are associated with the radar cross section only.
According to Smith (1970), the radar cross section depends on the
following charocteristic;:
1. Shape
2. Size

3. Dielectric constant

4. Viewing aspect




Table 2.1: Radar Beam Height (mours. above ground)

Range ‘ Elevation Angle (degrees) Beam Width
mi. km 1° N K o ~ (meters)
20 | 32 a9 | owm | s . e K
30 48 973 Cen 2647 964 .
40 64 1358 -2474 4 3590 1283
50 80 | 1773 3168 / 4562 1606
60 | 96 2218 3895 sses | 1927
70 | n2 2693 446 | 6597 2248
80 | 128 298 | 5430 | 7660 2569
90 | 144 | 3733 6244 8752 2891
100 | 160 | 4298 7088 | 9875, . 3212

R(R + 2r, sin 8)
f +/rf +R(R + 27, sin 8)

From equation h =

@
1]

elevation in degrees

P4
i

range in kilometers

fe = %earth's radius (mean radius of earth is 6371 km).
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It should be noted trhqt', the radar cross section bears no universal relationship te

the actual geometrical area of the target even though its dimensions are (mm? m=°),

«fho proposed evaluation parameter therefore is bosed on N the radar

eflectivity, where:

“ v 8 - ’
: 0’=( 102440 2 7 )PrRz

n=
unit c[PTA3G35 3]
volume ‘ '

“Applied to a storm situation the evaluation parameter is volume-averaged radar
reflectivity n, defined as:
v
[nav
N= 2

de.

where volume averaging is carried out over the region in space covered by the

1% 40 2° elevation scans. It is proposed that n is sensitive to reflectivity changes
and is able to indicate the presence of steep reflecfivity gradients, which as mer;-
tioned, have also been associated“with hail. This method presents a frequent
measurement of the hail produciﬁg capacity of the storm. Chonges in N with time

are analyzed in an effort to detect cloud seeding effects.

16.



CHAPTER 3
THE RADAR FACILITIES

3.1 The Alberta Hail Project Radar System

Figure 3.1 depicts the general aspects of the AHP radar system. All
of the radar data for this thesis were obtained with the AHP S-band (10.4 cm

wavelength) radar. The characteristics of the S-bond radar ar; as follows (Barge,

1974; Leung, 1977):

frequency ~ 2,880 GHZ

pulse repetition frequency 480 s~!

pulse duration | 1.75 us Y

peak power (nominal) 200 kw

beam diﬁénsions | 1.15° (all planes)

antenna gain 43.2 dB (at pedestal)

antenna rotation rate 8 rpm

elevation program Spiral scan: 1° per revolution

to 8%in 1.5 min, or 20° in i
3.0 min. o . !

The S-band rodar is equipped: with a variable polarization antenna and a dual

chonnel receiver, and is capable of tron‘smitfing elliptically polarized radia-

tion at any chosen axial ratio and orientation. The received radiation is resolved

by the antenna microwave circuits into its main and orthogonal components which

then enter separate receiving channels. Orﬂy the main component was use;i in

this study.

In addition, a C-band (5.4 cm wavelength) radar is used in a surveillance

\
17
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mode, or when the S-band is tumed off for servicing or because of strong winds. i‘)

Finally an X-bond (3.2 cm wavelength) radar is used for tracking aireraft. 4 ‘

3.2 The Alberta Hail Proioct Radar - Computer System o , «
A PDP 11/5@omputer system is used to record rodar data on magnetic |

tape. Using cahbrohon information, the numbor: stored on:fape are converted

into received power (Barge, Humphries, and Johnson; 1976) . The parameter ‘tested | ~ |

here was applied to computer -recorded radar dafaj fhereforo it is important to

c

.V‘

know the characteristics of the data. -~

For each radar pulse the refgpﬁ’signal is detected and logarithmically
amplified. It is then averaged in Zvuis‘:inrervals or "bins" which correspond to a
length of 1.05 km. The heigﬁt‘*{;;:i width of the bjins are determined ‘by the radar
beam dimgensions at o gi\{pﬁ::ange. A bin volume thus represents a volume in"space
for which a certain radar reflectivity has been measured. Figure 3.2 depicts the

bin volume and Figure 3.3 shows a storm echo as it is recorded on magnetic tape.

.The equation for calculating M from the stored data is:

[N

S o5 3,
?] _ bins k Prl ri V.
z V;
bins
mn2
where: k = —-1024 2 <

cP,TA3G?%9 ¢
and the bin volume is given as

Vi ~ R® 85 4R BR = 1,05 km
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The summation is over the tetal number of bins which comprise the eche.
3.3 Grror Analysis

The AHP‘udur Is considered to by o stable oydom ond its specifica-
tions fluctuate v«y little (Humphries, Borge and Johnson, 1977). Since the
onclym deals moﬂly with chonga in N, the primary concern Is with nidhp K
errors” . Although ﬂ\ovolmo' n uMWhMAWﬂW (ﬂ“
meteorological radars, for that matter) may hovo on absolute error of tade
( : 5(66), the relative error is comsiderably less. The absolute error would ap~
pfopfioul); be adopted when cqmparing T values with those obtained by o radar
system elsewhere.

The main source of relative error is “signal fluctuation "due to a
fluctuating echo with other errors assumed to be constant. From theoretical cor-
sidorahons Marshall (1971) showed that if, on a plan-position indicator (PP1)
dns;aloy, every independent dotum was displayed separately with signal level re-
ported accurately, the resolution in position would be as good as theoretically
possible and the target intensity level would be known everywhera\with a standard
deviation 7 = 5.57 dB. |f the data ore combined and averaged in groups of i
independent data, the standard deviation is related to the number of independent

data by:

. 5.57 a8 | >

"

The AHP S-band radar has 4 independent samples per range bin and

("
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10 pulses per degree azimuth (Barge, Humphries, and Johnson, 1976). The com-
p\fr averages 10 pulses'fc‘x each range bin; consequently 40 samples of the re-
turned power are averaged. Not all of the samples are independent, howevev;,
since decorrelation in azimuth occurs over one beam-width. Moreover pulse-to-
pulse frequency shifts of the magnetron and "shuffling" of precipitation also lead
to further decarrelation (Atlas, 1964). The number of independent samples con-
tributing to each average is assumed to be 16 and therefore, the target intensity

leve! would have o standard deviation of:

0=237 - 3948

/]_3 s

Since this analysis involves averaging over a number of bins, for a
given echo the appropriate standard deviationfor T may in addition be decreased
by the factor }//m where m is the total number of bins. Figure 3.4 shows the re-
Iofio-n between the relative error involved in T and the ‘nurr;ber of bins in the
echo. Since énly well-developed storms were seeded, the number of bins usually
e);c;'eded 100, Theréfore'during the times of interest a relative error of less than
fO.i39 dB (3%) moyvbe ;:Esumed. Adding the relative error due to transmitter
fluctuations, which may be assumed to be no more than ¥ .5 dB (12%), the relative

error involved with ™ is not more than * 0.639 dB (15%).

Y

PP
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3.4: Relative error (percent) in n calculation as a function of the
number of bins in a given PPl echo.



CHAPTER 4 . ~ ‘

DATA ANALYSIS

»

4.1 Analysis of Digital Radar Data - ” X

The computer was progromm;d‘ to perform the calculation of T (see
Appendix C for program). Howe:/er, before numerical operations wkre carried .
out the digitized data Pt\ad to be properly prepo}ea. This operation was occom;
" plished with the AHP interactive computer display facility . Briefly, the inter-
active display.facility provides the following capabilities (Ramsden et al., 1976):
1. The data are displayed in the conventional PPl format. |
2. The data analys“t is provided with a means to define a portion of the
PPI, both for display purposes and for extraction of data for sub-
sequent numericol processing.
3. Any portion of the data may be displayed at any chosen scale in any °

desired degree of detail up to the maximum resolution provid%

. the data.
b Permanent copies of any display or.'e available immediately.
The interactive display facility is operated from a cathode-ray-tube
N

(CRT) graphical display terminal, and uses a CRT screen both for input of instruc-
tions and for output of graphical displays. Figure 4.1 shows the basic display which
consists of the PPl display, the antenna elevation dilsploy, and the commagd list.
The command list is displayed at al! times and input of a command is accomplished
simply by positioning a cross-hair cu;sor over a desired command in the list and

®

Initially the display consists of a complete PPI. However, the analyst

“

pressing any key on the keyboard.

25



DISPLAY OPTIONS:
FIDUCIALS OFF ON
WINDOUS OFF ON
LANDMARKS OFF ON
CONTOURS  OFF ON
GRND REF  SET CLR
OUTPUT OPTIONS.
HARD COPY OFF ON

WINDOW. OFF ON
DATA OFF ON
COMMENT

DATA TYPE DBM DBZ

-

b

-

WINDOW OUT IN 12345 -
VIEWPORTS f* 4 9

GO TO TIME
REPERT PREV NEXT
SKIP BCK TO
SKIP FUD TO
DU
.0 -8 "0 18 »
SPER CLEVATION o

198636 1 ) MG

Fig. 4.1: The basic radar.display using the interactive computer display
facility. (From Ramsden et al., 1976).

spLAY OPTIPNS:
2§DUCIALS ON
WINDOUS ON
LANDMARKS ON
CONTOURS ON
GRND REF CLR
OuUTPUT OPTI
HARD COPY
JINDOU
DATA
COMMENT
DATA TYPE

n

ON

MMM ™

3

-

wnpoy—ouT T
VIEWPORTS 1
GO0 TO TIME

REPEAT PREY NEXT

sK1P BCK TO
SKIP FUD TO
pl“lﬂlqlllpln‘

Py [y » 38 »
R SREVATIS

1926 26 1 ) MEGR

Fig. 4.2: The display shown in Fig. 4.1 after a portion of the PPl has
been outlined for further detailed study. Note the cross-hair
cursor positioned over the ''window in'' command. (From Ramsden

et al., 1976).
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DISPLAY OPTIONS
FIDUCIALS OFF '
VINDOUS F ON
LAN

GRND REF SET CLR
OUTPUT OPTIONS
HARD COPY F ON
YINDOV F ON \
e 07 " QN
\
\ \C \

W
AR\

Y

UINDOW OUT IN 12345
VIEWPQRTS 1 4

O TO TIME . p.
REPEAT® PR{ NEXT
oxIP BCK T

sK1P FUD TO
|||H|II||||III|III||
[ B $. 0 18
EOR MLEWWIM
1986 2 1) K

Fig. 4.3: The new di
+J: w display limited t
o that i
\ Fig. 4.2. (From Ramsden et al., ?g;g;on of the PP1 outlined in

pISPLAY OPTIONS.
FIDUCIALS OFF ON
UINDOUS  OFF ON
LANDMARKS OFF ON
CONTOURS ~ OFF ON
GRND REF  SET CLR
OUTPUT OPTIONS:

HARD COPY, OFF ON

WINDOU OFF ON
DATA OFF ON
COMMENT

paTa TYPE DBH DB2Z

vINDOW OUT IN 12345
VIEWPORTS 1

GO TO TIME

REPEAT PREV NEXT
sKIP BCK TO
sKIP FUD TO
|Illl|l|ll|lll|'ll|||
[ B [ B . 1. M
R ILEWATION
19-06-36 1 3 sEor 100 -l

Fig. 4.h: The i '
same data shown in Fig. 4.3 displayed by means of

reflectivity ¢ontours. (From Ramsden et al., 1976)



is able to select a portion of the PPl (o "window") to extract data for numerical

processing. Figures' 4.2 and 4.3 depict the " window" feature. Su&oquent dis-
- . 0 .

plays will consist anly of those data lying within the indicated portion of the PPI.

The radar echoes can be rep‘imnfed by radial lines or by contours of
equivalent radar refle;:&ity using‘ the "contours on“.display option (Figure 4.4).‘
The lowest contour value is olways\20 dBZ; the contour interval may be chasen by

the analyst to be any value frérn‘O.S dBZ to 20d8BZ.

Using this technique, individual storms were tracked and the data

-

extracted from‘\ich the values for 7 were calculated.

4.2 Storm Selection

The analysis was aimed ot determining what effects cloud seeding
e : ‘ X
may have on the parameter T and if indeed the parameter 7 is correlated with
hailfall at the surface to a degree sufficient to warrant its use as an evaluation
parameter. Jherefore it was necessary to choose storms where the time of seeding
and the extent of hailfall were accurately known.

Only storms with wgll-defined boundaries during most of their lifetime
were chosen. In general, a storm was chosen if a window could be drawn around
.the sfofr; echo, and tracked in this way throughout its' lifetime within the project
area, :mh no other storms intruding or merging with it. This eliminated storms
which were parts of "squall lines" or of agglomerations of many embedded storms.
All storms selected wuii’/rpm the northern “randomized" area of the project. Only

those which tracked sufficiently distant (more than 36 km) from the radar antenna

thus permitting near constant viewing aspect were used. Both seeded and non-seeded

28
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storms were chosen in this manner. .
4.3 Dota Sample

| For the purposes here, 10 storms were chosen for analysis. Of fhé‘se,
5 sto'rm!'. were see'ded and 5 storms were not seeded. Hail was reported to havé
fallen from 9 ’of the storms, with only rain réported from the remaining storm. The
storms will be referred to by date, with letters A, B, etc. added to distinguish
seve?ol storms occurring on the same day. Table 4.1 lists the entire storm sample

€ for the analysis.

Table 4.1 Storm Sample - . '

No. {
1. 20 JULY 1975: A Rain: non-seeded ;
2, 20 JULY 1975: B Hail: seeded
. 3. 20 JULY 1975: C Hail:‘ ,ﬁeéded ‘ | ?
| 4. 17 JULY 1976: A Hail: seeded
5. 17 JULY 1976: B Hail: non-seeded*
6. 6 AUGUST 1976 Hail: seeded |
7. 12 AUGUST 1976 Hail: non-seeded
8. - 15 AUGUST 1976 “Hail: non-seeded
. 9. , 20 AUGUST 1.976 H;il: seeded
| 10. 24 AUGUST 1976 Hail: non-seeded

* 1 cloud top flare was dropped into the storm early in its lifetime but for this
analysis it has been considered to be non-seeded.
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The 7 gprms from rhe 1976 hail season were the ‘only storms in 1976
. which met the requirements for seloct_ic{n, therefore any subiecf-ive bias in samPle
selection in these cases is minimal.

The 3 storms of 20 July 1975 wer'e chosen mostly fc;r comparison
purposes. As will be discussed 'Iater, the 1975 digitized radar data was often of
questionable quality with certain portions of it missing. 20 July, 1975 was a rare
occasion in'that 3 storms met the requirements for seiection thus, the storm data
could be compared with other data on the same day as well as the 1976 data, to
see if the quality was consistent and acceptable for this type of analysis. |

The data were extracted and the values of N were calculated. In
most cases a PPl was obtained .every 1.5 minutes. However, certain portions of
the storms on 12 Augus’t 1976, 15 August 1976, and 24 August 1976, occurred while
the radar was on a full 20° elevation program and, therefore, a PPl at the desired

level occurred at 3.0 min intervals.

.4 The Relation Befwéen VT_W and Hoilfall at the Surface

In order to use the parameter T to test for cloud seeding effects, it
was firsf_ necessary to verify its' assumed relation with hailfall at the surféce. Res-
ponses from farmers using hail reporting cards, and information solicited through
telephone surveys following storms, were the major sources of hailfall data.

