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Weather radar data 1s‘used to‘extrapolate hallfall
Ifenergy to locatlons where the energy was not measured by
',v;ha11pads A formula to - convert radar echo 1nten51t1es to
;energy fluxes of ha11 was developed These fluxes werelbl
WSummed overathe duratlon of the storm at a glven lOC&thH_
to obta1n a raw estlmate of energy dens1ty of hallfall at‘
;the ground in. Jm Thls areal energy den51ty was then- |

'v“adJusted by the hallpad network u51ng a llnear regreé@&on'
. S R :
“[ofrthe energy den51t1es known from hallpad analyses aga1nst

. . . . »
» S . . . .

1the Taw radar estlmates from the Same 1ocat1ons .{','g,"f‘”
| Radar data from August 7 and 18 1974 produced

"t'by the Alberta Hall PrOJe t C band system““was used in-

thls study “vThls data is

‘mon magnet c tape, and was ‘Qf;fz

L extracted by computer programs'developed durino the study

1974 was also used ." ' r,'f-l'yc,

i . Si—

e E 'fll L The radar hallpad method of estlmatlng ha11 energy
. dlden51ty had a spatlal resolutlon equal to that of the radar

1tse1f wh1ch was about l kllometer The den51ty of 1nfor-7‘ﬁ

‘}matlon that can be obtalned by thls method 1s_much hlgher:




than that of the eX1st1ng hallpad network The error in

i the radar hallpad method was found by stat15t1ca1 ana1y51s‘.<

E hallpad

p—

to be substantlally less than ahe ergorxln methods based on

1nformat10n alone Farmers' reportslofuhallfall_g
T o . B :
A .

were also used in the analy51s

The storms on the two days studred were dlfferent o

enough to produce changes 1n the. parameters used 1n adJust—

1ng radar estlmates w1th hallpad data o ThlS 1mp11es that -

’ radar est1mates of hallfall should be adjusted on a day to-f,i-l

=]

day ba51s u51ng ground based measurements.

A

A contlnuous grld of estlmates of hallfall energyg'"A

den51ty ‘was calculated by the radar hallpad method for a\

109 square m11e (282km g area h1t by the storm of August 18

1.1974 The detalls of the resultlng pattern agreed strongly

w1th the known propertles of. the dlstrlbutlon of hallfall

on that scale The estlmated energy den51t1es also agreed

w1th the observatlons of hallfall by farmers 1n the area. ti,

%o
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. CHAPTER 1

INTRODUCTION T .
101 THE PROBLEMv

_I The Albertw*Hall Pro;ect 1s 1nvolved in cloud | -

seedlng to reduce crop- damage by hall over a 20, 000 km

v

_ area of central Alberta The spatlal pattern of hallfall HC/’

is very 1ntr1cate and the Alberta Hall PrOJect would llke ol
_ to detect/hail—damage reductlons in the order of ten per-
’d;Cent /

/ Therefdre, it is de51rable to. document the flne—‘.

N

scale features of - hallfall for 1nd1V1dual storms to *‘

greatest extent p0551ble u91ng all avallable 1nformatlon

'The damage to grain crops which is- caused by e
' a hail stormvhas.been_shownjto be closely related to th@d
kinecic energy per unit areadof tHe hailstones whlch'fell

"'_durlng the storm ’Forvinstance, lOO Joules per square;

~

R

. meter meaﬁs sllght‘crop damage and 1000 Joules per squarel.
- meter usually means, LOO percent crop damage Although T

some of a falllng stone.s k1net1c energy 1s ‘tied ‘up in

%

: 1ts horlzontal trave. w1th horlzontal w1nds most of its

wenergy is usually 1ncorpdrated in 1ts vertlcal fall speed

»

In;this study, the sum of the vertlcal k1net1c energles of



~the hailstones which fell on a unit area=during a storm

will be called the: "k1net1c energy densrty" although it

is really a kinetic energy ‘per unit area.

- This. study investigates the use of weather radar
. . N
to estimate hallfall from 1nd1v1dual storms between p01nts

:hene hallfall 1nformat10n is- already avallable.v Slnce

4

the resolutlon of the radar is about one kllometer it 15

~

‘ theoretlcally poss1ble “to estlmate “the hallfall from a

'storm over every square kllometer of land L

The Alberta Hail PrOJect relles on several sour-

f_i_f
€es to. obtaln data on hail. act1v1ty //hallpads radar :
N

ground surveys by mail gr teiephone, fleld trlps in

r“§pec1ally 1nstrumented trucks, and crop 1nsurance statls-

: QES e

N
.

.Telephone.and'mail'surveys,“called farmersl‘

reports cover a w1de area and can yleld a high areal

den51ty\of hall 1nformat10n ' Thls 1nformat10n 1s rather'

-1mprec1se 51nce observ1ng condltlons dur1ng a hallstorm

“are hard;y 1deal for the amateur observer who 1s expected'

q‘

t0~produce quantltatlve 1nformat10n; Fleld trlps by pro-b
fess1onal observers are expen51ve and t1me consumlng - In

the hlstory of a typlcal hallstorm, all the fleld trlps t
/ r' - '

undertaken w1ll.cover'onlyuabout twenty locatlonsl While
crop insurance statistics reyeal a great deal about tota:

storm damage and. seasonal losses they have insufficient

resolutlon to dellneate the flne scale storm effects

They'can,'however,~be used rngcon;unctlon w1th h1gh~




3 P R - .
/ . . o

‘den51ty, area averaged 1nformat10n for general assessmentA
of storm damage o | » - :

| Unt11 1974 the Alberta Hail PrOJect has used
_1ts radar fac111t1es mafnly for hallstorm research In

July. 1974 a PDP 11 tomputer was added to the radar sys-ﬁﬂ.)

'“Q-tem The computer makes a d1g1ta1 record on magnetlc

-

‘tape of all radar echoes -on ha1lstorm days as well as k
,) -

' prov1d1ng 1nstantaneous storm tracklng 1nformat10n

A hallpad is a plece of Styrofoam about 30 cen—a

‘tlmeters square and 3 centlmeters th1ck Inwthe fleld,‘l
1s»mounted on a flrm) level surface._ Each hailstone im-.

pacting the Styrofoam“will,dent‘it~ providing‘a/record of

v

: ’the stormfs'passage over the pad.. The pr1nc1ples of hail-
pad analy51s are descrlbed in Chapters 2 andﬂS In thev':
*,1974 operatlons seasons about 600 hallpad statlons were

ma1nta1ned in the'”PrOJect”.area The regular network cona‘

H 51sted of 491 hallpads The hallpad spac1n-l arled from‘
three per townshlp (36 square miles or 93 2 square kllo-.’
: meters) near “the’ central reglon to about onemper town- ..
Shlp on the frlnges Farmers who malntalned ha11pad sta-

,tlons also kept ralngauges and collected ha11 samples

For flner scale studles the PrOJect also malntalned a-

e dense network of about 100 hallpads over ten townshlpsi

between the towns of. lebey and Eckv1lle

~In 1973 Strong (1975) studled the use, of hall—

!

pads .in prov1d1ng quantltatlve 1nformat10n He found

N

tha thls.lnformatlon ‘would be | useful ln study1ng .



P

was made much hlgher than it has been to date.l HlS eon-

RV
-.\.:

O r clu51on5\are based on the use: of hallpads as the only

‘x:-.yy» DR

e energy The suggested number of hallpads requlred to suc-v

cessfully: capture these Varlations over the entlre Pro-

)

Ject area was. clearly 1mpract1cab1e. A good alternatlm

0

"“v=.15“to'supplement the data from the ex1st1ng hallpad net-

2 .

work w1th_radar 1nformatlon The use of radar and harl-'

dllpads alone hhﬁth0‘major~advantages

Flrst the radar can cove-rthe entlre area under_observa-'

.,,.

tlon The second advantage is 1ts comparatlvely 1ow cost'

The requlred 1nformat10n can be abstracted from data col-
1ected durlng regular radar operatlon whlch 1nvolves de4
tectlon of storms and the guldance of seedlng a1rcraft L

1.2 - HISTORICAL BACKGROUND OF:THE STUDY =

"Since‘weather radars were'used t0‘studylrainfall‘“

‘ rate before they weTe used to. study hailfall, it is'best

to rev1ew the hlstorlcal developments in ‘that order.
P 4 ‘/’
Early in the hlstory of radar meteorology,vlt

w .

- was. reallzed that the 1nten51ty of radar echoes from ra1n

could be correlated with the ralnfall rate | An emp1r1calﬁj

N

o relatlonshlp between the radar’ reflect1v1ty Z and the
. s <

rate of ralnfall R was suggested by Marshall, Langille

and Palmer as early as 1947 J,Thls'and 51m11ar>forﬁu1ae



3

have 51nce be n referred to as Z R relat10nsh1ps U51ng

observatlons of ralndrop 51ze dlstrlbutlons~ Marshall and

1

: Palmer (1948) developed the follow1ng theoretlcal Z- R "

relatlonshlp SRR . '.t. ]' S
S Z“='220R1'é J B 1.1

with Z in mm®m~3 and P in'mm”hr’?;’

In the 1960's Sovlet sc1entlsts used ralngaugesfS"’

v

- to verlfy Z-R relat1onsh1ps Some of these studles were'
reported by D1maks1an Zotlmov and Zykov (Dlmak51an et al.,

From 1963 onward stud1es of the Z R. relatlonshlp

'~'pr011ferated rapldly Wllson (1966) showed that storm—'

to- storm varlablllty ex1sts 1n the relatlonshap Stout;; ,"a/
and Mueller (1968) dlscovered slgnlflcant r\glonal as S thr/:
well as storm—to-storm Varlatlon~ It became clea\\that

a ground network of prec1p1tat10n“gauges »was needed\\g\:

to callbrate the radar for each storm 1f }t.was to(suc-"_§\>#\\

[

Cessfully estlmate ra1nfa1 rate over the area of radar
coverage. There is an 1mp11catlon here that hallfall-

f“radar studles may also need ground based gauges

| ' Ralngauges were actlvely used 1n callbratlng orv

".adjusting radar est1mates:of ralnfall_ln a,major4study ln.

llllinois in 1964 and'1965 | Estimates of'thehtotal'volume

of fallen ra1n from the ex1st\ng ”cllmatolog1ca1“ ralngauge

-

"h'network were compared with estlmates from radar data cali-



brated by4¢he ralngauges. The known statigtiCal properties“i

of the ralngauge network were used to Judge the relatlve

L

accuracy of the two methods The study showed that the

radar, callbrated by ralngaugiz, was. equlvalent in’ accur—

‘acy to a ralngauge only netdbrk of 150m12/gauge / The. c11-_“

matologlcal ralngauge network had an actual den51ty of

'~»225m12/gauge (Huff 1966)

5j~v Newer technlques of 1ntegrat1ng ra1ngauge and

"-zradar data 1mproved the accuracy of areal ralnfall est1-_ o

\{mates in the Florlda ‘Area Cumulus Exper1ment (WoodIey et .
al., ~1974) Other studles have con51stently demonstrated

the Value of comblned radar ground gauge methods

',;(Changnon, 1967 Wllson 1970 Brandes, 1974 1975) 3: .

The p0551b111ty that hallfall could be analysed
in a 51m11ar way to ralnfall depended on the development

'_of a 51mp1e and rellable 1nstrument for measurlng the -

"1mportanf'parameters assoc1ated w1th ha11 at the ground

These parameters are: mass, k1net1c energy ot momentum per o

.un1t area. The hallpad has become the favorlte 1nstru-

x

v'ment for thls purpose It was f1rst used-by Schleusener'
and Jennlngs (1960) They used the 30 cent1meter size, ~
covered w1th alumlnum f011 whlch wa51n.common use unt11
{u19ZS Hallpad usage was. flrst descrlbed by Decker and
Calvln (1961). The Alberta Ha11 Pro;ect used thlS type‘&v
©of hallpad ln 1974 -but it abandoned the use of alumlnum ﬂ-

'vf01l ‘in the follOW1ng year Quantltatlve methods of ana-

: pdly51ng foal covered and ”styrofoam only“ hallpads were



‘fdlgltlzed output of

developed 1n Alberta (§trong, 1974 Strong and Lozowsk1
19773 | B N |

The. theory of the}radar detectl n and evaluatlon
:}oﬁ hallfall has’ been studled by many resea'chers Pracr "v"fi'
 t1Cal appllcatlons were recognlzed as early as 1960
'f(Douglas) : A comprehen51ve rev1ew can be fobnd in ”Radar-,
»Meteorology" (Battan, 1973) It has been shoWn that the
1nten51ty of hallfall can be . related to the s&rength and//
"other characterlstlcs of the radar echoes in much the same
way | as ra1nfa11 (Barge 1977)~ It 1s p0551b1e, therefore, .
h:that hallpads and radar can be used to dellneate the pattern
/'of hallfall in an analogous way to the. use of ralngaugest
'and radar for ralnfall The problem is somewhat more dlf-
fltult than ralnfall'eyaluatlon beqabse of‘the generally
'»hsmgiler dimensions of,hailshafts and;betause'eohoeshfromn",
,hail'are wgeneraliyemasked'to'somedeftentabf;those:from fd"
raln : _ h s - / "'/ | | q\ o :
1.3 DESCRIPTION AND OBJECTIVES

The main objective'of-the'study was, to develOp
‘a method of estlmatlng the klnetlc energy den51ty of hall-

-fall at 1ocat10ns whe e only radar data was avallable The“"
{meteon&loglcal radar and hallpad 1ne

formatlon were’ used Such an analy51s of h%;lfall could .

'probably be related to statlstlcs of crop damage by hail,

and it could there{ore, aldvln the.assessment~of the efe;a



fectlveness of cloud seedlng

Lt

- This study uses radar and hallpad 1nformat10n k
from two ha11 days in central Alberta in: 1974 August 7
_and August~18 1974 ylelded @ large number of useful hall-
pads, wh11e the qua11ty of the radar data was better than_
‘any-ava1lable on other«hall—days'durlng'the season Sup-
pplementary hallpad 1nformat10n from July 30 and August 15
‘was also used ‘ The radar was the Alberta Hall PrOJect

-C- band operatlng at,arwavelength‘ofﬂs.s cent1meters.
The SFband 10?centimeter unit, (which would nornallr<be

—_—
used;\was ‘under repalr throughout the summer of 1974

When the data for thlS study was belng collec-"
gtted the method of dlgltlZlng the radar output was new,
Vand defects in the data extractlon weagzst111 in the pro-
cess of be1ng removed As a result there are weaknesses
- and 1nterruptlons in- the radar data even under the best .
fcondltlons, and the overall quallty 1s poor in - comparlson'

l

to tue data from later years ~This dlssertatlon descrlbes

analys&s of thlS data and the development of a method
lof'radar—harlpad 1nterpolat10n.~ The:results-of thlsw )

ﬂpnethod are shown in Chapter 4 The1r accuracy, lnLCOmparif
son to methods u51ng hallpads alone is determlned by
pelementary statlstlcal tests. The radar and ha1lpad data'
~from 1975 and 1976 are expected to prov1de a more thoroughr

e

test of the method descrlbed here



. CHAPTER 2
. SOURCES AND PREPARATION OF DATA
- e » . i o . _ .
2.1 THEORY OF THE HAILPAD . - o
| ThlS sectlon summarlzes how a hallpad measures
the energy den51ty of hallfall » _
| Strong'and_Lozowsk1 (1977) have 'sHown:-that a
v ¥g and OWSEL L ) ! o | |
“simple relationship ekists'between the size of the dent
thon a hallpad and the size of ‘the hallstone whlch produced
'e’it. By assumlng values for paranwters such as the den51ty,e
shape and drag coeff1c1ent of the: hallstone and the air .