Since radar reflectivity (and consequently the evalvuation parameter)
vary as the sixth power of the target diameter and only as the first power of the
number concentration, it was decided to relate the reported maximum size of the

hail which fell at the surface to the value of N which existed at that time. Although
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‘fhé‘fime of the echo for which n is calculated is known to within an accurgcy

of several seconds, the time of a hail report by a farmer is u;1likely to have‘a
precision better than 5 minutes (Williams and Douglas, 1963). Moreover, because
certain regions within the project area, particularly the western portion, are "
sparsely populated, hail reports may not have been received frorr; regions where hail
fell. Furthermore, even if o hail report is correct, the comparison with 7 is
accurate only if the point surface observation is representative of the precipita-
tion which fell from the volume sampled by the radar beam.

The method used to test the relation of T with hailfall ot the surface
was to combine the maximum hailsize reports with the values of 7 recorded
closest in time for all 9 hailstorms. The time involved for the hail to fall from
the echo volume to fhe surface was not accounted for in view of the accuracy of
the reports. Although some reports are in error and contribute to the variance, by

combining all of the reports and assuming more good reports than bad reports, the

averages are likely to indicate the: true relation.

)

The farmers are asked to report the maximum hailsize in one of 6
categories associated with the sizes of familiar objects (Table 4.2). A total of 358
hail reports were received from the 9 hailstorms that were analysed. Figurd?4.5

shows the cumulative distributioh of all the hail reports according to their T values .

The range of T values for which hail was reported was from 0.62 x 10-1lcm -ito
2.57 x 107 cm ", with a median value of 4.20 x 1010 cm’! .
Figure 4.6 shows the cumulative frequency curve for the individual

. maximum-size categories. The categories for golfball and larger-size hail were
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Fig. “-5:, The cumulative.distribution of all hail reports according to n.
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Table 4.2: Hailsize name and the assumed hail diameter range.

Hallsize Name Assumed Diameter Range (cm)

Shot d- .3 '
Pea A 1.2
Grape 1.3- 2.0
Walnut 2.1- 3.2
" Golfball 3.3- 5.2
Larger »5.2

Source: Wojtiw, 1975b

combined since only 1 report of hail larger than golfball size was reported. One

can see that, within each size category, a large spread in ‘T values occurred. .

i
’ L

The larger N values within the smaller hailsize categories may be due to the

J

fact that Ihe farmer may be located o'f the edge of the hailswath and receiving
small hail even though the storm may be producing large hail which is falling
elsewhere. However, if M is correlated well with hailfall, large hail should
not be associated with small values of T. Walnut size hail was reported at quite
low values of T, but these reports are few and may well be ones where the time
is in considerable error, or the mxirpum hgitsize was overestimated.

A plot of the mean T values for the 5 categories of maximum hailsize,
along with the 90% confidence intervals for the individual means calculated using

the statistic t-test, is given in Figure 4.7. The median and mean 7 values for

the individual size categories indicate that larger hail tends to occur with increasing
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Fig. 4.7: The mean n values obtained fqr the five categories of maximum
hailsize, and the 90% confiden%e interval.

35



B values for the maximum size eg?ogorlu d\o"thnud\ walnut. A deviation in
. the trend occurs for the hollslx‘ category of 9olfboll-ond larger. There is a
sompling problem relating to the lorgest hail sizes since only 16 reports of golf-
ball and larger size hail m received; however, this tyend of increasing, then
decressing reflectivity with size has begsffound by others. Thesreties! salcule-
tons for monodisperse hall by Atlas and Ludlam (1961) showed that rador reflec-
tivity has an oscillatory behavior once the size of the scattering pan!cld extends
beyond the Rayleigh region (Figure 4.8). The maxima and minima in reflectivity

for scatterers which are no longer small with respect e radar wavelength

, G
are characteristic of Mie's scoﬂerirfg zncﬁom. S ze et al. (1965) ob-

tained ;n\oofh curves for the diumeter versus radar r ty relationship for o
series of calculated hailstone wtro (Figure 4.9). The N versus maximum heil-
size relation summarized in Figure 4.7 resembles the curves of the theoretical
work cited. Therefore, the decreasing values of T .osiociafod with hail larger
then 3 cm diameter are not likely due to a sampling problem, but rather, due to
the inherent limitations of radar to adequately differentiate between large scat-"
terers.

It is worthy te note the merit of the 10 cm wavelength radar when

[ .

viewing hail. Shorter wavelength rodars yield oscillating radar reflectivities ot
smaller target diameters and also attenuate severely, thus r’n&king hail detection .
more difficult.

The comparison of maximum hailsize to T values in this case using

a 10.4 cm wavelength radar, indicates that 1 is related to hailfall at the surface

¢
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such that the probability of larger size hail falling at the surface increases with
increasing values of T for hailstone diameters less than 3 cm.

4.5 Time Series Analysis

for each storm the 7 values were plotted as a function of time. For
seeded storms',‘. the ;£p:‘, amount ond time of seeding were also noted. Although
the detailed fluctuations of a time series may be quite irregular, certaln statis-
"
tical properties may remain fixed from one period to another. A statistical analysis
was performed on each time series, to better und;rsfond the basic p?operfies of
the time series, their variability, and the characteristics of their periodic and

irregular oscillations. Since the time series variate T is related to the type, size

and amount of precipitation, such an analysis helps in the physical understanding

of storms. &
X_ The time series analysis consisted of computing the power spectrum

by the fast Fourier transform (FFT) method. The computer program used was one
developed and tested by Lachapelle (1977). The FFT is a highly efficient procedure.
for computing the discr;fe Fourier transform (DFT) of a time series consisting of
discrete data somples. lts:adVantage lies in the fact that the coefficients for the
DFT are calculated iteratively, which results in a considerable saving of compu-
tation time. Given a recc')rﬂ' of N observqughs taken at a set time interval At,

a total of N/2 harmonics can be calculated, the last one having a period of 2 *t.

The contribution of each harmonic to the fofél variance of the time series is refer-
fam T
Hp,

_ red to-as the power of each harmonic, and the power spectrum of a time series shows

the contributions of oscillations of different frequencies to the variance of the time series.
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Prior to the FFT analysis, the program required that the data be

modified accordingly:

are given by Panofsky and Brier (1963):

1.

The mean M, variance $%, and standard deviation S, were calculated.

v

-

The mean was removed.
Zeroes were added to the data set until a desire& size of 2" was
ochieved.(
The data were s*andardized using the relationship
Y, = Lx, - M)/S
where i =1, 2, ..., 2"
Several reasons for statistical spectroscopy on meteorological variates
w
The spectrum may be necessary to understand the physics underlying
the variation of a time series.
Significant maxima and minima are important for forecasting, even
if they are not sharp peaks or troughs, for they indicate the likeli-
hood or unlikelihood of "vioricﬁons with certain average periods.
Cloud seeders and other personnel engaged in weather control claim
they can change the spectrum significantly . | 3
The extent of the spectrum shows the variability of the quantity and

) . .
how quickly instruments have to respond in order to measure it.

L4
The results of this analysis foltow.



CHAPTER 5
THE 17 JULY,1976 CASE STUDIES

5.1 Introduction

Two severe hailstorms occurred on 17 July, 1976. Figure 5.1 depicts
the synoptic situation which prevailed and includes a brief synoptic summary .
Figure 5.2 shows the rawinsonde sounding from Calgary at‘ 1%:00 MDT(which de;
scribes the environmental conditions. The two storms formed.in approximately the
same region and tr‘ocked‘appfoximofely across the same area. What is of particular

interest is that one storm was heavily seeded while. the other wos essentially un-
» b el .

seeded (only one cloud-top flare released i 2 of the late hour at
which it entered the project area. These two storms resulted in 242 reports of hail
ot the surface acceptable for this study. This represents 67.6 per cent of the total

number of hail reports used in determining the relation of ™ with hailfall at the

surface. Therefore, the relationships deduced in Chapter 4 were greatly influenced

m e ‘_of 286 kw.

5.2 17 July, 1976: Storm A

Storm A entered the northwest portion of the project area shortly after
19:00 MDT and tracked eastward. Figure 5.3 shows the resulting hoMswath of
storm A. Hail as large as golfballs was reported at the surface. The dashed line

attempts to isolate the region of hail from the region where rain only was reported.
to have fallen. The approximate times of storm progression are also indicated.

Radar-estimated storm tops exceeded 10 km AGL, with radar reflectivities greater

4o
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SYNOPTIC SUMMARY

[ )
17 JULY 1976 -
v
SYNOPSIS: AFTER 14 JULY. L/W PATTERNS SHIFTED W TEMPORARILYS™ WITH THE
L/w RIDGE OVER ALBERTA FOR A PEW DAYS. S/W’'S WERE DRIVEN, W OF ALBER-

F TA AND A PRONOUNCED SURFACE HIGH PRESSURE CELL BUILT OVER-WRN CANADA.
THIS L/w RIDGE THEN MOVED E ONCE AGAIN ALLOWING THE FIRST OF THE NEW

= | SERIES OF S/W TROUGHS TO REACH YHE AHP AREA LATE ON THE 17TH, ALTHOUGH
NOT A WELL MARKED TROUGH. (NEGLIBLE PVA FLOWS). 500. MB HEIGHTS FELL RA-
PIDLY. MEANWHILE THE SURFACE HIGH DROPPED SE AND A WAVE FORMED ON THE
FRONT IN SE"B.C. THE COMBINED EFFECTS TRIGGERED THE WAITING INSTABILITY]
AND ONE OF THE LARGEST STORMS OF THE YEAR ENSUED.

.

AHP AREA: LIGHT NE SURFACE WINDS VEERING TO STRONG Sw AT 500 MB. Two _
LARGE STORMS FORME PIDLY IN THE NORTH DURING EARLY EVENING, PROPA- -
GATING ESE WITH TOPS EXCEEDING 12 KM. '

TROOGH (T) OR 12 HOUR 500 MB CHANGE IN HAIL | NO. HAIL
RIDGE (R) |VORTICITY |HEIGHTS *|THICKNESS*| TEMPS.| SIZE | REPORTS
PASSAGK, TIME (1073 | (w) (M) (°C) | CATEGORY] N / S
R-17/0100Z | ' |

0 - 30 - 60 -2 b ' 286/3
T-18/06007

* DIURNAL EFFECTS REMOVED

N\ v
500 MB ANALYSIS

HeleHTs AND VORTICITY
0000z 18 JuLY 1976

Fig. 5.1: Map showing the synoptic situation, and a brief synoptnc
summary for storms on 17 July, 1976. (From Deibert (ed.), 1977).
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Fig. 5.2: Rawinsonde sounding from Calgary at 18:00 MDT 17 July, 1976.

(From Deibert (ed.), 1977).
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than 60 dBZ. Figures 5.4 through 5.8 show low-elevation PPl scans at

approximately 15 minute intervals throughout the storm lifetime.
h

r

Figure 5.9 shows the T time series as computed from the digitized
radar data. The right-hand vertical axis gives the equivalent radar reflectivity
values computed from T using (2.2.4). In calculating Zer the quantity [e+ 2/c-1]3
conventionally is taken to be the value for water 0.93 (Battan, 1973). The histp-
gram at the top of the graph indicates the number of cloud-seeding flares released
durtng each 15 minute interval as reported in the flight operations summary for the:
day. The dashed line superimposed on the time series i.s the tre;nd in the data
determined by using a low-pass Tukey filter de;cribed in Appendix A,

It is. of porﬁculor interest to note that the n value at 21:00 MDT is
approximately 1.6 x 107 cm™!, o relatively low value, whereas the PPl scan at
21:00:41 MDT indicates that reflectivity exceeded 60 dBZ. Although one would
not expect as low an 1 value with such high refle‘cfi\f‘i‘ty,‘il: i; opparent from the
PPI that the reason is that high reflectivity volumes ﬁSve decreased while the over-

e
all storm extent, bounded by the 20 dBZ contour, has increased slightly. The time
21:00 MDT corresponded with the break in the hailswath at the surface which in-
dicates that the storm intensity decreased significantly at this time. This would not ]
be deduced readily from the PPl alone. In fact, one may be inclined to suspect the
storm to have in;ensified since the areal extent of the echo had increased. In

this instance the parameter M appears to be quite sensitive to storm intensity.

5.3 Storm A: Power Spectrum &,

’ The power spectrum of the raw data is presented in Figure 5.10. Although



Fig. 5.4:

19:30:17

20:01:03

Reflect

»

PPl ec ? +or storm A on 17 July, 1976. Elevation - 2.0°
from 20dBZ by 10d82Z.

fty =

0 -1

o= 6.73x10"'%m 19:45:13

n o= 1.52x10 dem”

! 20:15:58

Time = 19:30 - 20:15 MDT.

m o= 2.57x10 2em”!

n o= 1.30x10 cm!
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Fig. 5.5: PPl echoes for storm A on 17 July, 1976. Elevation - 2.1°
Reflectivity = from 20dB2 by 10dBZ. Time = 20:30 - 21:00 MOT.

20:30:54 no=6.58x10 O%m! 20:45:50 n = 3.52x10" 1 Ocm”!

i
21:00:46 n o= 1.60x10 10m!



Flg. 5.6: PPI echoes for storm A on 17 July, 1976.
Reflectivity = from 20d82 by 10 dBZ.

Elevitlon -2.1°
Time = 2|:I§ - 21:29 MDT.

21:15:42 n = 2.33x10" ' Ocq!

21:29:31 n o= 6.83x10" ' 0cm!

&7



Flg. 5.7: PPl echoes for storm A on 17 July, 1976. eElevation - 2.2°
Reflectivity = from 20dBZ by 10dBZ. Time = 21:45 - 22:00 MOT.

21:45:33 o= 8.94x10 1 %m”!

22:00:30 n=1.22x10 Pen”!
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Fig. 5.8: PPl echoss for storm A on 17 July, 1976. Elevetion - 2.2°
Reflectivity = from 20 dBZ by 10 dBZ. Time 22:15 - 22:4S MOT.
o .

22:15:25 n = 2.00x10" ' 'cm

!
d20.

112 - -11 'i
22:30:21 n=1,14x10 " 'cm

®

22:45:17  n = 9.60x10" ' Zcm
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NUMBER OF FLARES
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Fig. 5.9:
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'

10 LOG Z,

4

ersus time for storm A on 17 July, 1976. Dashed line indicates
trend. Type and number of cloud-seeding flares released during
15 minute intervals is shown.
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100 45—t +——rt +—t + +——+
5 )
2 .
10-! ‘
6 , .
4 R W B V2 W L P5% omemmencmmann e
102 White Noise

SE N ’ ‘
. 2 .. ] ‘ . ©
10-6 ' '

0.000  0.033° = 0.086 ' 0.0'99 ' 32
CYCLES PER MINUTE

Fig. 5.10: ‘Unsmoothed power spectrum of n for storm A on 17 July, 1976,
showing the white-noise spectrum and 90% confidence interval.

POWER

T T T

r T T Y Y
0.000 0.033 0.066 0.099

CYCLES PER MINUTE

T Y 1
0.132 0.165

Fig. 5.11: Three-poift Daniell-filtered power spectrum of n for storm A

on 17 July, 1976, showing the red-noise spectrum.