.den51ty,‘one gets ‘the follow1ng equatlon for: the terminal

fveloc1ty VT. e 3d'j T fl._‘-:' - '<d"'

f_ v, ="kp? L vJ<}',f' R 211’1
D is the diameter of the spherical hailstone and k is fhe
constant bf:prOportionali%y Which debendS-oh fhe factors
'd;mentioned abdve - The momentum and k1net1c energy of the
hallstone can be 1nferred from thls equatlon ,A count Qf
-1the,dents-lnwpartlcular-elze categor;es”wlll, by appiica-

. tion of the proper formulae, yield the kinetiC'enefgy'per 3



un1t area of the ha11 that fell on the pad

The hallpads used by the Alberta Hall PrOJect
" ara made of a brand of Styrofoam (Type‘*FR) manufactured
by the Dow Chem1ca1 Company In f974 they were covered
with heavy (.001 1nch) alumlnum foil. A key assumptiOn"
‘ made bijtrong:and'Lozowski;is'thatfthe.hailpad ererts'a
’constantwpressure agalnst the surface'of a SOlld homo-
geneous sphere.asﬁlt undergoes colllslon Most of the
fkinetic energy-of the hallstone 1s assumed to" be used 1n

'creatlng the dent'ln the styrofoam ‘ The center of the

‘stone does not penetrate below the undlsturbed surface of .

e

- the hallpad and the sphere does not penetrate SO deeply

that the support underneath the Dad affects. the dynamlcs |
‘of'the colllslon 4 Fracturlng of the Styrofoam and the ef-
:fect of deformlng.the alumlnum f011 coven are assumed tof

.
be un;mportant, U51ng these assumptlons, the authors de-

“rived an equation - \

where R’ is the hailstone'radiUS rils.the rad1us of the
' dent 1t produces, P is the pressure the Styrofoam exerts
.agalnst the hallstone, g the grav1tat10nal acceleratlon

o CD the drag coeffIC1ent and p, and Pa azethe‘densrtlesb

: of 1ce and air, respectlvely
L

'»# .~ Based. on’ laboratory experlments the authors def'

:hiveloped a. polynomlal to express the hallstone dent rela—

10



~“tion:

D~ 0.15 + 1.11d - 0.09d2 . . 2.3

With D being the hailstone'diameter and ¢ the dent dla--
LT ‘ \ SRR

meter, both in centimeters, The vertlcal kinetic: energy

of a hailétone'of diameterD-fallingjat;terminal velocity

is:

%

Eo .'_‘ [9 Pa CD] R E E 2»..4

e ,
!
!

‘Sumning the kinetic energy givenhbyiﬁquationé'Z;S and 2:4 e

from'all dents on'the»hailpad?and dividing by the areadof
1the pad glves the energy per. unit ‘area, Or. energy den51ty,

of the hall that fell at the hallpad 51tb ‘To ‘get the

;hallstone s klnetlc energy 1n unlts of Joules the coeffl- \.“

. e .
‘c1é§k of D¥ in Equatlon 2 4. is, typlcally 0. 042 %f D is

©in centlmeters ‘ The methods actually used to calculate

g
D T
S

energy den51ty are descrlbed in: the follow1ng sectlon 'h”&ng

. zf2--ANALysIS»0FJTHE HAILPADS : -
o _ ' . o . 4 _

The or1g1na1 analy51§ of the hallpads from the
1974 Hall Pro;ect operatlons was performed by part tlmef

ﬂhelpers and the author of thlS study throughout 1975 ane

'u1976, u51ng a method developed by WOJth (1975)

‘-Each analyst_was supplled w1th sheets of cleer'7 A o



'tacetate plastlc to cover the exposed faces of the hall-

'pads to be analysed and a transparent template marked

{“w1th c1rcles of Var1ous dlameters rang1ng from 0. l inches -

to 2. 25 1nches The borders of the dents .on the hallpads
-are traced on the acetate sheets, -This prevents damage to
-*the hallpads and prov1des a convenlent means to- mark off
1dents as the analy51s proceeds |
U51ng the template,‘a count is. made of the num-.
ber of d\mts in dlameter classes at 1ntervals of O OS::hd
-1nches Dlameter classes not represented on the template
are counted by the dents whose d1ametm3 11e between the
'two nearest avallable c1rcle 51zes Large 1rregular dents
spare\counted by u51ng the c1rcles of approx1mately the same’
area. The counts of the- dent sizes -are. entered 1n the
dleft hand blank column of the analy51s sheet an‘examplef'
t.of Wthh 1s shown- 1n Flgure 2. l The k1net1c‘energy per

1

'dent 1n each dlameter class is- llsted be31de the blank

A

‘mcenter column “The counts of ‘the dents are mult1p11ed by

fthe correspond1ng k1net1c energ1es per dent and the result—

: i
vlng flgures ’1n Joules are entered 1n the center column

vThls column 1s totalled to.glve the k1net1c energy den-_
'51ty in Joules per square foot then multlplled by lO 76
3to g1ve the result 1n Joules per square meter

| Subsequent publ1cat10n of the. results of hall-“

o

’pad callbratlon by Lozowsk1 and Strong (1977) led to the

dlscovery of a dlscrepancy between the1r callbrat1on for-""

tmulae (Equatlons Z. 3 and 2 4) and the ones 1mp11c1t in -

¢

-

12



Figure.2.1l: A hailpad analysis sheet, based on actual
Ce - 7 .- hailpad data. -The ha11pad is H37, from T
August- 7, +1974. Note. that the. entrles under
' "Total 1mpact energy-—by size'" are in joules.

- These are obtained by multlplylng the“”Impact
. energy" factors by 10‘



' HAlLPAD ANALYSIS sueer

HAILPAD NO NZ STORM DATE/ TIME zz t‘ SQ ANALYSIST S INITIALS

22 Oct / 73

. STATON NO.: 31 ___LAND LOCATION: MEZQ 41 24 3 DATE OF ANALYSIS: _ )
' opeuron L R , et CHECK BOX(ES) IFAND i
o U R R T . o - WHEN ANALYSIS REPEA"’ED[]:[
g DRSS N total. impoct ‘anergy . |- . equivalenf 4 | - total -
3 ,,d.n" - _no, dents R .‘,-ﬁ:. (ioul“ - nrgs x 10") - hailstone size . * " areds
N (inches) by size § size .(c '?)Y by vize | size fanges diom. [ X-sctn, dented on |
’ ) : | - ranges rg L - 9 G",') orea(in? ). l\oivlpqd(i{\’)
1t o e o ' kIl R : N IR .
S| < .05.] - . 2 ) : 2.59 x 10% | - 3 . -fe.20 L0020 | - R
’ 10t 34 |\ no. | 6.99x10°]0.23g 7|\ pecsize | i25 0079 |-
J SCLEREERNS S 4. e 1.35',1.0‘ 0419 7 ) P10 .orm' -
1 & - .20} 35 N AT 054 e .36 -0 0314 . O
oL g 1 s xietleaze ) ¢ %42 | Loen | 2 DR T
. SRIRRT | o T A N A Ry : A7 .0707 ‘ R
. R i s mo, o136 x10° 0,134 gr‘op‘: size’| .53 .09
I N Y 1 D 'f{:_’f "1 2.03x10° B Vse 126
B E 4 B o Lasrxien b4 | 159 I P
p® o sef 4,06 x 10 s 89 | e sy v T
TR N . Ls.s2x0® A sy | e | 4o/
] b 7.3 K010 Jel e Y ..283 o ‘
L R K R \ o "as2 | .
- walovt "o wrorf b S L3es
. sze s y = SR - T
v Y 49x]0" SRR B e BT "
. : . vaexwo |- 1 [reo o use2
HE L Laozxron| L[ |04 567 D
] 90| K GREERER B X TR [0 SR & (RN KT T A0 ] :
95 B R 2.81 5 10° SR O S Y SN INT - R PRI S
NSl C et L e | 7es SR R TR
ros N\ ol J ’ 3.73x10° ) © S e | oees T
1Yo o L as2e 10" e e 950 U
18 13 no. . 1) golfball BN '
-— N . N . o
I golfbalt | 1 O N
=18 . size | - . . E. - ) <
S|€ - : ’ v : - v R
-y o 2 g . . . B . . B
1@ -1 . -'_‘.go:,"ba“ Coe ’ .. »'>vgo|fb‘6|l o R
g ‘: i o .‘ A . By - N B
5|0 A U NSRS W ¢
total no.” R S D ol ‘tolal dented
hoilstones © .- . . C : total E. (i-f ) ) 2.952% " | orea (in’) I f
total no. - . . 2 ‘ ’ _ % .of ) . e .
excludmg xho"‘ size € x10.76 = j-m A7.158 il hailpod - ey
o ’Summary of hollpodﬁ\mlcard e s ) \ B . o " [rom | operator's |
L Co . ' ) o : hailpod] hailcard
il = Ajarem wmd duechon 6 ph.) as mdmafed by pad (check |f not opaent) e : B "_. 8 S
2. | Tatal no. hmlﬂones {excluding: " shot* snxo) ) s L )
3. |Size (rcnge) of lorgeu hoil . . . S B 1. . . S
4. | size {range) of -most commoan hml/"o of‘ro)al no. hmlﬂon.s SR R I‘. i P D ..i
"',5._.‘ Approxnmole xpacmg of mon ‘common hail (inches) = 24/ A+ (N + V- 2/N)) CoT PR R
- Eshmond domoge (26)-ot operolot s 'ocohon (farm)/crop type - . ) o - L ] -
7. Impoc! cnergx/um’ area (loules-mcur") ‘ ’ o, s '
8. |size (range) of greatest contributor to impact cnergy : e S S ] <
9. | "% eontribution 1o total impoct energy 5 v = v
~ 100 Perccn' orea of pod den!ed by hail (o“ sizes). . ! R i
-)‘ v



) : g ~
the calgulations c: energy done in the or1g1nal analyses

'There'is no diffe: nce in. the ba51c method of hallpad

‘anaiysis However, calculatlon of the ha11 energy den51ty

ffrom the dent counts by Equatlons 2 3 and 2.4 1ed to .4

value smaller than the value from_the orrg1na1gana1y51s

by apprdkimately a factor of 3.. This new'calibration as .

’ descrlbed by Strong and LOZOWSkl (1977), was Judged to be more rell#

/
-/

able because of the care- and thoroughness w1th which Strong and LoZowskl '

1'establlshed thelr callbratlon formuIae The 51gn1f1cance of thls/flnd-

. e : /’
1ng w1ll be dqscussed i Chapter 4. - T e

nv_ .
n

o The error from the theoret1ca1 uncertalntles 1n

the procedure is about 10 percent - The variations 1n the

-klnetlc energy den51ty for the same hallpad obtalned by

-. v

'dlfferent analysts 1nd1cate that an addltlonal error of up"

to 15- percent can sometlmes be pnoduced by the analy51s

'-’method (Strong,.1974) The energy den51ty of hallfall

'determlned by a hallpad analy51s w111 however, be ac-

cepted as the “true" Value : Hallpads have an operat10na1
drange of 0 to about 2 OOOJm 2; /
©is, usually detected at energy den51t1es of SOJm,2 or more.
-uCrops are often totally lost at 400jm” 2’or greater .Above
LZ,QOOJm Z,Ithe hallpad 1squ5ually destrQYed.(Strong, o
1974) ‘Storms of this nagnitude‘cause'massive‘damage

not only to crops, but to cars and bulldlngs as ‘well.

Thlrty one . hallpads from July 30, 1974 49 from August.

75 7 from August 15; and 44 from August 18 were analysed N'oft,. _
&

~all hallpads w1th1n the areas’ ‘of these storms were avall-

o -

Some damage‘to grarn crops,



. e : - :
able Many pads were m1ss1ng or had faulty or 1nadequate
documentatlon, so that the mean. effectlve spac1ng was Just

over one per standard townsh1p (93km ). L The pertlnent o _ ;

1nformat10n on all the hallpads used in thlS study, 1ncludj, o !
1ng ﬂm&resufis of both the or1g1na1 and later callbrat1ons,

is glven\in Appendlx A Dent size- d15tr1but1ons for all

these hallpads were complled but they are not tabulated

~here.” The hallpad locatlons are recorded as the quarter-

sectlon of land on wh1ch the hallpad was set up This) is a

0.25mi? area (about 0.65km Y. ' : o 1{ f : o 2

2.3 RADAR

The C- band radar data hasvundergone con51derable
proces51ng to reduce - 1t\to the form used here The f1rst
‘stage was an analog to- d1g1tal conver51on which transformed
the standard PPI (plan- p051t10n 1nd1cator) d&splay 1nto an
array-of ”blns";v ‘Each b1n occup1ed l Q5 kllometers of range
and 0. 545 degrees of az1muth The b1ns covered a-range of

from;f to. 147 kllometers The returned power of the radar

in. edch’ b1n was converted 1nto a numer1ca1 value as the

radar beam scanned elevatlons from 0° to 21. O°'at 1 5°-

J
... The second stage was the recordlng of the b1n

intervals L : R jﬂ' yf <

E values on magnet1c tape Computer programs handled such
’aspects as plac1ng the b1n values on tape and labellln

. them for a21muth range and time, 1nd1cat1ng chan ',in-"

’_antenna elevat1on and the beglnnlng and end of scan cycles

: Other prOgrams handled the callbratlon of the radar after '

-

I



: _ ‘ » . ‘
analog-to-digital cohversion of 1he received power
The magnetlc tapes contalnlng the. radar data

L N h"
"were copled and run ‘on the Unlver51ty of Alberta computer

-
u51ng programs de51gned espec1ally for this study by

Fred McDougall and M1che1 Delorme.a_The flrst program,
',called-PLQT, was activated by a series of land 1ocations
which were'seleCteddby the operator' The land . 1ocat10n

descr1pt1on used was the standard code of quarter sect1on,

-section, townshlp, range and merzdlan placement (see Ap-

"‘r—pend}*-E}*__ELQI_éggipted any land locatlon w1th1n range .