-
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.

all passible harmonics were computed, (up to 0.333 cycles per minute), the spec-
- . ) 4

trum i:‘only plotted for frequencies up to 0.165 cycles per minute or peribds of

approximately 6 mmutes‘(A Ot). Figure 5.11 shows the power spec{rum which has

been smoothed usmg a fhree-point running average applned to the ;&M

The reason for smoothing is that, if the spectra of two different portion
|

stationary fime ’series are derived, the individual points of the speds
llkely look quite different. Spectrum analysis does no; ;ﬂempf to y;fermme the
individual amplitudes of each harmonic, but is aimed at obtaining the smooth under-
lying spectrum which is-the same for different portions of the same stationary time
series. It was once thought that particular outstanding powers represented exact
periodicities, however, 'if has been found that individual peoks\ in the spectra of
irregular oscillating time series can be accidental at a certain frequency.

The three-point running average also called the Daniell power spectral
estimate (Kanasewich, 1975), produces an estimate of the continuous spectrum
" viewed through a rectangular window of bandwidth equal to 3 f,/m, where f, is
the folding or l’:Jyguisf frequency (f, = 1/2 At), and m is the number of spectral lines.
The end points were ianored with the filter dpplied only cs‘ needed. Many authors
(Blackman and Tukey, 1958; Jenkiﬂs,}l?él) express the need for bringing the re-
sultant spectrum close to that of "white noisew";’alﬁo called "prewhitening" or the
removal of the trend in the data . For a full explanation of white noise'see Appendix
B. The reason for prewhitening is that the averaée value of the power at any
particular frequency may be distorted during computation since the effect of o spectral

window is to spread the power from the large peaks into adjacent frequencies. Thus

r

N
.
. . - o



spectral estimates are considered to be more precise when the power is spread over

" ¢
all frequencies. - ¢
[ 4

The power spectrum was computed using the ‘Tukey filfered;igh-pos.
data ond is sl;\own in Figure 5.12. It was found that the ;FT program wis able to
Jiscem the high frequency powers capably in the presence of substontiolilg:f;.
frequency power, nevertheless, o smoothed FFT spectral analysis of the high po;s

data did bring out more clearly any preferred small scales. .

5.4 Storm A: Spectrum Analysis

The value of the white-noise power is applied to the unsraoothed power

.

4

spectrum in Figure 5.10 assuming a Chi-square distribution. The number of degrees
of freedom v for the periodogram analysis was determined by using:.

-

= (N1'12> D . (5.4.1)
2 - :

.

“where N is the nur;\ber of independent data values, 2%~ 1 is the number of spectral
lines obtained from N data values supple?nentéd by 2" - N zeroes, and D is the
width of the Daniell filter Jsed on the periodogram. The number of independent

data values in the original N pieces of data depends on the amént of autocorrela-

tion P, and has been shown by Eddy et al., {1968) to equal to: ‘ “

(‘*'
N} =;~1 - p?
1 + 0%

The number of independent data values is then reduced by 2 degrees of freedom since

the mean and variance were calculated from the data.

53
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Fig. 5.12: -

.000  0.033  0.086 r.o'.o'gs T 0.132 | 0.16§
¢ CYCLES PER MINUTE ’

Three-point Daniel l-filtered power spectrum of Tukey-filtered
n highpass data for storm A on 17 July, 1976. The red-noise
spectrum and 90% confidence interval are shown.:-
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4 The 95% Wﬁdenc. limits were obtained by mulﬂplyinq the white- v
noise vol.:o. by x?.95/v on;i x2.05/v for the upper and lower li‘mits, respectively .
‘ ()

The T series does not display random fluotuoﬁgu characteristic of white noise..
The spectrum dis;;lays a goner_ol suppression of relative variance at
higher frequehcirs and QB'nsoquent inflation at lower frequencies as comporegi to
the e.ven distribuﬂo.n of white noise. This phenomenon, a ):ha_rocteristic of spectra
derived from ddfa with an upprocic;blo autocorrelation between successive mea-

surements, has been"called "red noise" (Gilman ef al., 1\963). For a full explana-

tion of red noise see Appendix B.

N The lag one (1.5 min) to lag ten (15 min) autocorrelation coefficients
were computed as follows: A ‘ \
) % »l N 47 . -
2 )
P ™o _ < '
R(T) = T (Xy- X) (Rey 1= X) (5.4.2)
(N-2)s2t=1

.

" where N is the number of data points (reduced by 2 in denominator since the mean
X, and the variance .si were computed from the da'ta), and T is the lag num!ger.
Table 5.1 gives the results.
Thevaufocqrretaﬁon coefficie.nts confirm fhof‘fh'e time series dépends
on its immediate past and that a red-noise spectrumswhich ;:llows for persistence
_-should be applied. |
The values of the red-noise power are gpplied to the smoothed power )

spectrum in Figure 5.11 using an autocorrelation value P = .992 for the red-noise

curve determined from the rélafion p = [R(1)2 + R(2)]1/“’ . From the definition



Table 5.1: Lag 1.5 to 15 minute autocorrelation coefficients of n
for storm A on 17 July, 1976,

LAG NUMBER LAG TIME (min) AUTOCORRELATION COEFFICIENT v

1 1.5 - .999
2 3.0 . .70
3 oA © 936
4 " s .898
5 7.5 | .855
6 9.0 | .810
7 10.5 .765
8 12.0 ' 73
? 13.5 .672
"lo"’ 15.0 .625

of pure red-noise
R(1)* = R(2)

Since ~fhis is not the case with experir;\enfol data, the value of p should be mod-
ified to approximate pure red-nolse. It was this value for P which was ;;ISO used
in the calculation of N,

The values of the red-noise power are applied to the smoothed high-
pass power spectrum in Fi_gu're 5.12 u.sing an autocorrelation value 0 = .484. We -

may assume a Chi-square distribution with th number of degrees of freedom v

- «<alculated using (5.4.1). In this case D=3, since a three=point rumning average is used.



4
y
The red-noise adequately dgsgribes the mfu& of the smoothed power
spectrum. The computed spoctrdl estim::te does not display any significont peaks
wl_m respect to the 95 per cent upper confidence limit, nevertheless, pfefen;d
tqy’;le“:ore displayed having periods déﬁ;ib.o and 9.6 minutes.

" sy

» 7.+, The possible relationships be the variation of the fime series and
. Ahbﬁd.-uoqir‘\ﬁv_ents willbe discussed in a ‘s‘qparofe section after all the indi-
viduat storm cases have been presented.

5.5 17 July, 1976: Storm B

’

Storm B entered the project area shortly after 21:00 MDT and tracked
_ //eostwapd just south of storm A. It also had echo-top heights similar to those of
st£ A. Figure 5.13 shows the resulting hailswath from sform B with approximate
times of the storm progression indicated. Golfball size hail and one report of
Iaréer—thaﬁ-gb!fball size hail was reported at thé surface. Figure 5.14 through

5.18 show low-elevation PPl scans at approximately 15 minute intervals throughout

the tifetime of storm B. Once again, reflectivities in excess of 60 dBZ were measured.

Figure 5.19 gives the N time series. Only one cloud-top seeding

flare was released into the storm at 22:05 MDT, as shown in the diagram. The dashed
) y
line indicates the trend in the data computed using the Tukey filter in Appendix A.¢

A notable feature of the tinfé series is that it displays a relatively uniform nature

as compared with storm A which peaked, decreased signific'ontfy in magnitude and
then surged to o peak once again before‘diss‘upating. Storm B reached a high plateau

which gradually peaked at approximately 2330 MDT and then dissipated. ' This

difference is also displayed in the form of the hailswath ;?Q hailswath for storm A

: ”
! ) : . . 'i“{

. t‘ )

o 3
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Fig. 5.14: PPI echoes for storm B on 17 July, 1976. Elevation - 2.0°
Reflectivity = from 20dBZ by 10dBZ. Time = 21:15 - 21:29 MDT.
21:15:4)
‘1,
36
Ay

— -10__ -1
21:29:30 n = }.04x10 locm



Fig. 5.15: PPl echoes for storm 8 on 17 July, 1976. Elevation - 2.0°

Reflectivity = from 20dBZ by 10dBZ. Time = 21:45 - 22:30 MDT.

21:45:32 n o= 2.59x10 ' O%m”! 22:01:58 n o= 3.66x10" ' Ocm!

22:15:24 n = 3.40x10 ' %m! 122:30:20 n= 3.42x10 ' cm

1o -1
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1976. Elevation - 2.1°

torm8 on 17 July, ‘
Time *22:45 - 23:30 MOT.

from 20dBZ by 10d8B2.

Fig. 5.16: PPl echoes for s
‘ Reflectivity =

‘ - —_ -
0 ! 23:00:12 n = 5.85x10 ~cm

22:45:16 o= 5.70x10 " cm
]

10 ! 23:30:04 n o= 7.36x10"°cm




T 62

Fig. 5.17: PPl echoes for storm B on 17 July, 1976, Elevation - 2.2°
Reflectivity = from 20d8Z by 10dBZ. Time = 23:45 - 00:29 MOT.

Jo
23:45:00 o= 4.70x10 ' Ocm! 23:59:56 == 1.50x10 ' %m”!

*

tm

W 00:29:47 n = 2.24x10" em !

00:14:52 n = 8.10x10



Fig. 5.18: PPl echoes for storm 8 on 17 July, 1976 Elevation - 2.2° ‘
Reflectivity = from 20482 by 10dBZ. Time = 00:kbh - 01:29 MOT.
‘ (18 July, 1976)

o
I,: .‘
~ ()
N
0
) A
20 SN
N \
_ - - -1 -1
00:44:43 n=1.31x10 ‘cm 00:59:39 n = 1.65x10 cm
1S
Y
.'

01:16:04 h o= 1.50xlo"”cm'l 01:29:30 n = 9.60x|o"2cm"



: . ‘ | . ‘k-’ “ ‘ . : 68
S P S '

N | ' | :
' .§.‘ - . - ‘ ’i:, N J
‘C; - ¥ |7- JULY 1976. STORM B
_. ' o "

10 LOG Z,

.
o @
.
t 46!
M [}
- .
-y
-
L
.,
4 -
—4 36.1
=
-
-
-
B
-
-
AV 6.l
— 26. ,
=i | — . : . :‘. .
'O - 4 ’ o
C . [ | 4
C
o [ 2 -1
- ' -
. oy .
i 6.l
-12]° : - '
10 S T

%
«
"

2118 2215,  .23!15 003 -9::15‘

L TIME i(mm 1.
e

. a
. ‘4.'.. . .) >
) 2 . .
‘e .
L}
. ’ Id ]

' .
: et ' pashed line indicates
\ - . storm B on \7‘JulY-~;‘976' i
\ Flg. 5.19: :r::trisu:'h:':nﬁmeﬁ n one cloud-top flare was released in the
storm iﬁ’ﬁotcd{_‘

e
L 4

T



1

displays an intmi&ncy while the hailswath for storm B is continvous. The N
values obtainqd for storm A at its onset were consideroblx higher than ony values
obtained for storm B. Although this difference is not evident in the size of hail
reported at the surface early in storm A, this i'f ‘due possibly to inadequate sampling
in a sparsely-populated area. Comparable precipitation did occur otherwise for
similor N valves. Storm B continued on into t.he early morning hours of the fol-
lowing doyA. |

5.6 Storm B: Power Spectrum Analysis

Figure 5.20 gives the unsmoothed power spectrum for storm B. The
“ L4

- smoothed power spectrum using a three-point running average is presented in

AN

Figure 5.21. \

As was the case with storm A, the power spectrum displa}s the red-
noise phenomenon. Table 5.2 gives the outoc?rrelafion coefficients of tfze time
series for lag one (1.5 min) to lag ten (15 min)., computed using (5.4.2).

The values of the red-noise power are applied to the smoothed power

- i spectrum in Figure 5.21 using an autocorrelation value © = .986, and to the

‘highpass data smoothed po\;/er' speatrum in Figure 5.22 usir;g an autocorrelation
value 0= .299. The 95 per cent conhfidence limits were constructed assuming
a Chi-square dijstribution as in storm A.

Significant peaks exist at 0.049 and 0.109 cycles per minute cor-

responding to cycle periods of 20.4 and 9.2 minutes respectively. )

5.7 Spectra Comparison C v

Storm B.displayed a noticeable lack of power ot 0.066 cycles per minute
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- POWER

e

LI T L T L) T L] T ‘I L] 1 \

0.000 0.033 0.066 0.099 ‘ 0.132 0.165
CYCLES PER MINUTE =

Fig. 5.20: Unsmoothed power spectrum of n for storm B on 17 July.a, 1976."

»

l"'

POWER

D000 0.033 | 0.086 ' ‘0.0'99 iR " 0.166
CYCLES PER MINUTE ‘

Fig. 5.21: Three-point Daniell-filtered power spectrum of n for storm B
on 17 July, 1976, showing the red-noise spectrum



Fig. 5.22:

L

0.000  0.033 0.066 ' 0.099
CYCLES PER MINUTE

Three-point Daniell- filtered power spectrum of Tukey-filtered
n highpass data for storm B on 17 July, 1976. The red-noise
Spe#m and 90% confldence interval are shown .
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Table.S.Z:' Lag ‘1.5 to 15 minute autocorrelation coeffncuents ofﬂ'
- for sthu 8 on 17 July, 1976.

.

LAG NUMBER TIME LAG. {min) AUTOCORRElATiON COEFFICIENT

I s .990 Y
2 3.0 .963. - S
3 - 45 | 941 |
4. 6.0 . 926
s 7.5 T
6 9.0 893 -
7 10.5 | 866 o™
8 120 | 834
9 . i3.5 ' T 805
10 . 15.0 783

whereas storm A displayed a preferred frequencysStorm A does, however, show
o broad peak coinciding with the ;gﬂfi t peak for st&m B at approximately
0.11 cycles per minute, alfhot;Q\ Il within the confidence interval.

The Chi:Square test for goo:iness-,of-fit was dpplied to the two raw
spectra to see if the observed power distribution for storm A diff;red significantly
from that of storm B. The results indicated that even at very low confidence limits
the two spectra cc;uld cohsﬁtute a sample from a population with the same power
distribution function. b

" A physical interpretation of the preferred cycles exhibited is discussed

in a later section after all the storm d..‘.‘"’ has been presented. :

Lo
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CHAPTRR 6 o

>
IHE AUGUST, 1976 CASE STUDIES : -
. o . . «’
6.1 Introduction . e o

Five storms .which oc;cu;'red ‘during the month of Augustr'l 976 were
. analyzed. The storms chosen on Aug\;st 6, 12, 15, 20 and 24, combined to yield |
67 reports of hail at the surface and are included in ti\is study in order to coﬁpom
the variations of T in storms with lower energy than the energy assocuotod with
th; two storms discussed in Chapter 3. )

The storms on August 6 and 20 were seeded while those on August 12,

15 and 24 were not. Since smaller storms are genera||y thought to be among the

most likely to be affected by cloud seeding, seeding effects may be more_.ily o

»

detected . : s
B . ' “. .
6.2 The 6 August, 1976 L ;{' ‘
The storm on 6 Ausust 1976 dlffers from nﬁt of the other storms in
’ '

this study because it did not form in the foothlll reglons an’g track easfwarvr-ro?s

the project area, but rather formed on the plams in fhe vicinity of B«#alo uﬁ.
ond went through its life cycle within a region of less than 300 km® over a time .
period of 1.5 hours. The synqphc summary is gnven in Figure 6.1 and the envnron-
mental conditions are shewn by the tephigram in Figure 6.2. Although fhi:"presence
of the lake would offer an opportunity to study the fhermod.uc mfluence of a
lake on a convective storm for comparison with the lake effect propoud by Warner
: .
(1976), this analysis was not under;ake’n . Before any changes in n can be associated

with cloud seeding, however,.the presence of the |oke-&o\u|d have to be taken into

~ consideration.

4



~SYNOPTIC - SUMMARY —

\ loe AUGUST 1976 \ '
SYNOPSIS: THE SECOND S/W TROUGH IN THE CURRENT SERJES ARRIVED OVER THE
AHP AREA AROUND NOOM. THE SURFACE PRESSURE PATTERN 'DID NOT REFLECT. THE
S/W TOO WELL.WITH ONLY A WEAK FRONTAL YROUGH ACROSS CENTRAL ALBENWA.
AHP AREA: LIGHT AND VARTABLE WINDS AT ALL LEVELS. MOST CONVECTIVE DE-
VELOPMENT OVER THE AMP AREA TOOK PLACE IN THE NE QUADRANT, WHERE THE
TIMING OF THE SYNOPTIC S/W SUPPORT WAS MOST FAVORABLE. CELLS FORMED

RAPIDLY AROUND NOON. WITH SO TOPS EXCEEDING 13 KM BY MAXIMUM TEMPERA-
TURE TIME WHILE MOYING NORTHWARD. :

:" ‘ ! B ; '.
[

'

’ . :
TROUGH (T) OR 12 HOUR 500 MB CHANGE [N MAIL
RIDGE (R) VORTICITY [HEIGHTS » THICKNESS®| TEMPS, . S12E
PASSAGE TIME [(10755° 1) | () Lo (°C) | CATESORY] .
1-06/1900Z O | -4 ® -5 | -1] 3

s
: _SgRLURNALGSFFECTS REMQ:

‘e

0. \ ‘ . s
AN N L
500 MR ANALYSIS |

HETGHTS AND VORTICITY T4
0000Z 07 AUG 76 LN

Q

Fig. 6.1: Map showing the sy lc sttuatéon and a brief synoptic summary
s for the storm on 6 ust; 1976. (From Deibert (ed.), 1976).

(.
>
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Fig. 6.2: Rawinsonde sounding frog Rocky. Mountain House at 18:00 MDT,
7 August, 1976. (From Deibert (ed.), 1977) .
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The hailswath from the ftorm is shown in Figure 6.3. Only 5 reports

of hail at the surface were received and the maximum hailsize reported was grape

‘

size.

rd

PPl scans of the storm at approximately 15 minute intervals are givej\: .
\;\_‘ ,.. .-.-

in Fi‘ure 6.4. The storm developed from the minimum detectable signal to reflecs .

tiv'&iu greater than 50 dBZ in less than half on hour.

L The 7 time series is given in Figure 6.5, #hich ‘also indicates 'h! *

- e,

- o4 ime and amount of seeding which was done . The dashed line represents the trend

in the dator compuuj;;'mgfrd m:,t‘%m descrithd in Appendix A,

Y

The rador consﬁnt used for the day was 75.5 dBm with o peak trans- _A ®
mitted power of 168 kw. | N | - "
The pnsmoothed pow;r spectrum of the data is ’Ve.n in Figure 6.6 onz
the smoothed power spectrum, using a three-point running average, is given in
Figure 6.7. The frequency resolution'of the spectrum is not as gdod in this case

as i the previous cases. The storm lasted just over 1.5 hours and the number of

data points available was 63. The FFT algorithm requires that the number of data

-y mo power of two. If the number of values is not a power of two, zerods

. ? . .
ore added until the fotal number meets this requirement. The number of spectral

-

. »
. lings between frequencies 0.0 and (1/2 bt) cycles per minute depends on the rela-
tion m = 21 where m ig the number of spectral lines and n is an integer. In this

" case the value for n:is 6 and therefore, 2° = 64, which means that one zero was

added to complete the data set. The number of spectral line in this case is 32.°

The number of spectral lines for each storm on 17 July 1976, was 128 resulting in
L 4

e
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MAXIMUM HAIL SIZE CODE

WETASKIWIN 1 SHOT .
2 PEA

3 GRAPE

-4

O STETTLER
v
, 6 AUGUST 1976

Fig. 6.3: Map showing the hailswath resulting from the storm on 6 August, 1976.



Fig. 6.h: PPl echoes for the storm on 6 August, 1976. Elevation - 2.2°«
Reflectivity = from 20 dBZ by 10 dBZ. Time = 16:31- 17:53 MDT.
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b AUGUST 1976
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Fig. 6.5: K'v?rsus time for the storm on 6 August, 1976. Dashed line
Ind!Cates trend. Type and number of cloud-seeding flares released
during 15 minute intervals is shown '
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76

N N

10-6

T T

0.066  0.099 0.132 0.165 °
CYCLES PER MINUTE

- T
0.000 0.033

6.6: Unsmoothed power spectrum of n for the. storm on 6 August, 1976. .

\]

0-6

T o.088 | 0.099 | 0.13z  0.165
CYCLES PER MINUTE )

T T v
0.000 0.033

6.7: Whree-point Daniell-filtered power spectrum of n for the
storm on 6 August, 1976, showing the red-noise spectrum and
90% confidence interval. :
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considerdbly more detall. This is the reason for the very smooth looking $pectrum
of 6 August, 1976 os compored with those from 17 July, 1976,
Table 6.1 gives the autacorrelation coefficients of the time saries for

lag one (1.5 min) to lag ten (15 min), computed using (5.4.2).

»

Table 6.i: 1ag 1.5 to 15 minute autocorrelation coefficients of o
for the storm on 6 August, 1976.

LAG NUMBER TIME LAG (min)  AUTOCORRELATION COEFFICIENT
\ ) /1,/

* l 105. . .972.
2 3.0 : e
3 4.5 .769
. h"

4 60 . 94 .654

v ¢ -
1 7.5 .529

. Q

6 9 .430
74 " 05 325
8 12.0 .238
9 13.5 .140
10 15.0 .054

The values of the red-noise power assuming a Chi-square distribution

are applied to the smoothed power spectrum in Figure 6.7 using an avtocorrelgtion
A

s,

. C P10 data poinfiibeing lost at each end of the data set. This loss is unacceptable /

o

B ™ X
are mrsmtll-scale pr

VRS .
eferred freguencies coristent throughout
i i

ata./ The application of abe Tukey highpass filter used in this sfudl)' resylts



‘a.ln this case due to ﬂ\o small sompla size originally, therefore ﬂn r lpocmm ’

" of the hld\pcs mm.d dota revealed Q.o weful lnmhﬂon. o

.- )

» ’ ) ’ .\‘
.

s n.hould be noted thot the wo cloud-‘bu-ﬂom were humod(oo 17:22°
MDT ond 17 27'MDT, mpoctlvoly. and 'hﬁ 8 cloud-top flores were released at
|73MDT occordlng to tho ﬂ!gh' mﬂﬂﬁ'ﬂn decling in T Pl’tcodd the =

cloud seeding. This is net obvious from Figure 6.5 whnch dou not show the o&oct

)

time of soodmg.

)

The storm on 6 August, 1976 oxomplnf'os tho tampling problem involvod

in using only surface hailfall measurements in evaluating the output of a 9ivon
storm since the presence of the loke for this case severly limited the number of
b L J

observations obtainable.,
¢

é. 3 The 12 August, 1976 Storm

The storm on 12 August, 1976 entered the pro|.ct area from f}n north-

west and spent over five hours in the northwest quadrant of the project 7-«: Infen

dissipating. The storm was not seeded. . ,«/

The synoptic summary is given in'Figui'c 6.8 and the env’iionmon'ol | 1
conditions are shown by rho-tophigém in Figure 6.9. The hoilsmfl'/is shown in
Figure 6.10 which indicates that 6h‘oi’|~repom were received, 5ﬂciqding one repert
of gglfball size hail. 1t is difficult to say' if this report was accurate since so few
hail repom were receivod from this sponoly-populdodnm )
. ) -

PPI scans of ﬁ\e sforngat opmxnmately 15 mmuto intervals are gwon

in anuros 6.11 through 6.14. Rador roflcctivmes exceeded 40 dBZ ot thqlmo

the storm ontorod the project area. The storm was very slow moving Two centers
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Cr ' — SYNOPTIC  SUMMARY
12 AUGUsT 1976 ‘

-

s

SYNOPSIS: THE &/W RIDGE NOW smén E OVER SASKATCHEWAN. A N-S SURFACE
TROUGH OF LOW PRESSURE FORMED OVER ALBERTA IN RESPONSE TO A, S/W TROUGH

PASSING JUST NW'OF THE AREA: THIS LED 1qy AN TNCREASE IN LOW-LEVEL MOIS-
TURE®OVER THE PROJECT AREA. : i

U ' Y 4

.
-

AHP AREA: LIGHT EASTERLY SURFACE WINDS aecom,ﬁ'_sw Af 50Q.MB, THE MOST|.

SIGNIFICANT STORM CELL DEVELOPMENTS vizaewmne&s FOOTHILLS WHERE MAXI-
\,-nun TOPS EXCEEDED 13 kM BY LATE EVENING WHILE MOVING N,

N

) v . . ot
. ¢“ ) . v '
, h ‘

TROUGH (T) OR 12 HOUR 500 MB CHANGE IN HAIL [NO. HAIL
RIDGE (R)  [VORTICITY[WEIGATS *[THICKNESS*] TEMPS.| SIZE | REPORTS
PASSAGE TIME (1073 Nyl ) - | (m (°¢) |catecory| N/ s -

< !

T-13/01002 0 - 20 - + 10 0 = 5 L 33/14

4 . .
* DIURNAL EFFECTS REMOVED :

-
e

500 MB “ANALYSIS
He1GHTs AND VORTICITY 1
doooz 13 AuG 1976 |

¢
Fig. 6.8: Map showing the synoptic situation, and a brief gfnoptic
summary for the storm on 12 August, 1976. (From Deibert
(ed.), 1977)
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Fig. 6.9: Rawinsonde sounding from Red Deer at 15:00 MDT,M‘ugust, 1976.
(From-Deibert - (ed.), 1977) ’
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RIMBEY O

96

MAXIMUM HAIL SIZE CODE
1 SHOT
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< | ROCKY MOUNTAIN i GRAPE
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Fig. 6.10: Map showing the hailswath resulting from the sgbrm on 12 August, 1976.
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Fig. 6.12: PPL echoss for the storm on )2 August, 1976, Elavation : 2.0
Reflectivity » from 20 d#2 by 10 dBZ. Time = 18:29 - 19:45 MDT. }
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' F 9‘ l" PPI echoes for the horm on 12 August, 1976. Elevdti
\ : Reflectlvlty = from 20 dBZ by 10 d8Z. Time = 21:00 - 22:

21:00: 34 o= 1.74x10"0cm! 21:15:30 o =9.59x10 em™?

21:30:25 22:00:16.

n o= 1.99%10 ' Tem m =180 e 7 o= 2.90x10 2em”!

t

1 -1



\‘ ) . . D

e . .
\ .
N . '

A ) \\\
. . - ' d
,of precipitation are evnd’eh' from the *i scans over the poriod from around 18:00
L 4
MDT to shortly before 20:69 MDT. After %ntmg, maximum rodor reflectivity ex-

céeded 60 dBZ, aond reflect\“vities exceeding 50 dBZ persisted until approximately
21:30 MDT after which the Jtorm dissipated roéid|y. The T time series fo;' 12 .
August, lwb is given in Figure 6. 15. The dashed lino represents the‘ trend in the'
dafa !ompufed using the Tukpy hlter described in Appendix A. |

The radar constant for the day wat 74 with a peak transmitted

power of 227 kw. ' ~ - _
There existed during this day a period of time during which th*
! S

was on @ full 20 degree elevation scan. This meant that a PPl at one-degree ele-
vation was obtained every 3 minutes instead of every }.5 minutes as in'the previods
cases. The calculation of the power spectrum demands that the time interval remain
constant between aoto points. Thg}efore, the data had to be modified in order to
meet the requirement. Two olternat'i.ve§ ‘existed. Firstly, every other data point
during the 1.5-minute scans could be removed resulting in a data interval of

3 minutes. . Secondly, data could be interpolated betweert known data points during
the time the radar was Q}he full 3-mmutelscon The radar was put on the 3-mfnufe
scan at 21:00 MDT during this doy Since the storm ended at 22:03 MDT, only

21 data points weresmissing. Therefore, it was decided that Imeor interpolation
woulg be used. The error involved should be minimal since the storms clr‘eady dis-
cussed had autocorrelation coefficients greater than .95 for a 1.5-minute time lag.
Linear interpolation should represenf'o respectable approximation. {

N\

The autocorrelation coefficie:{s of the time series for lag one (1.5 min)
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b ]
to lag ten (15 min) computed wing (5.4.2) and including the 21 interpolated data

points, are given in Table 6.2.
. ) L

Table 6.2: Lag 1.5 to 15 minute autocorrclatlon coefficients ofn
\ for the storm on 12 August, 1976.

AG N()Moq: TIME LAG (min)  AUTOCORRELATION CORFFICIENT

] | 1.5 - 936
2 3.0 821 )
y 45 . .687
‘ 6.0 554
5 s 457
6 | 9.0 .396
7 10.5 365
8 .V 12.0 ,349
9 3.5 (J .329
10 15.0 ] 31

The unsmoothed power spectrum of the data is given in Figure 6.6
and the smoothed power spectrum, using o three-point running average, is given
in Figure 6.17. The highpass data smoothed power spectrum is given in Figure 6.18.
The values of the red-noise power are applied to;he smoothed roaw data power
spectrum using an aufocorre.lation value p = .921, and to the highpass data smoothed
power spectrum using an autocorrelation value p = .690. A broad beiok at 0.057

~ cycles per minute corresponding to a cycle period of 17.5 minutes appears signif-

icant at the 95 per cent confidence level, assuming a Chi=square distribution in
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6.16: Unsmoothed power spectrum of n for the storm on J2 August, 1976.
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6.17: Three-point Daniell-filtered power spectrum of n for the storm

on 12 August, 1976. The red-noise spectyum is shown.
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Fig. 6.18: Three-point Daniell-filtered power spectrum of Tukey-filtered
: 'n highpass data for the storm on 12 August, 1976. The red-
noise spectrum and 90% confidence interval are shown.
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be luhrpund ase ’M cycle.

The time series displays greater small-scale variation and loss auto- \
mlaﬁo'n‘ thon the series previously discussed. This is most lll:olﬂn to the fect
that the storm wes not o well-orgonized system but consisted of d'ioao two preci-

pitation centers, sach with its own associated scales of variability, for o major

portion of its lifetime. For example, fluctuations in the proci’ph&ion in one core

would not coincide necessarily with the fluctuations in the other core. For this

recson, this storm may not be a good example of a non-seeded storm fer comparison
with seeded storms.

6.4 The 15 August, 1976 Stomm

. The storm on 15 August, 1976 wos one which faM in"h.o central
porhon of the northern project area and 'mclud towords the norfhqu(‘ sMic,
summary is given in Figure 6.19 ond the environmental conditions or‘ shown by

the tephigram in Figure 6.20. -The storm was gsociated with o rapidly moving trough
which come .out of the southeast. Many storms occurred on this day which was
declared a no-seed day in the North. The hailswath associated with this porticulor
storm is shown in Figure 6.21. Six reports of hail were received from this storm

with grape size hail reported as the maximum size. ..