of the radar, whether or ng;/dt contalned a ha1lpad - The
.operator also supplled the slope and 1ntercept of the callad
hbratlon curve and the radar callbratlon constant for the
'de51red date. The' radar callbratlon constant was the dlf-‘
7ference: in dB between the transmltted power and ‘the radar
h“constant both in dBm. The callbrat1on curve uctermlned

the relatlon between the returned power of the radar: echo
~and the’ d1g1ta1 value stored on tape.»_The radar conStant'"
corrects for ‘the range of the target | _

The - program PLOT selected the nearest b1n at’.
all elevatlons, to each land locat1on It then surveyed
;‘the ent1re hlstory.of the radar echoes represented by the?
b1n set over a ‘time span selected by the operator,'after

';onvertlng the raw bin values. to equlvalent radar reflec—»'

t1v1ty in dec1bels (dBZ) . These_data were recorded on a -



P

-second'tape The program also calculated a general hourly

‘summary of the echo h1story over each selected land 1oca—

-tlon.‘ Anvexample of the output‘from PLOT appears in Figure -

2.2 |

The second program PLOTPAD, used the tape s /.
generated by PLOT. -to produce a graphlc t1me helght sum- ‘L
mary of the echoes over land locations selected by the -
operator. . The correct file created by PLOT had to be spe-l
‘c1f1ed ‘in order to ‘use the de51red land locatlons and
_only those locatlons used in. PLOT could be. run, 51nce a
51ngle run of PLOT opened and closed . 51ngle f11e on thef
output tape The result was . effectlvely a radar h1story
f of the storm .as. it passed over. the ‘land locatlon 1n ques—

tlon Indeed most of these t1me helght summarles re?"

sembled the thunderstorm cross sectlons that appear 1np)'

meteorology textbooks f Flgure 2. 3 show51an example of\the;

output from PLOTPAD

g

i - Complete texts of PLOT and PLOTPAD are’ glven in
Appendlx C - The- output of these programs had d1rect apJ
pllcatlons in establlshlng the t1m1ng and local severlty

of the storms ' PLOTPAD 1n partlcular,_was able to show_.
-subtle changes ‘in the structure and development of the‘
'storms when contlnuous gr1ds of land locatlonShere surveyed
The/tape/output from PLOT was applled to dlrect calculatlons
- of radar based estlmates of hall energy den51ty ‘v‘;* o

Good radar data was ava1lab1e throughout the

afternoon and evenlng of August 7 1974 so that all hall—

-
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~Figure 2.2: A portlon of the output from the program PLOT
e .. The sinput, data described on ‘page 17 appear
at the head of the 115t1ng The list of- times
immediately following the tape mount lines are
" the times when the antenna returns to- the L
- 0-degree elevation, 0O-degree azimuth position.
They provide a cheéck on the continuity of the
data. Limitations of space prevented showing
 the complete data summary, which would ‘include
hallpad 'G39. . In the complete output listing,
sets of 0- degree time markers .and data sum-
"maries would be printed at hourly intervals

through the time perlod spec1f1ed by ‘the opera-
tor.
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2 .
3 Y . )
i ‘20
3 .
INPUT BEGINNING TIHE AND ENDENG TIHE OF . suavaY ‘ \
16100100 18100 00 - T : SRR DR,
TINFUT SLOPE:INTERCEFT;AND RADAR CDNSTANT‘
?0.473.-89. 95 73.___ N
CINFUT. QUARTER, SELTION,TOUNSHIP.RANGE,':~ ‘ ' S S
MERILIAN, AND IDENTIFICATION FOR EACH LUCA{ION. » ‘
n020741726147h37 )
5wlPr32,y25,4,a18
~€)874_!-5747339
\ . F—. .
_FAD IDENT'QZM D RNGE KM 3 - PR
SQ18 . . 1s3, 53 - o
H37 14. 42 .
639 23, Sé
ENTER TAPE MOUNT# P
4. . . . ‘
$003261 9TP XTX SIZE=6144 *
'#*T*' MOUNTED ON T3CZ : RO S
FLS ENTER NAME OF FILE TO EE CREATED ON TAPE . T . .
. - . ) . -

u:mmlel : T i
ESMOUNT 003470 9TP XTAPEX RING= IN POSN=XEOT X UOL GUTPUT FMT FE LRECL“’1°< STZE=21 300
. [003470 9TP ¥KTAPEX RING= IN PO%N *EDT* VOL=0UTPUT FMT FE LRECL 212 FI7L"‘1100 NS ‘unf

t*rAPE*' MOUNTED ON 1780

16501228

16304:33

16:08:085 ; ‘ : e ’ . Lo S y
A6ILL37 : o ) " . DU ,
216815309 i ' o - )
1618241

1463132347
16136007
161393359
16343311 ‘
16846142 . : : T o v -
6150314 - S o i . oo ‘ ' “- '
16153246 y . _ o .

16157018 1 C . - . : : . o T

“SUMARY OF TATA FOR THE LAST PERIOD

NUMBER OF TIMES RAAR REFLECTIVITY WAS IN RANGE OF :

FAD IDENT  0-9 10-19 2029 30-39 40-49 50-59760-49 70-79 80-89 .90-99 DBz
018 209 13 24 .90 ov. "0 0 0. o
H37 - 205 .8 15 20 . 7 .0 o 0 6o



Figure 2.3:

’

‘The output from PLOTPAD for ha11pad H37, using ‘t5

the original radar data. The radar record of
a single, ,complete storm is shown.  The amc

‘tenna elevation is listed in degrees at the
extreme left, and the correspondlng height in
‘kilometers at the extreme right. The bottom
~line in. each frame is. the time, in minutes,.®
~from the first non-zero echo appearing on the

current data tape. "Several data tapes may -
be USed to produce a PLOTPAD summary .

L



h37
_ TIME-HEIGHT-REFLECTIVITY FOR FAD H37 . ' . ; ‘
‘ START TIME=16:29115 DISTANCE= 42 KM, AZIMUTH= 14, DEG ' .- .
DEG S SRR o S - KM
21,07 0 0°0°0 0 0 0 0 0 0 0 0 0 0.0 0 0 0© 0 0715.4
19,57 0.0 0 06 0 0 0 0 0 0 0 0.0 0 0 0 0.0 0 0714.3
18,07 0 0.0 0 0 0 0 0 070 0 0 0 0 0 0 0-0 0 0713.2 -
16,52 .0 00 0 0 0.0 070 0 0 0 0 o 0 0 0 0 0 0712,1
15,07 0.0 0.0 0 0 0 0 0 0.0°0 0 0 0 O 0-0 0 0711.0
13.57 0.0 0.0 .0 0 0.0 0 0 0.0 0 .0 0 0 0 0 0 07 9.9
12,02 0 0 .0 06 0 0 0 0 0 0 0 0 0 0 0 0 0 .0 0 07 8.8
10557 13 0 0 02419 01714 0 0 0 0 o 0 . 0°0 0 0 07 7.7
9.07:12 0. 0 0.31 27 23252429 0 0 0.6 0 0 .0 0. 0. 07 6.6
' 7.57°14 0 0 12 37 31 32 30 0 37 14 11 13 0 0 0 0 070 07 5,5
6,07 11 220 0 0 32 30 32 34 35 40 14 20 13 11 -0 0 12 11 14:147 4,4
4.57 16 14 16 0 27 35 32 37 32 35 31 21 13 12 13 12 12 13 14 127 3,3
3,07 0 15 23 14 18 33 22 32 23 40 39 20 14 1213 .0 0 0 0 07 2.2
1.5 0 0 27 0 15 28 26 35 38 35 44.12 0o 0 0.0 0 0 0 .07 11
£ 0,07 0 00 0 0 28 25 23 29 31W3° 13 000 0 0 0 0 0 .07 0.0
.0'00000000 0000000000000060‘00‘000600000‘04000.00 OOOQOOOODOOOO}OODOOOOC
TIHE 0 3 & 10 13 17. 20 24 28" 31 34 38 41 45 49 52'56 59 63 66 MIN-

TIME-~ HEIGHT F\EFLECTIUITY FOR FAL H37 , T
START TIHE=16 29115 DISTANCE— 42 KM, AZIMUTH= 14, DEG

LDEG - -~ , ) , AR ‘ T KM,
21,07 0 0 o 0 0 0 00 0 0 0 0.0 0 0 0 0 0 0 0715.4
19.52°0 0 0. 00 0 00 00 0 0 0 0 0 00 o 0 0714, 3
18.07 0 0 0 0 00 0 00 0°0 0 0 o 0 0 0.0 0 0713,
16,57 0.0 0:0 0.0 0-0 0.0 0 0 0 0.-0"0 0 0 o 0?12.1
015,07 °0.°0-0.0:0 0 0 0.0 0 0 °0 0 0 0, 0 0 .0 0%711.0
13.57°.0.0 0 0.0 0 0°0 0 00 0 0 0 0 -0 0.0 07 9,9
12,0770 0 0:0 0 0 0 0.0 0-0 0 0 o 0. o 0 o0 o7 8.8
10,57 0- 0 0 0 00 O 0 .0 000 0°0 0 0 0 0 0 07 7.7
9,07 0 .0 00 0°0 0 0 .00 0 0.0 0 0.0 0 0 0 07 6.6
7.5 0.0 0°0 0 0 0 0 0 0 o 0 0 00 0 0 0 0 075,5 -
6.07°12.12 0 0 0 0 0 0 0 O 0.0 0 0.0 0 0 0 0 07 4.4
25712120 0 0 0 0.0 .0 0 .0.0°0°0 00 0.0 0 07 3.3
3,070 0°0 0 0.0 0 0 0 0 0 0020 0 0 0 0 0 07 2.2
1,52 0.0 0°0 0 0 0 0 0 0 0 O o 0 0 0.0 0 0 07 1.1y
0.07 00 0 0.0.0 00 0.0 0 0.0 0 00 0 0 0 o7 0.0 -
TIME 70 73 7780 84 87 91 9598.0 0 0 o 0 0.0 0 0 0 0MIN. ®

CINPUT nESIRED'PAH[IDENTIFchTIDN Ok *STOF*
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pads collected from that day had complete.radar hlstor1es
vThe radar data from August 18 1974 was good untll 1832
(6 32 p m. ) after Wthh numerous tape and software break-
»downs rendered the radar output unusable Thus _com—’i ﬁ
plete radar hlstorles were avallable for only the- elghteen
:'Vha1lpads dented by the storm had flnlshed by 1832 on August
A181' Neither fuly 30 nor August l§ had good radar data
'but were selected- malnly for their good hallpad data
The radar data 1n1f1ally was extracted by PLOT
vu51ng a. radar callbratlon constant of 68 4dB More rej
cently Humphrles (1978) p01nted out that th1s flgure d1d
lnot take 1nto account llne losses 1n the wavegulde and a
'dlscrepancy between the way a radar system w1th a llnear

response to returned power and one w1th a logarlthmlc res—f

. ponse (the C- band) processes reflect1v1ty data ' The com-

.blnatlon of these effects ‘adds 4, 8dB to the radar call—
N bratlon constant ' Thus all the or1g1nal radar data was
Hre analysed u51ng a radar callbratlon constant of 73 2dB.
. The 51gn1f1cance of thls 'along w1th the modlflcatlons 1n-:
‘.troduced to the hallpad data, w1ll be examlned in the fourth
- chapter. Flgure 2.4 1llustrates the output from PLOTPAD
dover the same. hallpad as Flgure 2. 3 except‘uslng the im-

proved radar data. S L *’f4
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radar data.

Note that the echoes are a

I

24

h37? .
TIME-HEIGHT-REFLECTIVITY "FOR FAL H37 . o
START TIME=16329t15 DISTANCE= 42 KM. - AZIMUTH= 14. DEG o
DEG o _ T v _— R Lo . KM,
21,07 000 0 O D0 O O O 0 O 00 0.0 0 0 O HPY
19,57 .0 0 0 0 0 0 0 O 0 0 0 0 0 0 0 0 0 070 0714.3
18,02 0 0 0.0 0-0 0 0O 0 O O 0 0-0 0 O 0 O 0 0ris.z2
16,5700 0 0 0 0 0 0 0 .0 0O 0 0 Q 0O 0 0 0 0 O0PI2.1-
15.07 0 0 O 0 0 -0 0 -0 0 0 00 0 0 D 0.0 0 0 0711.0
13,57 0 0-0 0 0 0 0 0.0 0O O 0 0.0 0 0 0.0 0 07 9.9
12,0 0 0-0 0.0 0 0 0 0 0 0O 0 0 »H-0 0.0 0 ¢ 07 8.8
10,87 17, 0 0 029 24 0221870 00 0O 0 0 0 0.0 0 07 7.7
.07 16 00 035 3227 3029 34.0 0 0 0 0 -0 0O 0 O 07 &.6
7.57 18 -0 0 16 42 36 36 347 0 4219 16170 0 0 0 0 0 07 5.5
5,07 16 26 0 0 37 34 37 41 40 a4 18 25 .18 146 0 0 16 14 19 187 4.4 O
4,57 21 1% 21 00 3240 37 42.37 40 35 26 18 17 17 14 16 17 18 167 3.3
3,07 0 20 .28 18 23 38 2% 37 28 45 43 25 18 17 17 0 0.0 0 07 2.2
1,570 0 32 0 20 333140 43 40 49 17 0 0 0 0 0 0 0 0% 1.1
0,070 ® 0 0O 0 333028 34363417 0 0 O 0 0 0 0 07 0.0
P e e e e e D I T I I I I O e I R A B R N I A AR I A AR AR I AR I 2
TIME 0 3 6 10 13.17°20 24 28 31 34 38 41 .45 49 52 56 59 63 &b MIN
TIME-HEIGHT-REFLECTIVITY FOR FAL HZ7 - -~
START TIME=1&:29:1% DISTANCE= 42 KM, . AZIMUTH= 14, DNEG ‘
DEG ST T e iR S _— KM
S2L,07 0.0 000 0 000 070 00 0 0 0. 0 00 0P15.4
A9.5% 0 000 0 0 070 Q 0 0 O 0 0 0 0 007D O .0714.3"
18,07 .0 0 0 00 0 -0 0. 0. 0.0 0..00 ¢ w00 0P1ED
16,57 0 0 0 0 0 070 .0 06 00 0 0 00 <0 0.0 © 0Plv.il
15,09 .0 0.0 0 0.0 0°0 0 0.0 0 0 5 0.0 0 O. 00 07P11.0
13,57 0 6 -0 00 0 0 0 0O 0 0 0 0 0 0.0 0 O -0 .07 9.9
12,07 00 0 -0 0 0 0 0 0 0 @0 0 0 0 0.0 0 O 07 8.8
10,820 0 0 0 0O 0O O 0 0 0.0 0 N 0O 0 0 0 0 0 07 7.7
.0 070 0 00 0 00 O 0O 0 0 0.0 D O 40 0 0P 6.6
787 0 0 0 0 0 D 0 0.0 H 0.0 0 0 0 0 O O O 07 5.5
6,0°16°17 0. Q0-.07 07 000 0 O 0.0 0 0 0 0.0 0 07 4.4
4,57 17 16 0 00 0./0 0 0. 0.0 0.0-0 0 9 0.0 0 0% 3.3
L3070 07000 20 0 0 0 0 09 0 0-.0..0 0 0 07 2.2
1.8 0 0.0 0 0 00 0 0.0 0 0 0.0 0 0 O .0 0O 0F L.t
0.0 0 0 0 0 0 0 0 0 0.0 0 0 0 0°Q0 0 ¢-0 0 0?7 0.0
'.0¢.oooo000000050050'00000-000.».00;»...000.00‘obooo'ooooo.boo:oqooo.‘.o-
TIME 70 73 77 80 84:87 0 0 0 0 0-0 0 0 0.0 0 0 0 0O MEIN
INFURDESIRED: FAL INENTIFICATION OR.*STOF*
Figure 2.4 Same as figure:2.3, except using t revised



CHAPTER 3

V]

THEORETICAL -BACKGROUND
/

3.1 THE RADAR REFLECTIVITY-ENERGY DENSITY RELATIONSHIP’

~ .