PPl scans of the storm at approximately 15-minute intervals are given ¢
‘ ~



_ SYNOPTIC SUMMARY
15 AUGUST 1976 :

. {synoPS1S: THE MOST S]GNIF!CAN% SYNOPTIC CHANGES OCCURRING DURING - THE
CURRENT SERIES OF $/W WERE ASSOCIATED WITH THIS THIRD RAPIDLY-MOVING
TROUGH. RELATIVELY STRONG PVA AND LARGE HE|GHT AND THICKNESS FALLS
PRECEEDED IT. WITH THE TROUGH MOTION BEING 165 AT 60 kPH. A MAJOR
SURFACE LOW AND FRONTAL WAVE FORMED OVER MONTANA, THUS ADVECTING
ADDITIONAL MOISTURE INTD THE ERN PORTION OF THE AHP AREA.

AHP AREA: SURFACE WINDS LIGHT. NW IN THE MORNING BECOMING E IN THE '
Y EVENING., WITH SE WINDS ALOFT, THE MAIN STORM DEVELOPMENT WAS WELL AFTER
| MAXIMUM TEMPERATURE TIME. MAINLY OVER THE ERN HALF, WITH TOPS EXCEEDIN§
14 KM WHILE MOVIRG TO THE NW. THIS HIGHLY-ORGANIZED STORM CONTINUED
OVER NIGHT. PRODUCING THE MOST SERIOUS HAILFALL OF THE SUMMER.

TROUGH (T) OR 12 HOUR 500 MB CHANGE IN | HAIL |ND. WAIL
RIDGE (R) |VORTICITY|WEIGHTS *|THICKNESS®| TEMPS.| SIZE | REPORTS
pasSAGE TIME [(1073s™ 1| (m) (M) (°c) |catecory| N /s

T-16/1000Z +5 - 100 - 40 + ] 6 190/153

* DIURNAL EFFECTS REMOVED

N

HE16HTS AND VORTICITY © ~———q .
00002 16 AUG 1976 <] =TT __-7 7 - o

¢
Fig. 6.19: Map sh.ving the synoptic situation and a brief synoptic summary
for, the storm on 15 August, 1976. (From Deibert (ed.), 1977).



TEPHIGRAM

STATION:
DATE
TIME :

CYRM
16 AUG 76
00002

124

Fig. 6.20:

Rawinsonde sounding from Rock

August, 1976.

(From Deibert (ed.), 1977).

y Mountain House at 18»00 MDT, 15
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15 AUGUST 1976
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~——

MAXIMUM HAIL SIZE CODE

1 SHOT
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Fig\ 6.21:
S 15 August, 1976.

Map showing the hailswath resulting from the storm on
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in Figures 6.22 and 6.23. Reflectivities in excess of 50 dBZ were recorded.
u The radar constant used for the day was 74.2 dBm with a peak trans-
mitted powdr of 227 kw. " ‘ ‘

- ° ' '
The 7 time series for.the storm is given in Figure 6.24. The dashed

line represents the trend in the data computed using the Tukey filter described in
L 1

Appendix A. ‘
As was the case with the 12 August,<1976 storm there was a period of
time during this day in which the rodar was on a full three-minute scan. The
period was from 18:07 MDT to 19:47 MDT. Thirty two points of a total 86 data
points for this day were interpolated. This is not a desirable situation. However,
:
as memioned earlier, previous time series possess autocorrelation coefficients
greater than .90 for 1.5 minute time lags and, therefore, linear interpolation was
felt to be preferable to determining the power spectrum fro:n data spaced three
minutes apart.
The autocorrelation coefficients of the data for lag one (1.5 min) to
lag ten (15 wg computed using (5.4.2) are given in Table 6.3.

e unsmoothed power spectrum of the raw data is given in Figure 6.25
and the smoothed power spectrum, using a three-point running average, is given in
Figure 6.26. The smoothed power spectrum of the filtered highpass data is given
in Figure 6.27. The values of the red-noise power ore'applied to the raw data ¢
sm;ofhed power spectrum using an autocorrelation value ¢ = .937, and to the high-

pass data smoothed power spectrum using 0 = .695. There were no statistically

significant cycles evident at the 95 per cent confidence level assuming a Chi-square
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. , .
Fig. 6.22: PPI echoes for the sto'rén 15 August, 1976. Elevatﬁon -2.0° ",
Reflectivity = from 20 dBX by 10 dBZ. Time = 17:45 - 18:45 MDT

‘ ¢ , L] S
. ! '. .
- : \ |
&
- -1 - - -10__ -
17:45:23 n=1,00xT04 cm 18:00:18 n=1.6Ix10 “cm

.

18:30:09 n=1.57x10"1%n " 18:45:05 n=2.97x10"10%m!



Fig. 6.23: PPl echoes for the storm on 15
Reflectivity = from 20 dBZ by 1

- j - -1
19:00:00 n = 1.39x10 lc’cm 19:

7

August, l976.' Elevation - 2.0°
0 dBZ. Time = 19:00 - 19:47 MOT.

i

3 - — 12 -1
19:29:59 ~ = 6.59x10 e 19:47:53 o = 8.40x10 ' “cm

97



98

-
*pua43 sajedjpui

Uil payseg °9L6l ‘Isnbny G| uo wiols By3 Joy Iwy) SNSJ3A U igg g 61y

(LOW) 3WIL
00.0¢ 0Of:6l 00:6! og: 8l 00:8I (0} ¥ A |
-.w- 1 1 1 ' - N . i . L i A 1 N—'o—
o - ]
:
B S
. o
3 3,
— 6,0l -
1'9d | T — ———————+ ' — ml 0!

9,61 1sSnonv &I~



POWER

r T ) L M 1 T T L) 1
0.000 0.033 0.066 0.099 0.132 -0.165

CYCLES PER MINUTE

y

Fig. 6.25: Unsmoothed power spectrum of N for the storm on 15 August, 1976.
100 ~—t +
s
2
10-1
. 1072
ﬁ R.d No.“
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0.000 0.033 0.066 0.099 0.132 0.165
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Fig. 6.26: Three-point Daniell-filtered power spectrum of n for the storm

-on 15 August, 1976. The red-noise spectrum is shown.
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Fig. 6.27: T|_1_ree-poi'nt Daniell-filtered power spectrum of Tukey-filtered
n highpass data for the storm on 15 August, 1976. The red-noise
spectrum and 90% confidence interval are shown.

)



101

Table 6.3: Lag l'z to 15 minute autocorrelation coefficients of n
‘ for the storm on 15 August, 1976.

LAG NUMBER TIME LAG (min) AUTOCORRELATION COEFFICIENT
]

| . 1.5 958
2 3.0 . .840
3 4.5 701
4 6.0 .570
5 7.5 o 451
6 9.0 341
7 10.5 ’ « .223
8 120 .105
9 13.5 - .009
10 15.0 -.108

distribution, although a preferred frequency appears to exist in Figures 6.26 and

6.27 near 0.025 cycles per minute. This corresponds to a cycle period of 40.0

~

minutes.
Red-noise cannot represent the data completely in this case since the

autocorrelation coefficients were negative at long time lags. By definition

R(T+1) =R(71)* which approaches zero for large lag times T, but never acquires

negative values. The red-noise representation is still superior to that of white noise.

6.5 The 20 August, 1976 Storm

The storm on 20 August, 1976 formed just inside the northwestern project

boundary and fracked eastward, dissipating in the northeast quodrant approximately

2 5 hours later. The storm was seeded.
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The synoptic summary is given in Figure 6.28 and the environmental
conditions are shown by the tcphi.g;ofiv in Figure 6.29. The ro‘sulﬂng hailswath
is shown in Figure 6.30.which indicates that 8 hail reports were received, all re-
porting pea-size hail as the maximum size. .

| PP! scans of the storm at approximately 15 minute intervals are given /

in Figures 6.31 and 6.32. The storm started as three tiny centers and griw into |
two significant precipitation cores which later io;md to form one major storm
center. Maximum reflectivities were slightly in excess of 40 dBZ.

The 7 time series for 20 August, 1976 >is given in Figure 6.33 which
also .indicates the time and amount of cloud seeding. The dashed line represents
the trend in tl:e data computed using the Tukey }ilter described in Appendix A. The
radar constant used for the day was 72.3 dBm with a peak transmitted power of \
351 kw.

The radar operated at a 1.5-minute scan period the entire day and
therefore, no interpolation of data points was necessary.

The autocorrelation coefficients of the data for lag one (1 .5 min) to
lag ten (15 min) computed using (5.4.2) are given in fable £.4. The time series
displayed very high autocorrelation despite the storms rather compiex nature.

The unsmoofiwed power spectrum of fhg raw data is given in Figure 6.34
and the smoothed po;&er spectrum using a three-point running average is given in
Figure 6.35. The values of the red-noise power are applied to the smoothed power
{

spectrum using an autocorrelation value o = .985.

The highpass data smoothed power spectrum with the red-noise power
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( SYNOPTIC SUMMARY v ‘
20 AUGUST 1976 t
SYNOPSIS: THE MOST IMPORTANT SNNOPTIC FEATURE MERE WAS A RAPIDLY-MOVING
TROUGH PASSING THROUGH AHP BEFORE NOON. (MOTE: 12-HR CHANGES SHOWN ARE
ror 20/00-12Z.) THE APPARENT WEAK RIDGING BEHIND THE TROUGH WAS QUAS!-
STATJONARY, HENCE NOT A S/W FEATURE, THIS RESULTER FROM THE START OF
RETROGRESSION FROM E TO W OF THE L/W.RIDGE., -~

SURFACE PRESSURE FEATURES WERE LITTLE-CHANGED FROM THE 19THa wiTHW
SOUNDINGS FOR BOTH DAYS SHOWING THAT THE INCREASE IN INSTABILITY WAS A
RESULY OF UPPER-LEVEL CHANGES, ' e

AHP AREA: W WINDS AT ALL LEVELS. SEVERAL ORGANIZED CELLS FORMED ALONG
THE FOOTHILLS NEAR NOON. THESE DEVELOPED TOPS TO 9 KM WWILE MOVING
RAPIDLY E THROUGH THE AREA AND DECAYED AFTER MAXIMUM TEMPERATURE TIME.

TROUGH (T) OR 12 HOUR 500 M8 CHANGE IN nate ? [no. warL
RIDGE (R) |VORTICITY|HEIGHTS *|THICKNESS®| TEWPS.| SIZE | REPORTS
passace Time [(10°3s Ty (m) (") (*c) |catesony| w v s

1-20/16002 + 4 - 10 0 - 2_ 3 19/1

* DIURNAL EFFECYS REMOVED

7
b S \\\!tr\\
'\ ‘

% “O\--
Y
< \ 0
& \ L
u" / \ M
N e~ e
Sy
;b =200 = ,
7‘ . I \
— e
by ™ Y] R
8 S~
\\
6
N [/
500 MB ANALYSIS ——f
He16HTS AND VORTICITY =
00002 21 AUG 1978

Fig. 6.28: Map showing the synoptic situation and a brief synoptic summary
for the storm on 20 August, 1976. (From Deibert (ed.), 1977)
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Fig. 6.29+ Rawinsonde sounding from Rocky Mountain Mouse at 18:00 MDT, .

20 August, 1976.

(From Deibert (ed.), 1977)
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Fig. 6.31: PPl echoes for the storm on 20 August, 1976. Elevation - 2.0°
Reflectivity = from 20 dBZ by 10 dBZ. Time = 19:Q0 < 20:15 MDT.

o
59
\o

19:00:46 n = 8.10x10-‘2cm-] 19:15:42 n = l.6|x10-”cm-‘

¢
N
o ’
ey
_ S - - SIS
19:30:38 n = 5.09x10 " ‘¢cm 19:45:34 n = 4,21x10 cm

"

20:00: 30 no=2.24x10 " 'cm 20:15:25 N = 2.08x10 em !
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Fig. 6.32: PPl echoes for the storm on 20 August, 1976. Elevation - 2.1°
Reflectivity = from 20 dBZ by 10 dBZ. Time = 20:30 - 21:15 MDT.

W

- - - - -1 -1
20:30:21 n = 1.56x10 ”cm ! 20:45:17 n =1.33x10 l(:m

o - N -

- - - - ° -12 -1
21:00:13 n = 8.70x10 'zcm ] 21:15:09 n=6.80x10 “cm
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Fig. 6.34: Unsmoothed power spectrum of n for the storm on 20 August, 1976.

POWER

T T
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0.033 0.066 0.099 0.132 0.165

6.000
. - CYCLES PER MINUTE | '

Fig. 6.35: Three-point Daniell-filtered power spectrum of n for the storm
on 20 August, 1976. The red-noise spectrum is shown\\
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Table 6.4: Lag 1:5 to 15 minute autocorrelation coefficients of n
for the storm on 20 August, 1976. » .

— . ;
LAG NUMBER TIME LAG (min) AUTOCORRELATION COEFFICIENT

1 1.5 . ,
2 | 3.0 | .953

3 4.5 .898

4 6.0 .832

, 5 7.5 764
6 . 9.0 ©.690

7 0.5 .622

8 12.0 : .548

9 135 473

10 5.0 399

applied to it using an autocorrelation value of P = .740 is given in Figure 6.36.

There were no statistically significant peaks at the 95 per cent con-
fidence level assuming a Chi-square distribution. However, preferred cycles were
displayed at 0.031, 0.057, and 0.089 cycles per minute. These frequencies cor-
respond to cycles with periods of 32.3, 17.5, and 11.2 minuteﬁ. ¢

This storm was seeded with 8 cloud-base flares burned over a period of
approximately 1.25 hours.

A feature of this storm which contrasted with the other hailstorms in this
study was the very slow rate at which it dissipated. No other storm displayed such

a long drawn out decline in the trend. The storm passed over Pigeon Lake during

110
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Fig. 6.36: Three-point Danial1-filtered power spectrum of Tukey-filtered
' n highpass data for the storm on 20 August, 1976. The red-
noise spectrum and 90% confidence interval are shown

1



r

the period 20:30 MDT to 21:00 MDT but the n time series did not display any

change during this period which could be credited to a lake effect.

6.6 The 24 August, 1976 Storm
A severe storm occurred in the northern area on 24 August, 1976,

The storm formed in the foothills region near the western boundary of the project
area ;nd tracked northeastward. The synoptic summary is given in Fig‘ure 6.37
ond the environmental condmons. are shown by the "fo'phigrum in Figure 6.38. This
storm was not seeded. »

| The hailswath for this sforM\w: in Figure 6.39. The storm pro-
duced sporadic patches of hail, indicating that it experienced several cycles in
inf‘ﬁsity. Wa;nuf size hail was reported in two instances, however, the majority
of the hailswath indicates pea-and grapejsize‘as the maximum sizes.

PPl scans of the storm at approximately 15-minute intervals are given

in Figures 6.40 to 6.44. Reflectivities in excess of 50 dBZ were recorded.”

The N time series for 24 August, 1976 is given in Figure 6.45. The

. dashed line represents the trend in the data computed usfng the Tukey filter des-

cribed in Appendix A. The trend indicates at least three major intensifications in

N during the storm lifetime. The radar constant for the day was 74.0 dBm with
o peak transmitted power of 238 kw.

The radar operated on a three-minute scan for the period 17:20 MDT
to 19:08 MDT and consequently 37 dafc; po:ints hqd to be interpolated.

The autocorrelation coefficients of the data for lag one (1.5 min) to

lag ten (15 min), computed using (5.4.2) are given in Table 6.5,

112
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SYNOPTIC SUMMARY
24 AUGUST 1976 .

SYNOPSIS: L/W FEATURES, VIZ THE RIDGE OVER MID-CONTINENT AND THE E
PACIFIC TROUGH. GAINED AMPLITUDE FROM AUGUST 21-23, FORCING S/W FEATURES
N OF ALBERTA. THE RIDGE STARTED TO COLLAPSE ON THE 24TH, THEN MOVED E.
ALLOWING THE MAIN 500 MB STREAM TO DROP S OVER CENTRAL ALBERTA WITH AN
EMBEDDED S/W TROUGH. A SURFACE TROUGH OF LOW PRESSURE FORMED ALONG THE
FOOTHILLS IN RESPONSE TO THIS S/W, GRADUALLY EVOLVING INTO A LOW CENTER
BY THE NEXT MORNING, ' : e

AHP AREA: SURFACE WINDS LIGHT S OVER MOST OF THE AREA VEERING TO SW AT ‘
S00 MB. A SINGLE-CELL STORM DEVELOPED SW OF CYRM DURING LATE AFTERNOON
TRACKING NE 35 KPH. WITH MAXIMUM TOPS 12 kM. THEN DYING LATE IN THE

EVENING.
TROUGH (T) OR 12 HOUR 560 MB CHANGE IN ) HAIL | NO. walL
RIDGE (R) |VORTICITY[HEIGHTS *|THICKNESS*| TEMPS.| SIZE REPORTS
PASSAGE TIME (1073 | (M) (°C) | CATEGORY| N / S
R-24/1900Z 0 - 20 - 20 +1 4 \ 46/0
T-25/10002

* DIURNAL EFFECTS REMOVED

\\O/"
N
[2d k
~
/
N

{
f0ex /1 7 12
SN L " o
500 MB ANALYSIS -
HE1GHTS AND VORTICITY,

0000Z 25 AUG 1976 2

Fig. 6.37: Map showing the synoptic situation and a brief s
summary for the storm on 24 August, 1976. (From
(ed.), 1977)
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Fig. 6.38:

(-3

Rawinsonde sounding from Rocky Mountian House a

24 August, 1976,

(From Deibert (ed.), 1977)

t 18:00 MDT,
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Fig. 6.40: PPI echoes for the storm on 24 August, 1976. Elevation - 1.9°
Reflectivity = from 20 dBZ by 10 dBZ. Time = 16:29 - 17:44 MDT.

11 -1 -1

16:29:51 n o= 2.23x10  cm 1 :44:46 n = 3.20x10 cm

"17:29:34 n = 1.28x10 Ocm”! |7:hd:3o n = 2.52x|0"'cm"
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Fig. 6.41: PPI echoes for the storm on 24 August, 1976,
Reflectivity = from 20 dBZ by 10 dsz. Ti

17:59:26 n = I.BSxI?:ll‘ﬁ-l S 18:14:22 7= 6.3ux10 e

N\

18:29:18 n= 1.02x10 ' %n”! 18:44:13 n o= u.00x10"'cm"
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\ Fig. 6.42: PPI echoes for the storm on 24 August, 1976, Elevation - 2.1°
\, Reflectivity = from 20 dBZ by 10 dBZ. Time = 18:59 - 19:45 MOT,

18:59:09 7= hazaio len ! 19n1si3s @ 2.h0x10” en!

-

19:30:30 o= 1.74x10 " 'cm 19:45:26 n = 2.o3xlo'”cm"

1 -1
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Fig. 6.43: PPl echoes for the storm on 24 August, 1976. [levation .2.1°
Reflectivity = from 20 d8Z by 10 d82. Time = 20:00 - 20:45 MY,

H-\.”

20:00:22 n= 1.3zxto"'cm" 20:15:18 n o= 1.96x10° em!

20:30:13 n = 5.53x|o"'cm°' 20:45:09 n = h.usxlo"'cm"
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' .
Fig. 6.44: PPI echoes for the storm on 24 August, 1976. Elevation - 2.1°
Reflectivity = from 20 dBZ by 10 dBZ. Time = 21:00 - 21:29 MDT.

qQ

21:00:05 7= 5.35x10" em™!

=2.75x10 ' 'cm

=2

21:29:56 o= 8.80x10  2em”!
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Table 6.5: Lag 1.5 to 15 minute autocorrelation coefficients of n

for the storm on 24 August, 1976.
» .

LAG NUMBER TIME LAG (min) /?‘AUTOCORRELATION COEFFICIENT

1 1.5 .936 |

2 3.0 o 821 ‘

3 4.5 .687

4 6.0 .554

5 7.5 | .457

6 9.0 .396

7 | 10.5 “ .365

8 12.0 . .349

9 13.5 .329

10 15.0 3 )
J—

=

" The unsmoothed power spectrum of the raw data is given in Figure

N . _

6.46, and the smoothed power spectrum, using a three-point running average, is
given in Figure 6.47. The values of the red-noise power are applied to the
smoothed power spectrum using an autocorrelation value p = .921. The highpass
data smoothed power spectrum with the red-noise power applied to it using an
autocorrelation value of p = .806 is givep in Figure 6.48.

Once ‘agoin, no statistically significant peaks in the power spectrum

were found assuming a Chi-square distribution. However, preferred cycles are sug-

. gested by the broad peaks &igure 6.48 néar the frequencies 0.034 and 0.117

N .
cycles per minute. The corresponding cycle periods are 29.4 find 8.5 minutes

respectively. These appear to be the major and minor fluctuations in 1’e overall
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Fig. 6.46: Unsmoothed power spectrum of n for the storm on 24 August, 1976.
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Fig. 6.47: Three-point Daniell-filtered power spectrum of n for the storm
on 24 August, 1976. The red-noise spectrum is shown.
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Fig. 6.48: Three-point Daniell-filtered power spectrum of Tukey-filtered
b n highpass data for the storm of 24 August; 1976. The red-
noise spectrum and 90% confidence interval are shown.
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storm intensity which caused the rather sporadic hailfall,

This concludes the presentation of the A;.:gwf + 1976 storm data.
Further interpretation and discussion of the data is given in o following chapter

after all of the storm data have been presented. °

’ ‘ @



: CHAPTER 7
THE 20 JULY, 1975 CASE STUDIES
7.1 Introduction

Three storms which occurred on 20 July; 1975 were ;:nolyzed. All
three storms formed in the foothills regiq\n and tracked eastward across the notth-
ern areq. The first storm, designated as sterm A, is included in this study for
cofnporison purposes since only rain was reported to have fallen from it. The
second storm (storm B) and the third storm (storm C) are analyzed in order to in-
vestigate the usefulness of the AHP 1975 digitized data. At times during 1975
portions of returned echoes are missing due to a computer recording malfunction.
The result was that individual rays or groups of r‘ays were often lost. An example
of an echo showing the missing rays is given in Figure 7.1. The gaps did not
always occur nor did they occur af the same spot in the echoes. Asa result it was im-
possible to predetermine the error associated with the T calculation when missing
rays were encountered.

The program used to calculate n was modified to toke into account
missing rays. When missing rays were.encounfered the bin volumes for the rays
on odjacent sides, were interpolated across the gap to account for the missing
volume. The known power values in adjacent rays were assumed to represent the
increased volume, rather than interpolating the returned power values for the mis-
sing rays.

The error in 71 would be minimal if the rays on each side of a gap are
representative of what was actually there. However, the error is large if the mis-

sing rays occurred in a region with a high reflectivity gradient.

126






The storms from 1976 displayed T time series with lag one autocor-
relation coefficients greater than 0.90 and no dramatic changes in ™ occurring
over short periods of time. This characteristic would also be expected of 1975
storms and, therefore, erratic éhanges in T values would probably indicate the

misrepresentation of missing data by interpolation.

7.2 20 July, 1975: Storm A

Storm A is included in this study as a test case. No hail wos reported
to have fallen from it, however, rodar reflectivities greater than 40 dBZ were
‘recorded during its lifetime. The test was to see if the n values were sufficiently
small to characterize a rainstorm as opposed fo.fhe 1 values for hailstorms already
discussed.

~

PPl scans of the storm at approximately 15-minute intervals are given
in Figures 7.2 and 7.3. The T time series is given in Figure 7.4. The dashed
line represents the trend in the data computed using the Tukey filter described in

Appendix A. Times™during which missing data was encountered are also indicated.

|

sed for the day was 76.4 dBm with a peak transmitted power of

The radar constant
137 kw. \

The maximum n value obtained was 4.97 x 107 cm=! ot 15:39 $DT.
The cumulofi;e frequency curve for all hail reports given in Figure 4.5 indicates
that opproximofeiy 15 percent of all the hqil reports occurred with lower values.
One may interpret this as suggesting that during the lifetime of storm A the probabi-
lity of hailfall at the surface was at all times less than approximately 15 percent.

The autocorrelation coefficients of the data for lag one (1.5 min) to

128
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Fig. 7.2: PPl echoes for storm A on 20 July, 1975. Elevation - 1.2°
Reflectivity = from 20 dBZ by 10 dBZ. Time = 15:30 - 16:30 MDT.

154 30:45 no= 3.22x10 'em 15:45:40 7 o= 3.77x10 'em”!

16:00:36 o= 2.62x10 ''em 16:15:32 no= 2.66x10 ' em™!

16:30:27 5= bouexro Mem
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Fig. 7.3: PPI ecmfor storm A on 20 Jtﬁy\,\lﬁ;f
Reflec ity = from 20 dBz by 10 dBz.
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“Elevation -~ 1.2°
Time =16:45 - 17:15MDT.
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lag ten (15 min) computed using (5.4.2) are given in Table 7.1.

Table 7.1: Lag 1.5 to 15 minute autocorrelation coeffigtents of N
for Storm A on 20 July, 1975.

LAG NUMBER TIME LAG (min) AUTOCORRELATION COEFFICIENT

-

1 1.5 404
2 | 3.0 406
3 45 .400
4 | 6.0 .25
s 7.5 107 o
6 9.0 | .076
7 10.5 .021
8 12.0 -.022
9 ’ 13.5 .001
10 15.0 Y

This storm displayed the legst autocorrelation at short time lags of
any of the storms studied. ’

The unsmoothed power spectrum of the raw data is given in Figure 7.5
and the smoothed power spectrum using a fhree;point running average is given in
Figure 7.6. The value of the white-noise power is applied to the unsmoothed
power spectrum and the values of the red-noise power are applied to the smoothed
power spectrum :Jsing an autocorrelation value o = .533. The white-noise spectrum

is included since of all storms this one displayed variations closest to random. The
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Fig. 7.5: Unsmoothe . spectrum of n for storm A on 20 July, 1975.
The white-nolse spectrum is shown. .
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Fig. 7.6:‘ Three-point Dapiell-filtered power spectrum of n for storm A’

on 20 July, 1975,
interval are shown.

The red-noise spectrum and 902 confidence
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red-noise spectrum which acdounts for the persisten;:g, reveals no significaﬁt
periods in the smoofhed power spectrum, ?
The low energy storm on 20 August, 1976, which was discussed in -,

Section 6.5 and which resulted in 8 reports of pea size hail at the surface, dis-
played similar values of N . The maximum n value for 20 August, 1976 was |
- 6.56 x 107" cm~?, corfesponding to a hailfall probability of stightly greof’er than
15 percent. However, the rﬁaiority of the M values were less than tbos’e of storm
A. It appears that the parameter T is not sensitive en.ough to disﬁng‘;t;ish small
hai!l from rain with any accuracy. '.

| The spectro':from the two storms are significantly different. The storm
on 20 August, 1976 du’splayed high autocorrelation gsgopposed to the noar-rondom
nature of M in storm A on 20 July, 1975. Although some of the randomness may
be due/fo the interpolation of missing rays, it is the lack of a well defined begin-
ning and end to the T time series which reduces the variance and, therefore, results
in small valves for short time lag autocorrelation coefficients and low frequency

power.

7.3 20 July, 1975: Storm B

The hailswath for storm B 20 July, 1975 is shown in Figure 7.7. The
maximum hailsize reported was grape size and the hailswath showed patches of
hailfall implying that the storm experienced se\)erol cycles in intensity. Also shown
in Figure 7.7 is the hailswath from storm C on'20 July, 1975 which will be discussed

Y

in the next section. .

PPI scans for storm B ot approximately 15-minute intervals are given

134
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in Figures 7.8 through 7.11. The data for storm B suffered extensively from the

-

problem of missing rays in the rodar echoes. Figure 7.8 points out several PPI

scans which include missing data. The contour program interpolates directly across

the gap resulting in the unrealistic straight contour lines.
The T time seriey for storm B 20 July, 1975 is given in Figure 7.12

which also indicates the times and amounts of cloud seeding, and the periods of

4

missing data. --The dashed line represerts the trend in the data computed using the
Tukey filter described in Appendix A. The missing date had the most seriqus eifecf
over the interval frorr; 17:15 MDT to approximately 18:45 MDT as seen by the rather
erratic fluctuations in T . ¥ d

The autocorrelation coefficients of the data for lag one (1.5 min)to  ~ N
lag ten (15 min) computed u.sing (5.4.2) are given in Table 7.2.

The unsmoothed power spectrum of the rcw; data is given in Figure 7.13

and the smoothed power spectrum using a fhree-point running average is given,in

Figure 7.14. The values of the red-noise power are applied to the smoothed power /

»
L 3
spectrum using an autocorrelation value o = .845.

The application of the Tukey highpass Filte)r resulted in a data set with
an autocorrelation coefficient p = .023. The smoothed power spectrum for the

- \
highpass data with white-noise power applied, assuming a Chi-square distribution,

P .
is given in Figure 7.15. There are 3 pegks in the power spectrum that are significant

-

at the 95 percent confidence le%ﬁl with respect to white-noise. The statistically
v . {*d

~
v

sigiifi&??equenéies aré 0.063, 0.128, and 0.148 cycles per minute. These
. LA -

oG
correspond to cycle périeds of 15.9, 7.8, and 6.8 minutes respectively.
d
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Fig. 7.8: PPI echoes for storm B on 20 July, 1975. Elevation -~ 1.1°
. Reflectivity = from 20 dBZ to 10 dBZ. Time = 15:30 - 16:45 MDT.

15:45:39 n o= 4.30x10 Wen !

16:05:‘35 n " 9.70x10" Mlep ! 16:15:31 n = 1.63x10 em]

16:30:27 n = 5.90x10" Wep 1 16:45:22
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Fig. 7.9:

17:00:18
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PPl echoes for storm B on 20 July, 1975, Elevation -~-1,2°

Reflectivity = from 20 dBZ by 10 dBz.

ne 4.59x10 cm !

- v - -
n - 3.70%

N

10 -1

18:00:02 ne 3,61x10 10

Time = 17:00 - 18:14 MDT.

- -10
17:15:14 Ne 4.19%10  c¢m R

: ii
o q
I --.‘..,_-”~‘_

18:14:57 n o= 7.38x10 e
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Fig 7.10: PPl echoes for storm B on 20 July, 1975. Elevation -1.3°
Reflectivity = from 20 dBZ by 10 dBZ. .Time = 18:29 < 19:01 MDT.

. 18:29:54 n = 4.47x10 1071 18:44:49 n = 1.70x10 Vcm !