In thlS Sectlon a relatlonshlp between the
radar echo and the: downward flux'of hallfall,klnetlo energy

is developed,‘_The time-integrated‘flux'of kinetic energY‘\

. determines*the totél hallstone energy 1ntercepted by a

;-hallpad durlng a hallstorm The 1nfluence of hallstone

‘ 'meltlng between the ‘echo level and the ground is. taken 1nt6\\

'account FolIOW1ng evaluation in Chapters 4 and 5 prob—

4
lems assoc1ated with thlS method are dlscussed in’ Chapter 6

By us;ng some 51mp11fy1ng assumptlons - a formula .

can be developed that converts the reflect1v1ty factor of.

a- radar .echo. (in dBZ) to a quantlty expre551ng the down-‘

’ ward energy flux den51ty of ha11 (1n Joules per square

meter per second) 1llum1nated by the radar beam A derlé.

vatlon of thlS formula based on’ studles by Barge (1977),

‘Smlth et aZ (1975), and Ulbrlch (1977), follows

The k1net1c energy flux (E) of spher1ca1 ha11- (

‘stones passing - through a un1t horlzontal area can be ex-

pressed as

25



E = LI dmvE e v R 3.1
‘ vo)l ume - ' ' Sl :

‘The form of Equatlon 3 1 is based on the klnetlL energy

R formula for each partlcle hav1ng mass m, and fall Veloc1ty

' v.r_“Volume” refers ‘to the unit volume occupled by the
"hallstones ' The k1net1c energy flu\\E‘ls therefore equal
to the product of the kinetic- energy per hallstone and its

fall veloclty,,summed over a1l hallstones in the,nnlt

- volume. . . .7 L PR L e g

‘ Aesuming that there are. no updrafté or doWndraits

fhallstones w111 fall at thelr termlnal veloc1ty 1n51de

a storm. Vumerous studles have shown. that the termlnal

‘veiecity)-_ of a. hallstone of dlameter D is
vl sa

Where‘k is a parameter'thatjis'discussed,shortlyﬁ_'The:'

o o s e |

mass, m, per stone is given by .

mf?piD. PR ce e : .3.3"

where pf'ls the approxrmate den51ty of ice, QZ'Okg_rn',3

_Equatlon 3.1 becomes _ .
TS T B T T
‘E'= tpikl L D*-* _ -

voliume |

by substituting'Equatiehs‘312 and 3.3 for m and V. :In 8



N

prattice;'Equatlon-3.4 can be replaced, bf’an,integration:;

£.= %p/k fDDMAXn(D)D" sdD : "3.5'

~ Cow

viy/uheren(D)dD-is the/h/mber of, hallstones per unlt volume

in a dlameter 1nﬁa7val (D, D+dD) WMX ls the maxlmum d'
hallstone dlameten in the unlt volume
Justlfytatlon for approx1mat1ng n(D) in the form

| of a Marshall P lmer exponentlal is glven in a- study by

B Smlth_et aZ.~(1975), 1n'whlch case;

s

: No and A are d#§tr1but10n parameters No-is assumed.to
- bé constant for all hallfalls and A 1s assumed to depend

on hallfall rate 1n equlvalent depth of llquld water per

unit tlme In earller studles by Douglas (1963 1964),“a_"

51m11ar exponentlal d1str1but1on was postulated except_

\\\ -

" that A was held fixed and No left<to Vary,

: U51ng a Marshall Palmer dlstrlbutlon allows tpe

assumptlon that qu ‘1is Very large s0 that Equatlon 3.5

takes the form oL s L

B L . ' A

ya . , -

e

B o= omkN, [ exp( AD)D“ 5dD R A A

LS

PR The<integral'is.easily”evaluated:

. n(D) = Neexp(-AD) 3.6

3
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!

.em” 'and Z-is in cm?. - The questlon of convertlng Vo into

é,fff%o;wkﬁNﬁr(s.S)A‘?S

P

where F(x) 1s the complete gamma ﬁunctlon

F(S 5) has a value of 52.3.

o A relatlonshlp between A, No and

-

quired B Ze; the effectlve or equ1 lent reflect1v1ty fac-,

servatlon.“ The Rayle;gh reflectlvrty factqn\lsvglven by "

\\

- _e &)On(D)D dp L
Hence, for é‘MafS!éll-PalmerediStriQutionef.partieles,f

- /-" Lnf c '.m‘;? : - .
: S L Z_#L:Noexp(4AD)D§dD

. e
®

(Smlth et aZ 1975), A“has uhits}bf-

"

1

w1th shortly * e  __"5 ; .fh'v‘ ‘ﬁf

-

Smlth et aZ (1975) adJust the rlght hand s1de

 'ref1ect1V1ty factor Ze, at &‘10 6cm radar wavelength

To= 720NATT 39

28
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A Calculatdong similar to that of Smith et al. (1975).

showed that at the S Scm wavelength the eerresponding

power ranged from 0. 97 to 0 93 for all hallstone dlameters
:le§s than 3cm. Thqs, the relatlonshrp of Smith et al.

Co@ersy, . i
o

L
TN

i

<y it .

was suff1crent1y accurate ‘for the purpose of thlS study

‘ “TQ ‘1 ‘ Equatlon 3. 8 for energy £lux can now be wrltten

the

T e e oo 1 . 0.83 . '
E = '1—20ik3.f(45-r5>)N0 PR WS S Ze0 8.37 St 3'10‘

: To evalua/e/kfiln uatldh\3~47/one aésumes that

the hallstonerls falllng ‘at term1na1 velotlty, SO that its:

r‘.'

\;welght %cuals.lts drag Therefore,

; :

] »

"of Cp fbr a &moath sphere w1th a dlameter less than 11cm

S
PR U
7

. L >ﬂ
. e

.| - I = (T20NGATTP(%S 3.9a

_ / o
B : Lo ] " .l\' . o . 1 - ‘
s \ 4 Pi ] 2 %
o - R : V =} = — _g__ D ’ B}
. T _[J o5 C5 3.11
- . /,f K ’ .\\ . N B :"/»:‘ . -
T~ / L L s sz 3i1la

) . . \f-b o . S ’ .
SRRt %bere pa 1s khe &mblent air den51ty, g.is_the acceleratlon#

~due to grav1ty\ and Cp is' the drag coeff1c1ent. Thé Value_h

29



S 3. 12 so ‘that Zg has the ustual un1ts of mm m

R A s S SE it by Hog st UV PRI N

FE i cum s att e DA TGt

Pl e il O K Qi (L o i AR A Shrin | Ly, LTSRN

tore

‘1s approx1mately 0. 45 For hallstones of auerage rough-
vness a more reallstlc value of 0. 5 is used : The free21ng,;.
level in most Alberta hallstorms is ‘near 750mb cbrres?,
lhrdpondlng to an ajir den51ty of 0 9SXlO‘3kgm 3. Usihgv ,'_1,_
these values and the dens1ty of ice as prevlously g1venz:)‘

/

fk is foun? to be lSQnésec 1.‘ The free21ng level is a good

typical level for radar observatiOns used'in this’study

In Alberta a typlcal ground level k based on a pressure vd

of" 900mb and a temperature of 20°C would be: 133m sec” 1;>

eTh1s was . conflrmed by photographlc stud1es by Beatt1e -

(1975) e | | |
,“;ﬁ When No is e£pre§séd 55»3210@mt5, the'constantsh‘

and parameters in. Equatlon 3. lO can’ be evaluated so that

. CoA
E - 2.625x1092e 0.83. . S | . 3.12 |

. where‘ﬁ is in units of Jm 2s sec’ As Equatlon 3. lZ is
_wrltten, e has unlts of .m? 'or m m-*.. To adJust Equat1qn

t

y the numerl-'*

’cal coeff1c1ent s mult1p11ed by a factor of l SOXI045

leaV1ng - |
B =3.40x10-67,0-93 3.13
B | o | Zy o )
or - B < 3.40%x1078x 1027 0 3,14
B o - : . R

mhere“bhegobserved'effective~reflectivitf factor, g, is

-



L3

in dBZ .(Ze [dBZJ 10 logZ [mm®m=31). Ze will be given
- in unlts of dBZ from here onwards, unless spec1f1ed other— L '

“M“g“;rmnmﬁn\l Equatlon 3.14 is va11d in a hall cloud but it must e

N e

A R S e . ’
A as s

S e, . e

be adJusted for melt1ng and air den51ty changes 1f is
to be 1ntegrated as ground energy flux whrle Ze is ob-

served near the freez1ng level
' . N

.- . —
Py

3.2+ THE EFFECT OF MELTING ON KINETIChENERGY FLUX -

L. - | . Equatlon 3 14 aseumes that no meltlno occurs in

= the ha11 S descent from the free21ng level to the_gzggnd_w

However, thefdrameters of“hallstones and consequently'the

k1net1c energy flux, can change apprec1ab1y from melt1ng.,‘_
——

To determxne’th““éffect-a ified model»of *hail melt-

,1ng was developed

D -
y .

¢ Aﬁ Mason (1971),‘based on stud1es by Ludlam (1958)
| and Macklln C1963), g1ves th@ relat10nsh1ps between the
radlus of a ha1lstone at the freezing leVel and its rad1us

upon reachlng the ground after meltlng as

v'Y/'
4 3

o R Rg? - 2-23*10*3552de%KATanU5%dZf 515
. where R'o.and.’lRg are-the radii; in oentimeters;~of a hail-
stone at the free21ng level and at the ground respectlvef';
'ly b 1s a shape factor,‘whloh for spheres 15 0. 658 |
g @thth.1965) 'Z “1is: the helght above ground of the

free21ng 1evel in kllometers : Pr is the Prandtl number



‘which has a value ef.0.71~fer air.. .Kvisimhe/thermaf con-
xductinity ef‘air;.bin Jm'? '1°K' In the range of tem-
'peraturesbconsidered here K is approx&mately 2.4x1072.
‘._.AT isrthe.air temperature in- C (a/functlon of Z¢ 'pa is
the amblent air den51ty in g m; ;. and u is the dynamlc
':for the range of temperatures assumed in thls model 'To

a good approx1mat10n, the- rlght hand 51de of Equatlon 3 15

“is proportlonal to the surface temperature, in: °C, ,and the

square of the depth of the meltlng 1ayer ' Conditions_typl—“

)

vcal of - Alberta hallstorms were taken to be Pa =s1 Okg mf3,;
AT {8 °C,at the surface w1th a constant 1apse rate from
_thedsurface-to the free21ng 1evel and Z4= 3km Usrng these
Values; Equation»SflS becomes
g
Ro*
In terms of the initial and,finai’diamefers, Dq and.DG,'in
.Centimeters,_Equatibn‘3.163becomes -
11 e - o
Do* - .Dgt = 0.814 - - . . . 3.16a
:‘5Equat10n 3 l6a assumes that the hall is a sphere falllngm
'A1n stlll clear air. The~actual meltlng may be dlfferenti'
‘from what Equatlon 3 16a 1mp11es, when the. fa111ng stone e
>‘,1sxcaught in an’updraft:or«downdraft but thls effect is

! :
L

difficult to aSsess;f:

1

R v1sc051ty of a1r, which is approx1mately 1. 7SXIO g cm” 1sec-.

7 e .
- Rgh = 0.242 . 3.16

32



[ier A A o e et e i v e S YT O R ST TR ST AT ME P ST {11 TP R (AT TN T S AR Ty

N ~Re-writing Equation 3.16a gives

Dg = (Do¢* - 0.814)7 3.17
The kinetic energy of a hallstone of dlameter D is: . SR
B _ o _ , I o -
120lk’D 3.18

If k (the a1r den51ty dependent termlnal Veloc1ty coeffl-
c1ent),‘pr and D are in cgs un1ts substltutlng Equation

-3 17 1nto Equatlon 3.18 ylelds
S QJEff‘T779i ’6 (Do .-:9.814) e | .3.19

| wh1ch is" the ground level'kinetdo energy.infergs;»of'the'h
l'_hallstone 1n terms of 1te.freezing’level:diameter,‘D§f.uka

_takes on-1ts ground-level‘vaiueg.kg,,in‘Ehuation73,19,,1
The problem of the change in‘k-from dw'freezing’leuel'tot
;'the ground as it 1nf1uences radar and hallpad estlmates of
,E wrllﬂbe treated-ln’Chapter 4. The veloc1ty of the melted

,haiistonedat'thé ground,rusing'Equatlon 3.2 and 3.17 is

.

\IIN

Vo= kg (D - O 814) t . ==c.g.s. units-- . 3.20
h-The klnetlc energy of the Hallstone at cloud level is glven'
'by Equatlon 3 18 when D = Dy. An ensemble of hallstones

'vﬁls assumed to have a Marshall Palmer size dlstrlbutlon,
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Noerpt?ADo);”before'meltlné" No here.hés'uhits of cm‘k.
"‘ Thé kinetic energy flux of the ensemble at the ground 1is
the product of: | | | | r
| a} the number bf unﬁelted.héilsteneslper unit. vdlume
as a functlon of dlameter (the Marshall Palmer for ula),

| bf the 1n1t1al k1net1c energy per stone,'. |

]20|k0 DO )'

: c}' the factor'by'WhiCh the energy perestone”c anges
due to meltlng (the rat1o of Equatlon 3.19 td'Equat-On 3.18

'1n terms of Do),

L2 7 16 .
ket - 81y
'KOL . Dolo - __,..

d. _the'veloCity at the ground per stone,

RN 2
kg (Dt 0. 814)7
1ntegrated over all d1ameters of hallstones that reach the

ground Thus,

! Eground "° OMAX exp( ADO) kO DO 1(_ ( 0.‘ -I)O'-G- ,) S .

DoMIN

j‘j o 2
kg (D'o* - 0.814)7dD,,



Eground = Pike’N fD°MA><exp( wo)cw - 0.814) 7, . - 3.21

OMIN

h’Egroﬁw'iS in‘ergsfcm‘2 !

sec™*, and DoMIN'is the diameter of
ﬁthe smallest hallstone wh1ch just: reaches the ground after

| meltlng _The_energy flux of the hall,before_meltlng is
B:

_The ratlo of Equatlon 5. 21 to 3. 22 w111 therefore glve the

'ground energy flux as a fractlon of the 'cloud energy‘flux.‘

<l(at the free21ng level) DMMX 1s set at’ llcm to avoid -

- problems w1th supercrltlcal fall reglmes“’Fortunately for

;thls model ha1lstones w1th dlameters greater than llcm
are. extremely-rare - From Equatlon 3.17, DMMN lS found to.

be O 90cm. Equatlons 3. 21 and 3 22 were evaluated by

Slmpson s Rule to obtaln the" rat1o of the ground energy to-

the cloud energy for values of A from 7. 5. to 4. Ocm b Thef

"reasonableness of this range of A>was‘checked”by the'for4'

:mulat
anpi\
4’l, .

~

O ' ‘ ' ' g ' .
- whlch relates W,, the water mass concentratlon of hdll 1n

"the cloud to A when a Marshalllpalmer hall size dlstrlbu- }

htlon 1s assumed Here W,»and.pI are 1n the same un1ts,

gm‘?, and No = 3x10 mo When A =_4 OGm-l Wi is 3. 31gm 3

5

wh1ch is close to the hlghest water mass concentratlon of

L4 .

Cloud 129I I OMAXeXp( AD )Do .dDo :d = ‘~3.22 B

W= —t . 323

DAt M it .17,-»:3.'.?(1'.‘.‘_ LR a i 60 8 o e S AL SR LI SR AL AR A IR 2 T S

ARE TN
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hall belleved to ex1st in hail- produC1ng clouds (Charlton
‘1978) ‘At a A of 7 5cm‘1 W; = 0 40g1n'3 The rat1o of
l'Equatlons 3. Zl and 3 22 1s plotted 1gnor1ng varlatlons
:1n k as-a dotted llne in Flgure 3.1. v The correct form of
Equat1on 2 14 would include - thlS ratlo as a coeff1c1ent
| A true verlflcatxon of thls melt1ng model would
requlre d1rect mdasurenents of the vertlcal ha1l energy
'flux at the free21ng level ‘and comparlng them to the ener-
gy flux recorded by hallpads on the ground 1mmed1ately'
below This procedure was 1mpract1cal
‘ A partlal check W1th hallpads on’ the validity of ’
_ he model was done by translatlng the hallstone dlameters

at the ground 1nto the correspondlng dlameters at the freez—

‘1ng level by Equatlon 3. 16a calculatlng ‘the kinetic energy

at each dlameter by Equatlon 3. 18 and'summ1ng over‘the 51ze

"spectrum observed from the hallpad maklng sure that the
'f resultlng quantlty ‘was in ‘the approprlate un1ts (SI) The L
hallstone dlameters at the ground were determlned by the
callbratlon formulae Equatlonsz 3 and 2 4 of Strong and
'h Lozowskl (1977) - The contrlbutlon to the total k1net1c,;q

' energy flux at the free21ng level by the hallstones that .

‘e:melted completely before reachlng the ground was

~

k3 No ngodexp(#ADo)D@“"deoniep

¥

Zpi

-,Thls quantlty was found by rough calculatlon to be negll—

"g1b1e for all hallpadsused in this procedure | The klnetlc
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energy flux»wasoobtained‘by‘dividing.the‘totalhginetic
energy.caICulated above by the duration of the‘hailfall
in seconds, reported by the farmer operatlng the hallpadl
'A total of 53 hallpads from August 7 and 18 carrled hall—l
| fall duratlon‘data and had a flux at the. ground hlgh enough
to.be-usefully‘plotted.: §uch estlmates of hail energy'flux
are. Very‘crude’because-the hailfall'durations are given
_ roughly to the nearest -minute. The ratlos of these est1-
vmates of ground flux to- free21ng level flux are plotted
.as-polntS'ln Flgure 3.1. An est1mated best frt to these
points 15 1nd1cated by the dashed 11ne ‘Figure. 3 1 shows‘
'pthat the meltlng model correctly predlcts the trend (with
'1ncrea51ng klnetlc energy flux) and order of magnltude of
the ratio of the flux at the ground to the flux at thegb-
‘_free21ng-level _assumlng that ‘the calculated fluxes at,the'
’-freez1ng level are clOSe to. the real fluxes However
'lFlgure 3. l 1nd1cates that the model may overestimate the
‘effect of meltlng on hall k1net1c energy flux Both the‘
model and the estlmates show t\at the fractlon of the
.klnetlc energy flux retained by the hail. has 1ncreased
w1th 1ncreaC1ng energy flux’ at the ground
CA comparlyx1of hallpad k1net1c energy den51t1es : j;,-
"w1th the correspondlng estlmated k1net1c energy den51t1es |
at the free21ng 1eve1 was done by follow1ng the procedure
used for the k1net1c energy fluxes except without d1v1d1ng
through by the hallfall duratlons uTh1s-method was applled

to all the hallpads from August 7 and 1§ that. recorded

-
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RATIO OF GROUND KINETIC ENERGY FLUX
TO CLOUD KINETIC ENERGY FLBX
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Figure 3.1: " The fatio of‘the:grdundeleVél.kinétic energy

flux of hail, to Cloud (freezing level) kinetic
energy- flux for 53 hailpads from August 7
(circles) and August 18, 1974 (triangles).
This ratio is plotted on the vertical scale
against ground-levelykinetic energy flux in
~Jm~%sec™!. Upper-curve is the best fit,
drawn by eye, to the hailpads.. Lower curve.
‘gives. the theoretical ratio for the given
ground-level energy flux. '
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measurable'hail Is.

' except for those wit €

»on the graph Agalnfi;//rend towarc
_klnetlc energy.at hlgh overall energy. den51t1tes
in Flgure,a;zi'ﬂAn-estlmated best—flt line to the piotted
pointelis draun'fn'_ The. ratio of ground to free21ng level = .
energy den51ty reached 0.2 at a ground 1eve1 energy den51ty"ﬁ
of about 80Jm‘2. ‘The value of 0.2 was chosen as’ the melt-
1ng coefficient to be added to Equatlon‘3-14.. It should
agaln be empha51zed that the effect of- the slow1ng down of

the - hallstones 1n the denser .air near the surface was not

: L /
taken.lnto,account i.e., "k" varlaﬁrons in roduCln, I
: : 1a% Jo1np g

\
\
N

Flgure 3.2, B o S .
” The choice of 0.2 as the meltlng factor was sone4
B awhatiarbltrary 51522”232 effect is markedly non- 11near and
depends strongly ‘on the free21ng level (or ground level)
vklnetlc energy flux of ha11 _The Value was cho%en because.
it is. reasonably accurate at h1gh ground level energy den-”

.51t1es Wthh is the main 51tuat10n of 1nterest 1n th15_'~

study, Thus, Equatlon 3. 14 becomes'.» o -

o S ‘ o ;Ze- L T
CE =0:20 x 3.40 x 10°° x 10TZ T 03 24
s/
OI’;
] E = 6.80x 1077 x 1071 —° = 3.35
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‘Figure 3.2: The ratio of the ground-level kinetic engrgy
S BT ~density of ‘hdil “to cloud (freezing level)-
kinetic energy‘density for 62 hailpads from -
- August:7 (circles) rand August 18, ,1974 (tri-
- angles). -The ratio 1is plotted on the verti- P
. cal scale against the ground-level kinetic f'v,
' energy density in Jm<%." The curve is the =~ .| -
estimated best fit to tkh. hailpad‘pOintsu/;;;/[‘ 
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with E in Jm ?*sec*' and Z, in dBZ. It will be shown in ~

. 'Chqptep-4*§hai the adjustment for the change in &ir;@én-j_
‘ 4sity'from,theyfreezinggleﬁel to the ground .is. a simple

.multiplicatiVe'CQﬂ§tant.';'
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| METHOD OF RADAR - HAILPAD LNTERPOLATION
AND PRELIMINARY RESULTS ’

0

4.1 DEVELOBMENT OF QRERATIONAL FORMULA s
i . . ' ~ .‘.(\

Equatlon 3. 25 w1ll be used to develﬁp ‘an opera-
1t10nal procedure that 1nterpolates the energy den51ty of

hail at points W1thout hallpads when radar and hallpads

-4

- are avallable The procedure 17’based on a time 1ntegra~g7_:

‘rrft1on.aEEquat10n 3 25, but three 1mportant con51derat10ns_ﬂ'

‘entered in the chorce of 1ntegrat10n method

/ . . ) : * r

The flrSt is. that not-all altltudes 1n the storm o

cloud w1ll pTOVlde radar 1nformat10n that correlates fg”"'

< o

-equally well Wlth the ha1lfall at ‘the” ground *At very hagh

o altltudes the ha11 is in the process of formatlon,«glv-

L4

‘ 1ng 1t a $ize spectrum that ma? be dlfferent from the one - .°

1t W111 have by the ‘time 1t reaghes the ground The ha11~€'7
‘Stﬁne s surface w111 furthermore be dry and cold rather
than wet ahd meltlng Also because ha11 is - capr1ed horr;"

dzontally to some extent by W1nd ha11 at h1gh altltudes 1s,

'lle . likely to fall on the land 1ocat10n 1ntended as the

dcrfctlonparea : For these reasons, 1t w111 have dlfferdntj

Y

bt
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radar reflectivity properties from'those it should have at

, lower levels.

%

.On the:other hand,'radarwinfOrmation from

very cIose to the'ground will be affected byﬁphenomena

‘such asvground clutter. Time 1ntegration of 'Equation

©ow, 3 25 was therefore carried out only for echoes at helghts

between 1. 5

‘/

and 4 kilometers v

. - . - The, radar executes a complete scan cycle every

()

211 seconds, making a complete revolution approx1mately

: eiﬁry 14 seconds. The elevation starts at 0 degrees and

P"increases 1.

5 degrees w1th every revolution up to 21

§

degrees and returning to 0 degrees to begin the next scan-

.cYcleg From one to five-echoes per scaﬂ‘cycle are avail—

'able at altitudes between 1.5 and 4 kilometers depending

on the range of the 1and location.  The hail corresponding to

these echoes was assumed to be representative of the hail

that fell during the entire 3, minute scan cycle All

o - -

echoes within the 1nterval were weuﬂmed equally,.in the

absence of any other 1nformat10n on their representative-

t

h“ss of hailfall at the ground (see below for details)

Y

The second con51derat10n 1s that 1t 1s de51rab1e

to eliminate the contribution of rain to the echoes. ~Ra1n'

.Spntrlbutes most of the returned power 1n echoes of less‘

than about: 35 dBZ C* rge, 1972 1977) _ For this reason

a threshold
. ‘echoes le:
h_ofithe fia 1l

45 dBZ were

equivalent reflect1v1ty was assumed su¢h that

s

than the thf%shold d1d not’ enter the calculation

l .

energv den51ty | Thresholds of 30 35, 40 and

tested as a_crude method of eliminating the

. a
g [

43
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rainvcontributlon' . R e

Flnally, falllng.hallstones w1ll lose k1net1c et
- energy as a result of be1ng slowed . down by the increasing @f“fﬁé; Tj
air den51ty Recalllng Equation 3. 18 the k1net1c energy'- o 5.'41@

of a hallstone of a glven d1ameter is proportlonal to k?. o g{

5
Thus we have, for any hallstone,
E ground'i kg2 : S 1
Edioud TR ' - - .

L
\

Er, which is theltbtal'kinetic.energyddensity of
‘the hail at the freezing_level; estimated by.radar; is - L

":givenrby-‘

',when B\ observatlons are taken At is the mean time hﬂervalbe-_ -

tween in- cloud radar observatlons ‘and - E is the energy fldx
;of the ha11 Slnce the k1net1c energy dens1ty of all
ha1lstones is altered by the factor (k 2/k 2), the total R '“-g

-energy dens1ty at the ground “estimated by radar is

'_apartnfrombany melting"effeCt ‘Tt S@ould be noted that E
"energy flux den51ty Varles as k3 between cloud and ground

(Equatlons 3, 2 and 3. 22) but 'b“gy den51ty varles as k2

because the tlme of ha11fall is dlfferent between cldud

) J - P ) o
// P
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and grouud. ‘Since 'k near the freezing’leyelvis‘159m25ec*1,

_and at the ground is about 133m2sec-!, the formula becomes

N\

1332 N AR 3
. E,=W2EM 4.4
. R _ i=1 , ' »
OT
* ER =,O,7O.Z1E;At . s 4,5
7 A= : v -
The‘complete formula, based onvﬁguationfS.ZS and including .
e V.'_ the_melting effeét,.noﬁ'becomes' o B \
. _ _ .T e 1- Ze'
Er =.0. 70 x 6. 80 x 1077 =S 1012 1
‘ NSCAN fo - -

S , ST, tetg lfe‘ o
Eg= 4.7 107" §=5— 10° ‘ 4.6 .
R 6 x 107" Fscan TZO v T -6
J where [0,%@] is the time 1nterval in’ the radar record durlng

v

\
whlchzifhoes above the thrthold Value occurred Ngcan. 1s

R the number of scans appearlng between 1,5—and 4 0 k110-

o méters ' TS is the t1me in seconds, it takes the radar to.
fﬁ,uhdergo a: complete scan cycle ‘nlch in the case of the.

y;'

o’ Alberta Hail PrOJect C-band is . 211 seconds Zé_1s the
}fﬁq'v‘. strength of any echo, in dBZ w1th1n the helght interval
and equal-tofor greater than the threshold value.'-ER has"

" urits of joule m~%. The quantity Er willjfromdnow onward

<



be referred to as the’"raw radar estlmate” of hallfall klne-

'the older callbratlon scheme The use of Equat1on 4 6 1s

_ 3l _ o /
s o e e .

ot
t1c energy den51ty ,' : ’;' o 13;€ﬁj‘v )
o | A-f1£5t attempt at’ u51ng Equatlon 4. 6 was. made_flb f?iy -E
~w1th the or1gbnal ;adar data (w1th callbrat1on constant I ?
68 4dB), and cdmparlng the results w1th the hallpads u51ng ‘ »

1llustrated i Flgure 4. 1(a) : ThlS is: the sample of PLOTPAD :::qﬁfwf

. \
made w1th the or1g1nal data representlng the echo history

over hdllpad H37 of August 7, 1974. Here, there are-2 i
: s
scans between 1. S and 4 k1lometers hence NSCAN,‘&Z A
. program called PADEN 51m11ar to PLOTPAD was, used to cal- n
5;culate ER. U51ng thresholds of varlous values ER worked - -
*fsout to the follow1ng rﬁ‘ ‘ B ‘ _ . . R ASb 7
’ ‘ L BRI Yes : . !
Threshold (dBZ) ER Ok R
45 o0’ S
4 - 00099 T
- 35 . T R0.321 ‘ R
oo 30 S 0.437 _
PR . o . T ,
The follow1ng sample calculatlon shows how the Values
llsted above were der1ved DU L
| f' L . _»_“. N o o 'fﬂf .mgt.
In Flgure 4 l(a) at . The 35dBZ Threshold the. follow-
‘echoes were found. to be wnfhnn _the. reqU|red henghr
: lnTerval ' l‘ o : :
| 35, 37, 35, 40, 39 68z (indicated by boxes) L

NSCAN 2} T =211 sec.