18:59:45 m = 9.14x10" 0! 19:01:15 n = 5.37x10" Ocq !
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Fig. 7.11: PP| echoes for storm B on 20 July, 1975. Elevation - 1.4°
Reflectivity = from 20 dBZ by 10 dBZ. Time = 19:14 - 19:59 MDT.

e

19:14:41 n o= 4.59x10 Vem ! " 19.29.37 n o= 1.02x10" Pcnm !

- 11 Ll - -11
19:44:33 n = 4.67x10 ‘ 19:59:28 N e 2,3x10 cm
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Fig. 7.13: Unsmoothed power spectrum of N for storm B on 20 July, 1975.

+

AJ T

T T T T T 1
0.066 0.099 0.132 0.165

CYCLES PER MINUTE

Fig. 7.14: Three-point Daniell-filtered power spectrum of n for storm B
on 20 July, 1975. The red-noise spectrum is shown.
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Table 7.2: Lag 1.5 to 15 minute autocorrelation coefficients of n
for Storm B on 20 July, 1975,

LAG NUMBER  TIME LAG (min) AUTOCORRELATION COEFFICIENT

] 1.5 .828
2 3.0 .743
3 4.5 | 734
.4 6.0 .668
5 7.5 .608
6 9.0 .580
7 10.5 .485
8 12.0 .431
9 13.5 .408

10 T 15.0 .341

The effect of the missing data can be seen in the 71 series as spikes
superimposed on the trend in the data. The missing data does not appear to be
serious enough to mask the trend but considerable high frequency noise seems to
have been introduced. We may expect approximately 3 spectral lines out of the
64 lines in Figure 7.15 to reach significance by chance at the 95 percent con-
f:idence level, therefore, the two peaks in the power spectrum at 0.128 and 0.148

cycles per minute may well have been introduced accidently by the interpolation

of the missing data. Any cloud-seeding effects would have to be discussed in terms

of the trend in the data.
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2 !
10-% ‘

0.000  0.033 0.066 0.089 0.132  0.165
CYCLES PER MINUTE

Fig. 7.15: Three-point Daniell-filtered power spectrum of Tukey-filtered
n highpass data for storm B on 20 July, 1975. The white-noise
spectrum and 90% confidence interval are shown.
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7.4 20 July, 1975: Storm C

L4

'The hailswath for storm C 20 July, 1975 is showﬁ:?n Figure 7.7. As " )
e

was the case with storm B, grape-size hail was the maximum size reptrﬁd.

PPI scans for storm C 20 July, 1975 at approximately 1 4t tne
tervals are given in Figures 7.16 through 7.18. The storm was not a single Q:lil-
defined unit, but consisted of two precipitation cores for a major portion of ifs
lifetime. The storm passed directly over Gull Lake ot approximately 19:50 MDT
after which it gradually dissipated.

The 71 time series for storm C 20 July, 1975, along with the times
and amount of.cloud seeding, are given in Figure 7.19. Once again there were

echoes which contained missing rays and these periads are also indicated in N

-

Figure 7.19. The dashed line represents the trend in the data computed usin

the Tukey filter described in Appendix A. The 71 time seies appears to go through .

one major cycle which corresponds with the continuous hailswath.at the surface.

\
The autqeorrelation coefficients of the data for lag one (§ .5 min)

to lag ten (15 min) computed t;sing (5.4.2) are given in Table 7.3.
The autocorrelation coefficients are similar to those f6Und in the 1976
storms. It appears that interpolation due to missing data in thedcalculation of 7
did not result in serious errors.
The unsmoothed power spectrum of the raw data is given in Figure 7.20
and the smoothed power spectrum, using a three-point running average, is given

in Figure 7.21. The values of the red-noise power are applied to the smoothed power

spectrum using an autocorrelation value P = .948. The values of the red-noise

-



146

Fig. 7.16: PPl echoes for storm C on 20 July} 1975. Elevation - |.0°
Reflectivity = from 20 dBZ by 10 dBZ. Time = 17:45 - 18:59 MOT.

L 3
€y
1 . £ $ /5
a .
17:45:04 o= 2.77x10 Mem ! 18:00:00 = 9.15x10 e !
4o
18:14:56 ne 8.07x10" Mem !

-1

10 -1
cm

18:44:47 n = 3.34x10  cm
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Fig. 7.17: PPl echoes for storm C en 20 July, 1976. Elevation - {.1°
Reflectivity » from 20 d8Z by 10 dBZ. Time = 19:16 - 20:00 MOT.

19:16:09 7w 2.36m10 V0! 19:31:05 0 n e 2.52x10" cm !

4

19:49:00 7= 1.50x10" e ! 20:00:57 n e 1.16x10" Ve

/
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Fig. 7.18: PPl echoes for storm C on 20 July, 1975,
: Reflectivity = from 20 dBZ by 10 dBZ.

Elevation - l.3°

%

\

- - -11 - -1
20:15:53 n = 5.63x10 em ! 20:30:48
S

n =5, 65x10 cm

v — - - = - -1
'20:45:44 ne= 3,08x10 llcn 1 21:00:40 ns 1,29x10 llcm
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Time = 20:15 - 21:00 MDT.
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) 0.000. 0.033 0.066 * 0.099 - 0.132 0.166
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Fig. 7.20: Unsmoothed power spectrum of n for storm C on 20 July, 1975,

bd

’

4

\/ —~—ad Noise

-

lO'Gzr L T T T Y
0.000 0.033 0.066
CYCLES PER MINUTE

-7

—Y T T T
0.093 0.132 0.165

Fig. 7.21: Three-point Daniell-filtered power spectrum of n for storm C
on 20 July, 1975. The red-noise spectrum is shown.
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Table 7.3: Lag 1.5 tg 15 minute outocorrelatien coefficients of N

for Storm Cvon 20 July, 1975.
4

LAG NUMBER TIME LAG (min) AUTOCORRELATION COEFFICIENT

| 1.5 “ . .953
2 3.0 | .889 .
3 4.5 : .83
) ' ~,
4 6.0 o .7688
5 7.5 .733
ﬁ

. 6 9.0 - .687
7 10.5 | . .656
8 12.0 .627
9 13.5 ' 598 £
10 15.0 .569

A) -

power using P = ,467 are applied to the highpass data smoothed power spectrum

in Figure 7.22. A statistically significant peak at the 95 percent confidence

level exists at 0.063 cycles per minute, assuming a Chi-square distribution. This

corresponds to a cycle period of 15.9 minutes. "

7.5 Summor] of 1975 Data

. which deals with low-level echoes, and which is responsive to small regions of high

reflectivity. From the cases studied, it appears that the interpolation technique
- S '

used in calculating N across the #as’ in the digitized data seemed to be sufficient-

?
ly accurate that the trend in the data was not lost. The linear interpolation did

The missing data in 1975 definitely hampers an analysis of this type

151
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Fig. 7.22: Three-point Daniell-filtered power spectrum of Tuk‘.y-filtered
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introduce high frequency noise into the power spectrum, therefore, little con-

fidence should be placed in the small scale variations. v



(2 -ng
CHAPTER 8 |
SUMMARY

8.1 Data Summary

Tﬁe data for each storm has heen presented and in each case the re-
sulting h th' was a reasonable facsimile of what might be reproduced from
the ﬁs;rics using the distributions for maximum hailsize versus N from Section 4.3.
A parficularl}' interesting feature was that th; discontinuity of the hailswaths in
most cases corresponded well with the trend variation in the N series. This feature
was not always obvious from the individual PPl echoes.

The interpretation of the power spectra, calculated for each storm,
must be done with caution since each storm was slightly different in nature. The
spectra from the storms which were complex and consisted of two or more precipita-
tion centers-should not be compared directly with those of st.orms which maintained

,

a well-defined ide'ntify throughout their lifetime. However, each spectrum does_
reveal the essential character of the: N variation for that particulé:r storm. Although
peaks in a power spectrum may not reach statistical significance at th.e desirecj con-
fidence level with respect to the red-noise power spectrum, they still suggest the
possibility of preferred cycles in the data .N‘ffempt to generalize the power
spectro data for all storms, a procedure of averaging :he highpass data periodograms
to obtain one spectral estimate oﬁ the data was performed. This method is discussed
by Welch (1967); Averaging was applied only to the 1976 storm cases since it was
felt that the ir;ferpolction of missing data in the 197‘5 case studies introduced an
excessive amounf of h:gh ffg:rky noise in fhe power spectrum. The 7 storm spech’ol
average for the 1976 case modws is given -in anure 8.1.

’, ) A
¥ U ’ .

‘ 5‘."];" . A " s




155

]
J
e

v
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’

Fig. 8.1: Three-point Daniell-filtered average power spectrum for the
seven storms of 1976. The red-noise spectrum and 90% confidence

interval are shown.



156

In general, a large scale cycle in 7 was indicated with a frequency
of .031 cycles per minute, correspondihg to a cycle period of approximately 30
‘minutes. Secondary preferred frequencies were alig found in the data with fre-
quencies of .065, .091, and .104 cycles per minute. The corresponding cycle
periods are 15.4, 11,0, and 9.6 minutes, respectively. The presence of these
peaks suggests several so;:les of vériobility. On one hqnd, n seémed to vary with
the overall evolution of the storms as they went through their life cycles. On the
ofherlhand, small-scale periodicities in 1 were superimposed on the trends. Since
T can be related directly to the precipitation falling from cloud base via the mete-
orological radar equation, this implies f;iof the type, and/or, amount 6f precipi-
tation displayed this pulsating state which was regular enough that it could be djs- \\
criminated throughout the lifetimes of all the storms. N
‘The author believes that these small-scale fluctuations in M are related
to the fine-scale features of storms |%porfed by Barge and Bergwall (1976), who pro-

posed a concept of a, large circulation cell Upon which are superimposed smaller

perturbations.

8.2 N, as a Hail Suppression Evaluation Parameter F N

Since T has been shown to be related to the precipitation at cloud base,
and appears to be correlated with the Precipitation at the surface, an attempt was

made to use T as a measure of cloud-seeding effects. Howe“ver, the results were

L

disappointing. . g”w‘ |
Five of the hailstorms analyzed were seeded.«‘gﬁ\e amount of cloud seed-

- *
ing is indicated within 15 minute intervals on the T versus time plots for 17 July, 1976

% "W

it .
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(storm A), 6 August, 1976, 20 August, 1976, 20 July, 1975 (;torm B), and 20
July, 1975 (storm C). In all cases except storm A of 17 July, 1976, the storm

was studied for an ample period before cloud s;eding commenced and it was pos-
sible to study storm behavior before and after seeding. If cloud seeding altered

the precipitar'ion mechanism significantly, an effect should be displayed by a
change in ™. Four hailstorms analyzed were not seeded, therefore, the natural
variability of T could be studied for comparison purposes. Seeding rates and seed-
ing techniques are not emphasized in this study . ' .

According to Warner (1976), a decrease in reflectivity might be found
in intense precipitation cores of individual echoes roughly 25 minutes after seed-
ing. This éstimate assumes that a sufficiently high concentration of embryos develop
in approximately 8 rr;inufes. Another few minutes are required for the embryos to
be carried dloft and 10 to 15 minutes are allowed for fallout. Seeding effects are
sought first in the trend of the data which is related to the overall storm intensity.

In storm B on éo July, 1975 (Figure 7.12), T increased (16:15 - 16.45)
when.the seeding commenced and, within 30‘minufes, N decreased. No seeding
occurred during the interval %7:15 t;> 17:30 and, 30 minutes later, T is seen to
increase slightly. Seedir;g commenced once again, and T decreased and then in-
creased élthough not reaching the maximum values achieved earlier. Following
this, the storm dissipated. The early response of T suggests a positive seeding effect
in this case.

In storm C of 20 July, 1975 (Figure 7.19), seeding commenced after .

N had already reached a maximum value. The storm dissipated after 19:30. This
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cannot be attributed solelyto the clot;d seediné, since the storm crossed directly
over Gull Lake at 19:30, and it has been suggested by Warner (1976), that a lake
may have a dissipating effect on storms.

Storm A on 17 July, 1976 (Figure 5.9), was a mature storm by the
time it entered the project area. Cloud seeding and radar detection began at ap~-
proximately the same time. The parameter N increased when cloud seeding began
‘and, approximately 30 minutes later, T values decreased. The stc;rm was heavily
seeded and N decreased steadily for approximately 1.5 hours. At 21:45 T in-
creased, then decreased rapidly. The response of T approximately 30 minutes
after the initial seeding once again suggests a positive seeding effect.

Storm B on 17 July, 1976 (Figure 5:19), was considered to be not seed-
ed although one cloud-top flaje was released into the storm early in its lifetimg.
The 7 time series for storm B d.id not vary as much as that for storm A and this cor-
responded well with the continuous hailswath. The dissipation rate was not quite
as fast for sforn‘ B as for storm A. Since the two storms occurred on the same day,
developed under similar environmental conditions, and travelled approximately
across the same region, these two storms constitute the best examples with which
to look for seeding effects. The possible effect storm A had on the environment of
storm B would be difficult to assess, and is not considered. The raw data power
spectra were shown not to be significantly different using the Chi-square goodness-
of-fit test in Section 5.7. The possibility exists that the greater trend variability
and sporadic hailswath of storm A were results of the cloud seeding.

The storm on 6 August, 1976 (Figure 6.5) dissipated approximately 30
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minutes after the initial cloud seeding, although, the storm was shown to have
reached its maximum intensity by the time cloud seeding began. Whether or not
the cloud seeding limited the subsequent maximum intensity cannot be assessed. 3
The presence of Buffalo Lake may have contributed to the dissipation of the ‘storm.
The stornvon 20 August, 1976 (Migure 6.33), was also seeded, but,
as was mentioned in Section 6.5, the storm was not a single entity but consisted
of two precipitation cores for a major portion of its lifetime. The storm was not
seeded heavily. It is uncertain whether or not T could show a seeding effect in
such a case since the seeding may affect one part of the storm but be masked by the
other por;ion. In any event, the M series in Figu.re 6.33 shows that the storm was
on a general decline when cloud seeding began. The storm dissipated ver;slowly.
The non-seeded storms did not display any consistent traits. In general,
the non-seeded storms dissipated as rapidly as the seeded storms. The trends in the
data for the non-seeded storms were not notably different than t‘hose for the seeded

storms. For example, the trend in the data for storm of 24 August, 1976 which

" was not seeded, was just as variable as the trend in\any of the seeded storms .