11 35 35 _35 uo
[1012 l+ 1012 1‘+ 1012 14 1012

I T A
- +~1012'1]t=' o .

ER —;4.76,x 10=7 x




- Figure 4.la,b: -

e

4

‘This is the same PLOTPAD oufput shown in
Figures 2.3 and 2.4 for (a) the.original

~radar data .and (b) the revised radar data,

except showing the echoes which contribute
to the calculation of equation 4.6. In

" both (a) and (b), the echoes are outlined
- by boxes. The vertical interval in which-

echoes can contribute to Equation 4.6 is .
shown by the bracket at the extreme right

- of each frame. In these examples, two

scans fall between heights of '1.5 and 4.0
kllometers, so ‘that NSCAN equals 2 ~ The
threshold reflect1v1ty 1s 35dBZ. ‘



| / h37 .
i ) o -
[ TI"E-HEIGHTfREFLECTIUITV FOR PAD H37 o M o
P v START TIME=163292:15 DISTANCE= 42 KM, AZIMUTH= 14, DEG :
: DEG - S - co . ‘ . KM,
3 21,07 0 0 0o 0.0 0 0 0 0 0 o 0 0.0 0O 0 0 0 0 0715.4
S 19,570 0.0 0 0 0°0 00 0 0.0 00 0 0 a 0 0 0714.3
Gh. 7 19970 0. 00000000000 000@e o 0713,2 ,
2 16,52 0 0 0 o0 o 0.0 0 0 0 0 0 o 0-0 0 0 0 o 0?12,1 . .
T 15,07 0 0 0:0 0 0.0 o 0.0 0 0 00 0 0 0 0 0 0711.0
‘ ) S 13.5? 0 0 0 o 0 00 0 00 0 o 0.0 .0 0 0o 0.0 079.9
z CoL ',gﬁ 12,07 0 0 0 0 O 0 0.0 0 0 0 o 0.0 0.0 0 0 0 07 8.8
| . - © 10.57 13 0 0 o 24 19 017 14 o0 o 0 0 0 0 0 0O 0 0 07 7.7
< ?2.0? 12 0 0 0 31 27 23 25 24 29 0 0 0 0 0.0 0 0 o O?'é-b
7,57 14 0 0 12 37 31 32 30 0 37 14 11.13 o0 0 o 0 0 o0 o07?.5.,5
6,07 11. 22 o0 o 32 30 32 .36 35 40 14 20 13 11 0 O 12 1114 147 4,4 _ .
4.57. 146 14 14 o 27 32 [37]32[35] 31 21 13 12 13 12 12 13 14 127 3.3} - .
3.07. 0 15 23 14 18 3T 2277 o3 40 39]20 14 12 .13 0 o O 0 07 2.2
1.5 0 027 o 15 28 246 35 38 35 4412 0 0. 0 0 0 o 0 07 1.1~ -

0.07 0 0 0 0 028252329 313013 0 0 0 o 0 0-°0 07 0.0 ,
0’00‘0000.000.0.'.00‘..0’0000‘0.00.."0000".00.'00_0000.0000"50.00000-000,00

TIKE 0 3 6 10 13:17 20 24 28 31 34 38 41 45 49 52 56 59 63 66°MIN

'TIHEfHEIGHT—RE?LECTIUfTY FOR PAD H37

S START TIME=14:29:15. DISTANCE= 42 KM. AZIMUTH= 14, DEG _
'DEG ' _ ; R T S v : KM /
21,07 0 -0 0 0.0/,0 0 0 0. 0 0 0 0 0 0.0 0 0. 0 0715.4
19.57 0 0 0 0 _d/'o- 0 .0 0 0 0 0.0 0.0-0 0.0 0. 0714.3
. 18,07 .0 0 0 0.00 0 0 0 o 0. 0 0.0 0 0 0 0 o 0713.2
~ 16,57 00 0 0 0 0 0.0 0 0 0.0 0 0 0 00 0 0. 0712,1
'15.0?- 00 0 0 0 0 0 o 0 00 0 0 0 0 0 0 0 0 .0711,0
13,57 00 0 0 0 00 0 0 0 o 0°0 0.0 0 0 0 0 07 9,9
12,07 0.0 0 0 070 0 0 0 0 o 070 0 0 0 0 0 0 .07 8.8
1057 00 0 0 0 0 o0 o 0 0 0 0 0 00 0 0 0 0 or 7.7
%207 0 0.0 0 0 0 0 o 0.0 0 .0 0 0 0 o 0. 0 0 07 6.6
'} 7,52 .0 0.0 0 0 0 0.0 0 0. o 0 0. .00 0 0 0 0 07 5.5
6,07 12 12 0.0 0 0 0 0 0 o 0.0 0.0 0 0 0.0 0 07 4.4
4,57 1212 .0 '0 0 0 0 0 0 0 0 0 0 0 0 0 o 0.0 07 3.3 i
3,070 0 0 00 0 0 0 0 o 0°0 -0 0.0 0 0.0 0 o7 2,2 -
1.5 0 0 0 0 0.0 000 0 0 0 0 0 0 0 0 0 o 0 07 1.1 ' o
- 0,070 0°.0.0 0 0 00 00 0 o 0 9 0 0 0°0 0 07.0.0
LW e o : 0000,0.00000000000'00’00000‘00000’00“‘00000‘0DOOQ‘O'OOOO-OO000_0000000000.000'0
ﬁﬁ?ﬁ_;A TIME 70 73 77 80 84.87 91 95 98 o0 0- 0.0 0 0 0 0-0.0 0 MIN L
)

. INPUT ‘DESIRED PADHIDENTIFICATION-OR *sTop*

-

“Figufg'd.la_
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: 49
I
h37 S
TIME-HEIGHT- ~REFLECTIVITY Fahdpnn H37 .
_ START TIME= 16129315 nlsrANc£§“4° KM, . AZIMUTH“ 14, DEG
DEG . o ' KM,
21,07 0,0 ¢ 0 0 0 0 © 0 o 0 0.0.0 0 0 0 0 O 0715.4
19.57 050070 0 0 0 0-0 06:0.0 0 0 0 0. 0 S0 - 0%14,3
18,07 0,079 %0 0 0 0 0 0 0 0 0 0 0 0 0 0 0,0 0713,2
16,52 10 00 0 0 0.0 0 0 6 © 0 0 0 0-0 .0 0 0:0?12.1
15,07 0 0 0 0 0 0 0 0 0 0 0 o 0 0.0 0.0 0 0 0711,0
13,57 0 0.0 0 0 0 0 0°0.0 0 0 0 0 0 0 0 0 0 07 9,9

, 12,07 070 0.0 0 000 0.0 0 0 0 0 0-0 0 0 0 07 8.8.

" 10,5717 0 0 02924 02218 0 0 0 0 O 0.0/0 0 0 07 7.7
2:07 1& 0 0 0353227302934 0 0 0 0.0 0 0 0 0 07 6:é
7.37 18 0 0 16 42 36 346 34 0'42.19 16 17 0 0 0 0-0 0 07 5.5

.~ 6.07716 26 070 3734 37 41° 40 44 18 25 18 16 0 0 16 16 19 187 4.4
' 4,57-21.19 21 O 26 18 17 17.16 16 17 18 167 3.3}.
3,07 70 20 28 18 25 18 17 17 "0, 0 0 0 07'2.2

©1.57 0 0 32 0 49 170 0 0 0.0 0 0-07 1.1

. 0,07 0 0 0 0 0 33 30 28 34 34 3417 0.0 0 0 0 0 0 07 0.0

0000O0060000D000000"'000‘000OOOO00000000000000000000'000'0000000'00000’

TIME O 3 6 10 13 17 20 24 28 31 34 38 41 45 49 52 56 59 463 66 MIN

FIME HEIGHT REFLECTIUITY FOR PAD H37 ' o
\START TIHE 16¢29115 DISTANCE= 42 KM.  AZIMUTH= 14, DEG

CDEG . , _ R ) 3 o KM.
21,07 0.0 0 0.0 0 0 0 0 0 0 0.0 0 0 0070 0 -0?15,4
19,5700 0.0.°0 0 0 0.0 0 0 0-0 0.0 0 0,0 0 . 0?14,3

S 18,070 0 -0 0 0 0 0 0% 00 0 0.0 0 0 0 0 0 0713,2.

. 16,57 0 0.0 0.0 0.0 0 0 0 0 0 0 0 0 0 0 0., 0-.0712.1
15.07 0 0 0 0 0°0 0°0.0 0 00 0 0 0.0 0 0,0 0711.,0
13.52 .0 0 0.0 0 0-0 0 0 0 0 °0-0 .0 0 00 0 0 07 9.9
12,07 10 0.0 0 0 0 0 0 0 0 0 0.0. 0 0 0 0 0 0: 07 8.8
10.57 0 0. 0 0 0 0 0°0 0 0 .0 0 0 °0 0 0 0-0 0 07 7.7
9.07..0 0 0 0 0 0 -0 0 0 0 0 O 0 0 0 .0°0-0 -0 07 6,6
7+37.0°0 0.0 0 0 0 0 0 0 0 0 6 0 0 0 0 0 0.07 5.5
s 06,0716 17 0, 040 0.0 00 0 0 0 0 0 0 00 0. 0 07 4.4
. 457 1716 0 00 0 0.0 0 0. 0 0 0 0 0 0 0-0. .0 0 07 3,3
3,07 °0-0 0 0 0 0 0.0 00 0 0 0 0 0 0.0 0 0 07 2.2
1.5 0.0 °0 0°0 0-0 0 0 0-0 0 0 0 0 0 0 0 0 07 1.1
0,07 0 b 000 00 0.0 06 0.0.0 0 0 0.0 0 0 0?7 0.0
TIME 70 73 77 ao 84 87.0:.0.0 0 0.0 0 00 .0 0 0 0 N fr
INFUT DESIRED PAD THENT, FICATION OR *STOP*
Figure 4.1b - . y
. t
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5.00 x 107°[781 + 1142 + 781 + 2022 + 1671]

;-Ogglxln'?.

 The_hailpadAlaluevof energy density, acoordingvto'the ori-
éinal analysis‘ was 27.3 ngQ;’»The raw radar‘estimate bv
vthe above calculatlon 1s about 85 tlmes smaller thamwthe
hallpad-value A dlscrepaacy of thls 51ze occurred sys-t'
tematlcally throughout the @dar and hallpad data This
prompted a.re- evaluatlon of all the data and led to the
’rev1s1ons descrlbed in Chapter 2 . ,

Flgure 4 1(b) 1llustrates the PLOTPAD output
based on the rev1sed radar data @allbratlon constant

73.248) for Jai

lpad H37.. Repeatlng the_calculat1on, ERr’

is nOw'foundH_0~be the following:

 Threshold (dBZ) ~ ~ ER(m=?) |
. , 40 0.847 .- ‘ i
- 35 0 1,143 K

30 ' 1.166

: The sample calculatlon is agaln 1llustrated for_the 35 dB

threshold

"Echoes at or above 35dBZ (see.Flgure 4;1b) .
38 40 37 37, 42< 37 45, 40, 43 35 dBZ'

NSCAN Z;JTS —.211”sec_ o

50

D eanmana



.‘ .
L S _38 w0 - 37 17
= 5,00 x 10=° 10121 + 1012+ 1 4 10121 + 10121 +

42 _37 ) C: - uo 43 35 }

m
X
B

10121 4 qp0l2-1 4 qol2.1 4 qpl2.1 4 ggl2.1.4 jpl2.1

= 1.143 x Jm(&

| Tge correSponglwg'hailpa{ﬂ eiéyfdensity, usingvthe Eevised
o callbratlon of Strong angiﬁozowski (1977), is 8.7 Jm" 2.

‘The raw radar estlmate is too small by a factor of. 8. In

'general ‘ﬁﬂe radar-based calculavlon stlil underestlmatesj—
the hallpad energy density. Radar_beam attenuatlon would"
account,for thlsseffect, and will be discussed in a later‘
Chapterz h ‘ ) | | |
p) A ; The radar estlmates u51ng a SOdBZ threshold
.and the correspondlng hallpad values of k1net1c energy den—
>51ty were plotted for August 7 and 18, usrng the revised:

>

lidata [Flgures 4. Z(a) and 4. Z(b)] If.the'radar estimationd
method is Valld some sort of 11near relatlonshlp between
’the radar estlmate and the correspondlng hallpad value would
be expected The de51red relatlonshlp does appear in both
Flgures 4 Z(a) and/4 a(b), although in. the case of August 7,
the relatlonshlp is obscured to some - extent by the strong‘
scatter An 1mportant feature of-the August 7 data is the
11arge number of zero or. very small raw radar estimates as-
sociated w1th appreclable hallfalls The relatlonshlpﬁbe;
'tween.therraw radar estlmate and the hailpadvtalue;of

energyldensfty;is'much»clearer in the case;of'August'l&.

51



v*Figure 4.2a, b: Raw radar estimates of hail enérgy dénsity

LA

Y

are plotted against the energy densities as

~determined by the correspondlng hailpad -

analyses for (a) August 7 and (b) August 18, .
1974. The raw radar estimate (Er, in-Jm™?) is
given along the horizontal. scal while the

hailpad value (Egr, in Jm'z) LS Eiven along .the

" -vertical scale. The least- squares fitting 1line
- for E, and Eg is shown’'in both cases and the

values of ”a” and "b" in E = aEj + b, deter-*

" mined by the lines, are also 1nd1cated Note .-
- that the horizontal scale has been expanded
for greater clarlty
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50l B(0.4,166.1)

~ Figure 4.2a
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Occas1onally; ‘the. raw radar estlmates and hallpad
values d1d not conform at all gb the overall ‘pattern.. Fdr
three cases in August 7 and one in August 18, heavy hall
fell but the raw radar estimate was very low ‘a result of

anomalously low echo strengths These p01nts are c1rcled

o Flgures 4 Z(a) and 4. Z(b) Unusually severe attenuatlon

of - the radar beam is the probable cause, although this_is
d1ff1dult to prove In one otherdca:e, 1n»AugUStf7 the .
radar estlmate was Very hlgh relatlve to- the hallpad value‘
ThlS anomaly is more dlfflcult to explaln ThlS p01nt cor-

responds to hallpad GZ7 The output’ of PLOTPAD from the

hallpad site and from the elght surroundlng quarter sectlons

‘ was examlned Echo trace maps for August 7 were also con-

-'.Sulted.~ These maps are produced by the Hall PrOJect and

are drawn every 15 mlnutesat the].5<kgroe elevatlon Gener-"
e a,.
al 1nferences can be: made from these maps about the dlrec—

t10n of a storm s movement and the stage of its development

' at a partlcular t1me The PLOTPAD charts ‘apnd the echo-’”

-

PN
‘,';. ~

trace maps 1nd1cate that the storm : that affected hallpad

2N

G27 was undergo1ng rapid changes at thetlme it was pa531ng

over the ha1lpad ' The storm had a 1ong,fnarrow conflgura-,

i’tfon and probably con51sted of several cells in a l1ne

Lo
“Two, dlStlnCt cells show in the PLOTPAD charts - The-larger_;

l.