The technique of averaging the power spectra for the seed and no-seed
cases was performed. Figure 8.2 gives the 3-point smoothed average power spectrum
of the highpass data for the 4 non-seeded storms in 1976. The values of the red-noise
power were applied to the spectrum using the average gutocorrelation value for
the non-seeded highpass data, p = .622. A Chi-;quare distribution wos assumed

@

with the number of degrees offfreedom equal to the sum of the degrees of freedom

for the individual samples. Similarly, the 3-point smoothed average power spectrum
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for the 3 seeded ‘storms In 1976 is given in Figure 8. 3 1“00 valves of the nd-nolu

¢‘ming a Chktqm distribution, are oppllod 00 the spectrum Gaing the e
. ‘ IS '
ovorogo outocornlhtloa valus for the seeded storm Mt gohr, p= 71, -

There o are no significant peaks In either everaged “w
Perhaps the Chu-squou dmrlbmod red-noise model cannot odoquotoly represent the

data. Preferred cyclu are suggested in the seed-oand no-uod ovorogod spectra.
Their appserance i, many storms adds to their significance. Both the seeded and
,nortnodod average spectra displayed q pufon’ed frehucncy mear .033 cycles per .
mmdfe T)o corr«Spondmg cycle perjod is 30 minutes. Tlm poak may have resulted
from the hd\poa To‘koy filter which has effectively removed all cycles with fre-

' q’uoncies less than .033 cycles per minute. The average spectrum for the sudod

! u'orms displays a well- defmed peak ah .065 cycles per minute (cycte period: 15.4

mmptu), Qnd a minor peak at .09 cycles per minute (cycle period: 11.0 mmufu) ¢
Mvorcge power spectrun for the non—seeded storms indicates a broad, poorly
defined peck noq .055 cycles per minute (cycle period: 18.2 minutes) and a well
_ao}ﬂnocl‘! peak at .105 cycles per minute (cycle ;;eriod: 9.5 minutes). |

A distinction betwsen the two averaged spectro. is exhibited by fl.n
presence of s;:bstonﬁal power near .105 cycles per minute in the mn-u;dod cases,
and the absence thereof in the seeded cases. A hypothetical pﬁy:ical reason for this ‘
feature, if (it was real, may be that cloud seeding was able to upset the regular
production c‘>f high reflectivity pulses in the early stages of th; developing clouds 5 ‘.
as they entered the main storm. However, in géneral, the comment by Par;ofsky

ond Brier (1963) that, "Cloud seeders claim they can change the spectrum significantly", )

was not demonstrated by the parameter T in this study.
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Fig. 8.3: Three-ﬁoinf Daniell-filtered average power spectrum for the
three seeded storms of 1976. The red-noise spectrum and 90%

confidence interval are shown. e
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CHAPTER 9 . -
CONCLUSIONS AND RECOMMENDATIONS

- 9.1 Concluding Remarks

fn\is' sfudy Has attempted to develop ona test a radar parameter which
is able to depict storm mtensnty and precipitation at the surfaco better than radar
reflectmfy alone, with hopes that it may be used tqdetoct and measure cloud-
seeding effects. v .

TJho parameter dovolopod was volume-averaged radar reflectivity 7.
Its application to low-level PPl scans of 9 hailstorms yielded the relationship
between T and maximum size hail at the surface that wwgescnbody Sq;hon 4.3.
The cumulative distribution curves for ﬂaccordmg fo maxinmdge hall‘*c teﬁorfpd
at the surface in Figure 4.6, allow one to associate a probability of eccurrence

of hailfall of a pcrticulor maximum size with nvalues. This removes the depen ~

dence on hail reports and hailpads as the only source with which to' define o

hailswath. The T\ -hailsize relation should be tested in real time as an instanta-

neous indicator of what is happening at the surface.

»

- Sipce N and radar reflechvn‘y facfor are related, soMe of the problems
osﬁ»cuated 3». their usfin*ha'lsforms are comparu%le It was poss:ble"o distinguish
between rain and large hcul using n}however, N values were sometimes similar

for rain ond rain mixed with small hail. The T values were measured in this study
using a 10.4 cm wdvele‘ngfh‘radar and were found to increase monotonically with
size for hail.less than app?oximafely 3 ¢m in diameter. This monotonic increase

was no longer evident for hail ]arger than 3 cm in dlamefer. The backscaﬁermg

from hy&omotoors which -are noJongor smali with rupocf to the wavelength of the 4
. ] '. ‘. . ‘b‘- ’ ':.‘;. .*'
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radar exhiburs oscillations with increasing particle diomoter, therefore, the o
Wneasured T volues for hail were consistent with theoretical colculahons.

Tho question orim os}to whether a decrease, due to cloud-seedmg,
in the volume of all contoudcofrespondmg to “mostly hail", may be masked by
the concomufant increase in fhe volumes of all contours corresponding to "most ly
rain". [f the difference in rador reflectivity between “mostly rain", and "fnostly
l'-qil;"miom is ot least 10 dBZ, the overall volume of ﬂn "mostly rain" contours
would;"have to increase by at least a faaor of two for no net effecf'on n. The
proboblhfy of thus occurring is not hlgh Future work for further refinement of
this techmque\hould involve the calculation of M for only those volumes in the
storm echo which exceed some assumed threshold radar réflectivity value for
“mostly hai(l"; for example, 40 dBZ.

The 1975 radar data wag foundgo be of sufficient quality for a study
of this type if only the trend in the data is required. The small-scale or high
frequency fluctuations in 1 were greatly affeéted by the need to.{i‘-hhrpolcfe

\ across missing portions of the data.
| ~ The volume averaging technique allowed storms of different sizes ‘and
at different ranges from the radar to be compared on even terms. Perhaps the
greatest consequence of this study is the dgcumentation of the variations in n ’
with time. A spectral analysis of the n time series for the storms revealed pos-
sibilities of preferred cycles. Flucf\.;ations‘in N, a parameter related to the
instantaneous precipitation from the sterm, were shown to imply a stbrm concept
consistihg of a large circulation cell with periodicity of approximately 30 minutes,

- upoh which is superimposed umall-scale perturbations. The small-scale perturbations
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have periods of approximately 10 and 15 miﬁu_fes. Attempts to find sfatisficoll‘y
| significant differences between seeded ond'ﬁo_q-g:déd cases were hinde-red by the
small sample size. Future work should involve';ﬂ\e ::ncl)nis of many more seeded
and non-seeded storms. . ' ‘ ’ . (] |

This study wos limited to well-defined storms in order to formulg‘fe'an

accurate ﬁwom-hai{fall relation. However, the technique can be applied to
all situations. An 7 value ca;\ be computed for particular portions of massive storm
sy_stéms by merely defining the "window" to include only those areas of interest .
Cha_nqes in M with time may be more meaningful than the absolute valve, allowing -y
one to monitor sto;'m inte.nsifioaﬁon or dissipation with time.

N []

In most E:ase; n was shown to be more sensitiverto overall storm inten-

sity than radar ivity alone fer revealing trends in the data not obvious from

the PP scans. analysis of the changes in n with respect to cloud-seeding

en discussed. Unequivocal cloud-seeding effects were not detected.

evéntg has
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APPENDIX A
THE TUKEY LOW=-PASS FILTER
If an original time series contains frequencies or periods which are

of no interest, these waves may be reduced or eliminated, by statistical filtering.
Therefore, if the smooth \{mderlying trend of o time ;uia is desired, the data
may be filteredto eliminate the short period variations. A filter of this type is
called @ l:w—pos filter since the Iow-fre;wency or Iong-;feriod waves are barely
afh‘ev VJ., ,.:‘ ‘ .

- .
" It is possible to design statistical filters such that only frequelies

. y"oa“r‘ﬂ;o\n a sPQi‘imiiﬁed fr;quency are eliminated and the omplifudés of all waves
] : )

in the ﬁfugnries affected by the filtering are known. This information is repre-
sented : frequenCy response function of the filter.

B "™ The smoothing function used in this study is known as the Tukey low=-
pass filter. The filier consists of a series of weights w(t) which are cumulatively
multiplied by consecutive values of the time series to c;bfain the filtered variable.
The weight fundfion is given by (A.1.1) and is illustrated in Figure A.1.

. mt
,'.w(') ='_{:)/Z(I'O'COS-M) | t] <M ’

+] > M (A.l.l)

for lag time t up to a maximum time lag M. The frequengy response of the weight
function is obtained by taking the Fourier transform (A.1.2).

*® -i2mft
Wwi(f) =f W(t)e dt (A.1.2)

The froquen;y response W(f) is given in (A.1.3).
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sin 271FM sin 2nM(F + 1/2 M) sin 2TM(f - 1/2M)

wh = Mi5ow T2 ZME+T/2 M A T }
- sin 21fM

(2 () | A.1.3)

The frequency respofe is plotted in Figure A.2.

" The trends in this sh:iy were computed using M = 15 minutes. The
filtered variable was determined using 10 data points on each side thor‘efore o
data points were lost at the beginning and end of eachJow-pass filtered series.
Thus all frequencies grea Qm- than 1/15 = .0667 cyclu per minute were eliminated.

The trends displayed in the original time series consast of waves with fnquoncua

" loss than .0667 cycles per minute

.
) . ' :
D\ " .
v v v ’
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D 4

THE POWER SPECTRUM OF RED-NOISE AND WHITE-NOISE

- ¥

A power spectrum which displays an even distribution of relative

variance across al! frequencies is known as a white-noise spectrum.

According to Kanasewich (1975), a time series is called white=-noise e

if it satisfies the following criteria:

1.  The time average of the series is zero.

1
E(x,) = lim VKR! T x, =0
N—® + ] '
Where E(x,) is the mean valve.

2. The autocorrelatign with zero lag is finite. -

N

L
AI(O) ‘lim -2-—N—:—i

N
_ .3
T xf—o < @

—~o t =N

The quantity o * is the variance of the time series and also the power
of the white-noise.

%
3. The autocorrelation of the time series is zero for all lags different from

L
Zer0. : '

A rondom time series is an example of white-noise. -

The power spectrum of red-noise has been described by Gilman et al.

(1963). Specifically it is a first-order linear Markov process. This is a type of

random process in which the future development depends upon the most regent statey
, it A,

The variate x(t) is given by:

[ %

x(t) = o x@=-1)+e,

Y;)
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where n is the autocorrelation at lag one and ¢ ¢ |8 some rondom input ot time -~ %

t. The red-noise spectrum is given by:

Al @) = 1-a ' .

1 +n%-2acos (27f)

The striking characteristic of the red-noise power spectrum is the general

sion of relative variance at high frequencies and consequent inflation ot
P ’/

quencies. \

It was found that the spocfro of M for the storms studied fit Yhe red-

nolse specfral model better than the white=noise spoc.tral modol

e Ty’
- .
.'\ o ) :
ot : &
' ('1 I . -~
’ <
I ¢ -
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3, The qulm is a Hstln. of th- mtor progru uud

in the calculotlon of n. (v
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INTEGER TIME(2, 3)."!'.00(13)‘VIIDO!(l)).AZ(’).It(’).“Dl(‘I)
*,DIF(147), CTINI(‘) TENP,A,B,C,E00,( ’ : )
REAL TAIL((!O?).TAIL!Z(I‘?)
LOGICAL®] RAY(2,147,3),MAME(10), DATE(S),YR(2)
EQUIVALENCE (YR,I)

1 FORMAT( ' SRADAR CONSTANT? ')
2 FORMAT(F10.0) | . .
3 FORMAT(1X, 4A2,F8.1,.F12.8) (SR . B
: . FORMAT( ‘' STAPE BRIVE? °) . : .
5 FORMAT(Q,10A1 )
H FORMAT( 'SFILE numafR? *»
7 FORMAT(110)
B . FORMT(' 0ATE sATA ;occto? PO-MIM-YY '/
’ FORMAT(SA] )
10 FORMAT(///1X,9A1, 4X,F10.2)
X ‘
* C-=--=GET RADAR CONSTANT . 7 o
WRITE(S, 1) . . ’

READ( S, 2 )RADCON:
PTe10.5%(12. 7-RADCON/10.3/1480. °1.788-6) ,
WRITELS,8) L . .
READ(S,$)DATE L .
C-----COMPUTE TABLES . . , )
00 OF 1e1,147 .o /
R=TRCON( 1)/200. 0 . ;
TABLE2( 1 )eRog _
TABLE(1)=TABLEZ(1)°0.01832 ;
R=RADCON+20.0"ALOC10(R) .
OIF(1)eR*2.0-200.0+0.%

-] WRITE(G,11)1,TABLE2(]1), TABLE(T), R, DIF(I) / !
11 FORMAT(1X,17,3E20. 5.17 / '
80 CONTIRUE - S
Comm== ~OPEN DISK FILE .
CALL ASSIGN(S, 'TERRY.DAT') : :
C--===~ GET MANME Of TAPE DRIVE ) ’
WRITE(S,4)

READ(S . SILEN, (RAME( 1), I=1,LEN)
CALL SETIDV(NAME,LEN)
C--==~GET FILE WUMBER
 WRITE(S,8)

READ(S,7)] , L
q---um' PARANETERS . .

WRITE(S,10)DATE,RADCON : - ,
C---=~1BITIALIZE BUFFER POINTERS - ,

A=l . ®

o2 . ,

Ce3 ‘

Lo====GET FIAST RAY

CALL. XRAMGTIME( 1.c».u«c».mc».uux;x.c».m.tw.va |
6OT0800 '

Ao . "5. 7 L e
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~
ROTATE BUFFER ’Of'TERS AND CET NEXT I«
TEMP=A ‘v
A=B . .
8=C : : e i
C=TEMP ’

CALL XRAV(TIHE(I WC),AZ(C),EL(C),RAY(], l.C) EOM, EOF.UXNDOV)
- IF(EOF.EQ,]. «OR. EOW.EQ.1)GOTO700
STORE WINDOW INFORMATION

00 110 I=1,13 :

vIND X(l)-VINDOV(l) )

C----4COMPUTE WIDTH OF RAY °

ANGL LEAR(AZ(B)-AZ(A))/20ICLEAR(AZ(C)-AZTI&Q!)
PREPARE T OCESS CURRENT RAY -

IBINI=WMNDOX(5) )

1BIN2=WINDOX(6) o .

WRITE(S,12)ANGLE :

FORMAT O, 10F10.4)

vnxr (5,1371BIN1 ,IBIN2,WINDOX . v

TCIX,1616)

(\.nnoox(v) £0.0)6070220
CONVERT REFLECTIVITY BACK INTO POVER RECEIVED (DBM)
DO 210 I=1,147 -
IF(RAY(2,1,B).GT.-100WRAY(2,1,B8)=RAY(2,1,8)-01F(1),
INCREMENT SUMS FOR EACH BIN INSIDE THE WINDOW—__
DO 300 IBIN=IBIN1,IBIN2 .
N=RAY(2,I1BIN,B) , L e
IF(N.LT.~90)GOT0300 ‘ .
POWER=10.0**((N-100)/20.0) .
VOLUME=TABLE( IBIN)*ANGLE
TOTVOL =TOTVOL +VOL UME
SUM=SUM+VOLUME*TABLE2( I1BIN)*POWER
WRITE(S,14)IBIN,N,POWER,VOLUME , TOTVOL , SUM
FORMAT(1X,217,4E20.6)
CONTINUE
IF(EOF .EQ.1)GOT0400
IF(EOW.EQ.0)GOTO100
COMPUTE AND OUTPUT PARAMETER
IF(TOTVOL .EQ.0.0)GOTO450

PARAM=(7.068BE+5/PT)*SUM/TOTVOL
\"\/CALL TIMBIN(CTIME TIME(1,8) , TIME(2,8))

ELEV=EL(B)/10.
WRITE(3,3)CTIME ,ELEV,PARAM .
lF(EOF.EQ.l)STOP !

INITIALIZE SUMS , *
SUM=0.0 '
TOTVOL=0.0

STORE WINDOW INFORMATION ~ ° . /”/
00 620 I=r,13

WINDOX(1)=WINDOW( 1)
ROTATE BUFFER POINTERS AND GET NEXT RAY
TEMP=A
A=8 v |
8=C .
C=TEMP
CALL XRAY(TIME(1,C),AZ(C) EL(C),RAY(1,1,C),EOW,EOF,WINDOW)
COMPUTE WIDTH OF RAY (NO PREVIOUS RAY)
AncLe-zaoxCLzAn(AZ(c)-Az(s))/z
GOT0200
COMPUTE WIDTH OF RAY (NO NEXT RAY)
ANGLE=ICLEAR(AZ(B)-AZ(A))/2+23
G0T0200

END
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