- cell"the flrst one to''cross the hallpad ‘was. decl1n1ng

1f 1t Stlll contalned some small ice partlcles it would

‘astrong radar echo although 1t would produce

The‘result_would be an.

..___....‘,

DN S
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'1s no relatlonshlp between ER and EH, i.e. .they are uncor—h

o
-~ . ) : *

anomalously h1gh raw radar estlmate of hail energy den51ty

The l1near correlatlon coeff1c1ent T, between the.

s e

hallpad values of kinetic energy den51ty and the raw radar

estlmates, where . B |

| o Eqio- Er)(Eni.- Bw) . .

r =g BRI ERIC H'. - R
- SQSH o . L

\

was calculated for August 7 and 18- atztke'45, 35 and

30 dBZ thresholds In Equatrgn 4.7, ERj and EH, are’ the ‘Taw:

radar estlmates and correspondlng hallpad values of k1net1c

.

energy den51ty ER and EH are the éean values of these
quantltles, and sR and sH are the standard dev1at10ns T

measures the con51stency of the relatlonshlp between Er

N

»~and Eyo A value of r of 1 1nd1cates that there 1s an. exact.

11near relat1onsh1p, whlle a value of 0 1nd1cates that there

related The anomalous hallpads mentloned above were not 1n-'

corr‘elat,lon coeff1<:1ent was calculated and llsted in Table 4.1.:
These results agree w1th the results of Waldvogel et aZ (1978), who re-
port a correlatlon of 0. 66 between radar and hallpad estlmates of energy

den51ty for 286 hallpads

>

If the threshold echo levels were really useful

- in. 1mprov1ng the accuracy of the Taw radar estlmate by

3

ellmlnatlng ra1n-echoes the correlatlon would be not1ce--
ably lower at’ low threshold levels No " apprec1able dlf--
ference was found in the correlat1on coeff1c1ents on a given. day 1n

any of the cases, except for the 45 dBZ threshold on Aug-

ust 7 wh1ch was somewhat lower than the other correlatlons

~?

.56

'cluded 1n the calculat1dn of the correlatlon coeff1C1ent The"'
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Table 4.1 ;
LINEAR CORRELATION COEFFICIENT r, OF RADAR ESTIMATE .
-« AND HAILPAD VALUE OF ENERGY DENSITY FOR AUGUST 7. ANDV

.18, 1974 AT -RADAR CALCULATION- THRESHOLDS OF 45, 40
: - 35 AND 30 dBZ

[Threshold (dBZ) -~ — — e

August 7 " August 18-,
o a5 | o.sar f 0 olser
R S 40 . 0.630 .0.875"
e .35 S 0.636 10.870
30 0.637 0.873

7




' S . %ﬁ;}; «_'  gy .' : R "(
- on that day' ~It was coh?’éluded that the threshold eg;ho levels o
‘ . oy ) >
used here were not effectlve in 1mprov1ng4¢he aCCuracy of i

“

{he radar estimate. Howeﬁ%r note that thé Correlatlon ”}_¢~ - i
' ‘\*‘4 L 11 . ', ‘ ’ d
between the radar estlmatesMagg?hallpad Value&%ﬁs str0ng—' o

€r on August 18 than on August Tx"

;G&Ven these qua11f1ca—

u\ o hEC

‘t1ons- the correl&t1ons between the raw‘;adar est1mates and
hallpad values were. 51gn1f1cant at all th[eshold levels on . °
both days Echoes below 35 dBZ d1d not contrlbute 51gn1-

flcantly to the total raw“radar estlmates, due to the ex-

i i . -

ponentlal 1ncrease in- the contrlbutlon from 1nd1v1dual

echoes w1th 1ncrea51ng dBZ

'The final step.ln obtaining a stormLadeSted7'

b

, qgt1mator for hall eﬁbrgy den51ty is to perfor“ a llnear'

e

regre551on ofvthe raw radar estlmates agalnst the ha11pad

r

) values at the chosen threshold for ﬂm storm of 1nterest

) The flnal adJusted estrmate “E, 1is obtalned from the least- o Jﬁé
".squares f1t of the raw radar estlmate agalnst hallpad value e

\,.

g-for the glven storm- day

“'wihere a!and'b are-fﬂtting parameters Flgures 4. Z(a) and
4.2(b) show the least squares f1tt1ng lines for August 7
and’ 18 at the SOdBZ threshold j In der1v1ng Equatlon 4 8 » '
.the four anomalous hallpads from August 7 and the One ﬁ@pCY‘,j éf

August 18 were deleted E can be calculated for any loca- i

tion by Equatlon 4ﬂ8 prov1ded there 1s complete radar data .
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' data avallable to calculate ER If at any time'Equation"

[ . .

4.8 ylelds a negatlve Value for’ E, E can be set to 0 0 Jm-
In 51tuat10ns where ‘there are not enough hallpads to set up
(o
s
~'a true least squares f1t average values of a and b based

.. on many storms may beosubstltuted in Equatlon 4.8. In ™

"general the more hallpads that are avallable, the more
re11ab1e will be the adjusted hall energy den51ty estlmate
E. Chapter 6 will d1scuss some of the factors whlch af—
fected the observed reIatlonshlp between the raw radar‘
estlmate and the hallpad value of energy density. The
._next section will. descrlbe the prellmlnary results of the
use of Equatrons 4.6uand 4.8r,

:4:2 PRELIMINARY RESULTS IHE EFFECT OF VARYING QUANTIIY _
’ OF . INFORMATION ON THE DELINEATION OF HAIL:-AREAS
Two attempts were made»at'delineating,harlfallv
;for AUgust.7 and'18.without the use of radar : First.'the'
‘ maps of Flgures 4, 3(a) and 4. 3(b) were produced using the
hallpad analyses only. The contours are unreallstlcally
;smooth and the1r placementyls extremely 1mprec1se ’:None-

| of the-lntrlcate structure known_to exist in most haii-
: ¢ Co ‘ .

s

swaths shows “up in “thesé€ maps-.

Flgures 4 4(a) and 4, 4(b)" are the . same as’ the

.'" ’ v :
prev1ous pair of maps,’except farmers'_max1mum hall 51ze Gl
';reports were also used About ten farmers'»reports per

'ltownshlp Vere usually avallable from the storm area. fThe

'outer edg% of the area that recelved any hall at. all _(shot-

2
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Figure 4.3a,b: Hailfall‘energy“densities, in Jm~ 2, of ’
- . (a) August 7 and (b) August418,‘asvdeter-
- mined by the hailpad values alone.. The -
small squares indicate“the<1ocations of
the hailpads. The radar site. (QF) is at
XL S . ,

)
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' Figure 4.4a,bf

 ﬂmore detalled radar study

R _
Hallfall energy den51t1es,-1n Jméz,'bf‘n
(a2) August 7 @nd (b): August 18, determinegd

r

by the hailpads, supplemented with 1nforma-

tion from the- farmers reports of maximum’

- ~hail size. ‘As'in Flgure 4.3, small squares
- indicate hailpad. locatlons and the X marks
"the radat site: The aréa -inside the opefi

square-in Flgure 4.4 (b) was chosen for
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51ze belng the largest reported sgge) deflned the lowest
contdur value, 10Jm‘2, of hail energy density., The far-
ersl reports of - max1mum hail size were used ‘as a Vlsual
aid in draw1ng succe551ve1y hlgher contours of energy den-'
sity. At hailpad locations, the hallpad value- 1tself
determlned the contour placement |

This use.of finer- scale farmers report informar
tion already showed_51gnificant smallerjscale‘features of:
theyhalISWaths.‘fMajOr changesfwere.madeifrom the hailpad; ”
‘only maps,.especially in theecase of August 7, supporting
~the beliéfvthat more detail couldrhe discovened at hlgher
1nformat10n den51t1es 'A portion‘of the'August‘IS Storm,
coverlng 144 square m11es was'then:chosenvfor more inf
tensive radar andlhallpad_analYSisfh'This-area,‘marked |
rby.a_sQuare ln Flgure 4.4(b), is shown at a larger scale
in Figire 4.5. S

o USing'the‘program PADEN and Equation‘4.8; where

a = 6.18 and b = 0.5 Jm‘zg,fadar;based estimates*of:hail
energy den51ty were calculated for all quarter sectlons
wrth_complete-radar datau These estimates were plotted
ahd then COntoured to'give Flgure-4 6 The 1rregular.
:'eastern border of the plotted area marks the 11m1t of
complete radar data on August 18

The most strlklng feature of ‘the map is the in-
Ltricate structure'and strong varratlons 1n.the radar%'
- estimatedehailrenergy density*field.YJWhile\}£§<rédéf%

66
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Flgure 4.5: Detall of August 18 ~which was indicated ix
’Flgure 4.4b. Numbers inside squares are the kinetic

energy densities, in Jm~2, given by the hailpads

-at those. 1ocat10ns Maximum hail sizes reported.
by farmers are ldentified by the following codes:

X = no rain or hail, R = rain only, 1 = shot, 2 =
_pea, 3 =-grape, 4 = walriut,-S'j= golfball, 6 = =  ~«
larger than gdlfball, and 0 = maximum size unknown.

. N



Figﬁre 4.6 _Kinetic‘enérgy dehsity of hailfallbih Jm‘z;
- - based on adjusted radar estimates (E in. ‘
- -Equation 4.8) in :he area covered by Figure:

~
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*;based estimates»are not direct, observations, the struCture :

and scale of the features are generally in agreement w1th

the observations of the . spatlal dlstrlbutlon of- hallfall at

“the- ground by Strong (1974), Changnqn (1970) and others.

Close examlnatlon of Flgure 4.6 shows that, apart from local

bmax1ma and mlnlma/haw}ng_dlameters of l.Stm?les or'less;
there are'some important'larger—scaie features. Three'
'elongated aréas of moderate (10- 40Jm‘2) act1v1ty, orlented
‘north south between 2 ahd S kllometers w1de and 12- 16 )
kllometers 1ong are VlSlble in the northern half of the
"map} All these features correspond 1n 51ze and shape to”
~ the hallstreaks descrlbed by Changnon (1970)
_ o

Examlnatlon of echo trace maps of the klnd de—
scrlbed in the last sectlon shows that two dlStlnCt storms
"crossed the reglon of the map of Flgure 446 The first.
.storm was maturlng as it crossed the southern half of the

. i B . 18
freglon between lSSO'and 1630, mov1ng ‘east- southeastward

g -The second storm, at its peak of development moved through

'the area almost “due east between 1740 and 1830 sweeplng
‘the northern three quarters of the reglon .

The Iater storm contrlbuted most.of the hallfall

:energy in the 1ntermed1ate areas that experlenced both

IStorms : SuperlmpOSed hallstreaks from both storms could g

'fexplaln the small areas of estlmated energy den51ty exceed-

: s
“ing 80 Jm~ wh1ch occurred near the southern -ends. of the

—

north4south orlented streaks.' Small cells embedded in themsu

e -

secondbStorm;’mdving-rapidly:northWard,‘could explain the

ECPEIRNES

abealen T



unusual or1entat10n of these streaks.' Such,Cell_movement'.
is commonly observed 1n squall l1nes.'d,y;. e o 'T

| | The average energy den51ty of hallfall over the.
four townshlps was. 18. 2 Jm‘? when calculated from the Lo
‘hallpad adJusted radar estlmates. As glven by the mean"

of the flve‘harlpads 1n.the area, the average energy den- ‘

sity is 35.8‘Jmf2.' There 1s a dlfference of a factor oF

e,
- . . . Ca T

2 in theSe:results. o T S o *_ff” Lo

The sparseness of farmers reports (about 10 B :ﬁ;ﬁ
.per townshlp) relatlve to the radar data (up- to 144 cal- QQ‘:;.ﬁ,:
s i : M e
L CU1atlonS per townshlp) made the con51stency of the two

sources.of 1nformat10n dlfficult to ascertﬁ1nu: In mdst ‘:;‘%)jf%;

©

there was reasonably good " agreement betweem thef'ﬁi’ Sl

b

_f reports'of maximum hail size and the nearby energy
ty estlmates A major dlscrepancy occurred in the"
- south center of the map reglon where two farmers reported&
ra1n only, but the radar 1nd1cated hall ‘in excess of
- 80 Jm 2; Two land locatlons in that locallty y1elded
bradar energy estlmates of more than 120 Jm'2 ~ The owner ,_hil
of one of the two apparentlx hard h1t land locatlons at,'i‘ﬂj- )
NW 818 T36 R4 WS was 1nterv1ewed by t ephone on
';Aprll 1 ,- 1977. ' He recalled recegv1ng very heavy damage.to-
‘his cropS‘-and seelng ha11 on - the ground on the eve%lng of
August l8 more than two hours after the storm had passed
‘overa‘ His comments tend to. conflrm the radar ev1dencé of T:_ ;;
y'heavy'hail at that land locatlon.» Thfs observatlon suggests

thatvradar data may be. very rellable 1n the detectlon of se-

~vere: hail, although thlS should be conflrmed by more study

I3 . . - : e
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’5.1 TRIPLETS

t;estlmates of local energy den51ty.<',5-"? “'

CHAPTER 5

el

. EVALUATION OF THE RADAR- HAILPAD ESTIMATION SCHEME
' .+ AND ALTERNATIVE METHODS '

. &”J . . o -~
Je )

A quantltatlve assessment of the radar hallpad

' estlmatlon scheme descrlbed in the 1ast chapter is needed

_That scheme w111 be compared u51ng Ltwa dlfferent pnocedures

o

‘_Each uses only the 1nformat10n routlnely supplled w1th the

hallpads Some 51mp1e statlstlcal tests w111 be applled to "

o, G

determlne whether any of the methods was ‘able to. make valld
Lol ' The hallpads were grouped 1nto ser1es of three,
}falled "trlplets" The t ree pads in each trlplet eXperl—r
‘ A
enced the same storm and lay w1th1n thlrty degrees of a

I stralght 11ne ) The distance .to, elther -end pad from the’;' -

centerpad d1d not exceed 24 m11es (38 km) The center pad

, 1s re?erred to as‘Hg, and 1ts measured ha11renergy den51ty

&

¢g“as Ec The end pads a e Hl and Hz, w1th energy den51t1es of

"El and Ez, respect1ve1¥ Slmllarly, the dlstances of H, and

'HZFto the center pad are d1 and dz Estlmates called E

»a.}were made of the value of Ec USIQngI and Ez and varlous'

Coe
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-

comblnatlons of radar 1nformat16n Figzre 5. l'illustrates

a typ1ca1 trlplet. A complete listing. of trlplets appearsf‘

in Appendlx C. . A descrlpt1on of the estlmatron methods to

be tested follows in - the next sectlon

5.2 DESCRIPTION OF THE,ESTIMATION METHQDS‘

KN * . . : . : ' ) Dot

T

g Ar1thmet1c mean .thls method 1s bascd on the
assumptlon that th% energy den51ty at the center pad of
the trlplet lles somewhere between the values at elther
end,pad. No other 1nformat10n is used and the center—d

¢

pad est1mate ls the ar1thmet1c mean of the end pad values.

Thus

.

7Distan¢e-weighted mean: th1s method: assumes xhat

. ~ »

the energy den51ty of hallfall between two end pads varles
| .

llnearly The 1mp11c1t assumptlon of - thlS scheme 1s that

the Length scale of ﬂm:most 51gn1f1cant features of the

o

hallfall pattern is larger than the average dlstance be-

tween hallpads The formula for EC ‘is iﬂﬂ“

’
4

-
.

R dz'El * d Ez T e e

-

Ec’ ;~%(El + E;) : . S.l,‘

' .ir. s o \'.,‘?C".:'—_ K dl 4 dz . . br . ” ‘“',‘-l"._- —J‘S' 2'

72

;gg)

Radar hallpad estlmate*‘"”he formula has already‘

been descrlbed in Ghapter 4. In thls case > Ec' is SlmPIY"b

!
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. Figure 5:1z An ‘actial hailpad trlplet dra n’to scale. . , - )
: AR xrg The squares représent \the quat er-sections . - ..

irig. the hailpads, rather than the hail-, - -

LTIt . . e .Contaj o
©'= . pads thems&lvés. -The. trlplet shown is:Noy 719%"

. The- data—for this triplet appears in Appendlx
P C. - ' N A . o L , -_‘_‘ .
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~the value of E for that location given by Equaﬁons 4.6 arnd

4 8. Note ‘that this- radar estlmate is callbrated u51n§

hallpad data from the. whole storm, not Just haflpad data at}

the: ends of the tr1plet

. .
{

Estlmatlon of the center pad value by the arlth—

metic and dlstance—welghted means will serve malnly as. con-
A . - ‘ ‘

trols'in-the;evaluation of the relative accuracy‘of the

".radar-hailbad‘method. ' ‘ e e

5.3 EVALUATION AND COMPARISON -

Estlmatlon by the arlthmetlc mean, the distance-
welghted méan and the radar- ha1lpad method will" be referred
*»to as Method 1, Method 2 and Method S“respecavely 123

: trlplets drawn from both the regular and the supplementary
' \

'(July 30 and August 15) hallpad sample were or1g1nally
chosen forthe analy51s; but because of the 11m1ted ‘radar

data, only 60 were su1tab1e for evaluatlng all three methods

~

'QThe test varlable chosen wa%/the error,
S, UiEBet - Bel T S i

1','&% the absolute dlfference between the estlmate and actual

X

) s IR
N center pad energy den51ty The more common measure of" er—

_ror,,thefractlonal error

R

S IEet - Ecl
' . Tv ' EC‘ e




. could not be used because some of the center pads recorded

1w

zero ha1l ‘Also, 1n-terms of crop damage,,the absolute.er-,

ror is more. relevant ' v - ©

¢

The center- pad estlmates and errors are llsted

in. Append1x D. The mean error. of a11 trlplets was calcu-

’lated for Methods 1 and 2, and the ‘mean error for 60 tr1p1ets

_ culated for Methods 1 and 2. Thevstandard~dev1at10ns-werev.'

~.The flrst is the high- standard dev1at10ns of the errors

calculated as well Table 5.1 summarlzes these results

A number of observat1ons emerged from Table 5. I.
.
in all three methods~ ‘In most cases 1t is- hlgher than the
mean values The second is. that the’ addltlon of dlstance
1nformatlon had ‘no effect on center pad estlmates based only,gy

on hallpad 1nformat10n, 1mply1ng that the assumptfons be-

’fhlnd Method 2 are,false _The size scalé’bf the 51gn1f1cantv

5var1at10ns 1n ha11 actlulty is’ much smaller than the aver-

f‘15 substantlally less ‘than those of the other methods 1nd1cat1ng‘that

~

-

4

age tr1p1et length of about 16 m11es or 27 km (Changnon, ”h”'

1970) | Flnally, the mean error of the estlmates by Method 3.

r

the radar prov1des real mformatlon on local 1nten51ty of ha1l—. :

' fall.' ThlS result requlres further test;ng . ”‘,‘ac &
5 4 ANOTHER STATISTICAL TEST e R
O N

o . LY ‘row

‘The procedure adopted for thlS flnal statlstical

"testﬂwas t0»compare theos1ze of the ‘mean errorAln—eachrof'

75

for Method 3 The mean over these 60 tr1p1ets was also cal-:"

L «f

v
Cogw,
" -~
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sl
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S ~ 0 Table 5.1

MEANS AND STANDARD DEVIATIONS FOR THE ERRORS LISTED
IN- APPENDIX D IN . Jm2

o
eI

T T — T " T
SR METHOD 1 | METHOD 2 | METHOD 3
vatlable Trnplefs (N= 123) SR R
A o 22,5 | .22.7
. ‘ .Sfandard Devnaffon K o 23.4 - 26.9
|2. Tr.plefs Availabie for MeThod 3 o C
L e ‘a. _Augusf 7. (N= 43)_ . ‘ S e R
F 0 Mean | 21,5 | 23.6. | - 13,
%)t'fii v"RS+andard DeV|aT|on S . 23.0.0 | . 30.5 21.8
] % b. August 18 (N= 17) D P B
N .- Mean - - R 1844 18.6 6.4
. o 'Q STandard Devnatlon S 6.7 ) 1946 5.3
. c. August 7 and August 18 (N 60)“-D . IR
- Méan. 20 | 22020 LT
.+ .Standard. DevnaTnon - o215 27,8 LQ$ 18.7 |
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the methods with that of a'slmilarly calculated;"error” -

”from a rand0m1Zed set of numerical values. lf anrestima-_,
tion method has any va11d1ty, the mean error assoc1ated with

it shoﬁld be s1gn1f1cant1y smaller than the correspondlng

érrog from the random1zed data set ‘ A Monte Carlo method

- was. u5ed to test this- hypotheSZs (McLelsh 1978).

h The data used in- this analys1s were the 51xty

¢

trlplets used to calculate the mean error in Method 3

"The ener%y den51t1es observed at the center pads of these S

.

.trlplets were randomlzed first by numberlng them in- the-
.order in whlch they appeared in Appendlx D. These obServa-‘
tions were’ then .re- l@sted in the order in wh1ch the1r num- -

bers appeared 1n a computer generated random permutat1on of

* the 1ntegers from 1 to 60 The estlmates of ‘the center- .-

hpad energy den51ty by each method in the1r or1g1na1 order,
.dwere subtratted serlally from the randomrzed observatlons
/%The absolute values of the result1ng figures. w1ll be called
the_”randomlzed'errors"ﬁ‘ The mean ofythe actual errors for:
,ﬂleachfmetﬁbdﬁwa§:c0mpared.to the mean'ofvtheprandomized.er_
;irors;'p e | | | : o |
K The obJectlve of the randomlzatlonvwas to slmuer
l late a 51tuat10n in’ wh1ch there was ‘total ]gnorarce of the
”_true hallfallﬁenergy den51ty pattern, ex: ept for the over—‘
#ball severlty of thggstorms It thus served ag a. ontrol
fdata set _so that the only d1fferences between the random-'

"1zed and the actua1 errors were those that resulted from

"appllcat1on of ‘thé estlmatlon methods,

77 .
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The procedure descrlbed above was repeated 10 000

)1’ Do LT \\\ - - : : L

tlmes u51ng a dlfferent permutatlon of the center- pad

] o~

h values each t1me A count was . made of the number of times -

the mean error of each method equalled or exceeded the mean

4

randomlzed error. Thls number, as a fract1on of the lO OOO

\' trlals, is a measure of the level of 51gn1f1cance at wh1ch

.

the mean- actual error is less than the mean randomlzed
error. ' , :,-” L
e e S

jThe ”level of slgnlflcance“ is deflned as the
probablllty that a random results w1ll appear to support
" the hypothe51s under test at least as strongly as the ob—
served result For example the statement "the observed
\\results are dlfferent\at the 5 percent 1eve1 of 51gn1-
.f1cance” means that the probab111ty is O 05, that results

| ar151ng purely from chance w;ll have a dlfference at least o

’«“7 i %,,

agxlarge as that between the observed results It ﬁﬂlows_

that the lower the numer1cal value of the 51gn1f1cance level the

9 '

stronger is the probab111ty that the result is phys1cally mean1ngfu1
In statlstlcs, a 5 percent 51gn1f1c ance leVel 1s- commonly accepted as

f a cr1ter1on for Judglng a result as hav1ng phy51cal meanlng, 1nstead

of arlslng from Chance. ~; E 'jﬁ; - .
By 1mp11cat10n, the fractlon mentloned above is also a -
' measure of the Sklll of the estlmatron procedure The 1ower the frac-

o \

‘/~tlon the more 51gn1f1cant is the sklll A computer program, called

; ’PERMS was composed by the author of thls study to,perform the repeated--
tr1al statlstlcal ‘test. Table 5. 2 lists (l) the level of - 51gn1f1cance de— E

scrlbed above for the accuracy of each of the center pad .

. .
o Al
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Table S 2 , - : \\

RESULTS OF TEST ON SIZE OF MEAN ERROR IN ESTIMATING
CENTER»PADVERERGY DESCRIBED IN SECTION 5 4

Level of signific mgn reducflon of mean error (percenfage)
Randomized error i —
Observed mean errar Jin Table 5 1) T

‘U
.Percenfage reduc#{n

BPUWN—

w‘mean error from randomnzed errorv

 METHOD 1 | METHOD 2 | METHOD 3
1 3057 5.63 |- 0.00
2 231 25.0, | 20.2
3 20.1- 22.2 | 1.7
AR R EARL 42.4"




) . . // .
- : o ',. . ’ ‘
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estlmatlon methods,y(Z) the populatlon mean randomlzed er~

' ror. This is the -error that. can be expected from random

guesSes of the“center-pad Value It can.be estimated by

ktaklng the mean (over lO 000 tr1a‘5

in- each trlal Flnally (3) the observed mean
eTTOT and (4) the percentage dlfference between the ob-
served.mean error and theipopulatlon mean randomlzed error'

! ' .&'
varellsted :

The results in the table show - that only Method 3

“achieyes a substantral reduct1on 1n ‘the mean error from

‘the case of random'gueSses,r Method 1 may showlsignificanth'

skill (based.dnja maximum S“percent level of'signifiunme),

but the reductlon in error is not large enough to Justlfy

its routine use. The 0. 0 percent level of s1gn1f1cance re-

corded under Method_S'lndlcates that the,value‘ls:smaller'
than thisﬁstatiSticalhteSt can detect ‘i‘e.,-the actuali
blevel of s1gn1f1cance is probably smaller than 0001 percent
ti_»Thls means that Method 3 showed hlghly s1gn1f1cant %k1ll

| ' On the ba51s of the analyses in thls'seqtlon and
'_sectlon 5. 3 1t was concluded that ﬂfytomblnedégadagggﬁdr

ag.ang
. ‘f,. S ] ,_',‘.'
.hallpad method,outllned 1n Chapter 4,prov1ded aaxeylabl

estlmate of the energy denslty of ha1l&9t placgs w1th&ht

ha11pads.fb

of the mean'randomized

80



CHAPTER 6

FACTORS AFFECTING THE RELATIONSHIP BETWEEN
THE HAILPAD ENERGY DENSITY AND THE RAW RADAR ESTIMATE

As noted in.Chapter'A;'therreIatidnshiphbetweenb;.
‘E,gthe actual hailﬁeneréy,density at the'ground; and ER,
the radar estimate,. is not E = ER, but more like E _
aER + b, where a ~ §5- 10 and b is 05 the order of +1 10Jm'3,7

-in the case of 5cm radar observatlons of hall, The rela-

‘ tlonshlp is furthermore not perfect but in practlce shows
strong scatter. ThlS chapter w1ll descrlbe some: of the im-
portant factors Wthh 1nf1uence the relatlonshlp between
E and ER. These 1nc1ude attenuaxlon of ‘the radar beam by

;1nterven1ng prec1p1tat10n.%affect1ng malnly the Value of
"I”a" mentloned above), the statlstlcal b1as error due to
non unlform beam f1111ng (probably affectlng ‘both "a" and.Sqtf
Ethe scatter), 1naccurate reglstratlon of the receiver, -andS
. the presence of spat1a1 scales of ha11 below the resolutlon
vof the radar - . |

: : -,%&-?

lo

6.1 ATTENUATION
Ordlnarlly, calculatlons of the reflect1v1ty of o
a radar target are made w1th the assumptlon that there is

P



nothing between‘the target particleS“and the receiver ~-In
practlce, however a radar beam passef hrough a1r, ClOUd

and precipitation. The result is a loss of power in, both

-the 1nC1dent and reflected beam through absorpt1on and scat-

terlng , At the microwave wavelength 1nvolved in this- study

:(5 Scm), prec1p1tat10n is by far the most 1mportant attenu—

YA

atlng-materlal (Battan, 1973) Est1mates of attenuatlon-

v

are usually glven by the attenuatlon coeff1C1ent 1n>un1ts

bof dec1bels per kllometer (dBkm i),_ The magnltude of the
’attenuat1on coeff1c1ent due to. prec1p1tat10n will depend on
~ the radar wavelength and the type comp051t1o$ and 1nten51ty

..of the precipitation” The total attenuatbon=15'the in-

'tegral of the 1oca1 attenuatlon coeff1c1ent between-thef‘f

v.

R Y
.gulhe value of the one- way attenuatlon coeff1c1ent\_

at.a giVendlocation ‘can -be estlmated-by» ’v, e o
g1ve _ . R N e \

e k3 =0.4343 3z Q. . . 6.1

: d TooT volumerT g I

L v SO 5. : \
: ‘ . . _ \
(Battan, 1973), %here Q+:1is the attenuat1on cross sectlon
_of each partlcle in 2 un1t volume and kT 1s the attentu-
at1on coeff1c1ent As Equatlon 6. 1 is wrltten, Qt has units

of cm?, and the volume 15 lm ThlS glves ky in un1ts of .

'dBkm , The attenuatlon CrOss- sectlon, QT,'IS deflned as:

:the area: wh1ch when mult1p&1ed by the 1nc1dent beam in- _,;»»

\

' ten51ty, glves the total power taken from the beam (Battan,»

.'1973). Equatlon 6 l can be wrltten as J”

Al

transmﬁttém and the'target and back : ”-’ b;_ﬂ &k f' e

82
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(':

KT = 0.4343 1 oDaDNOD - 6.2
. e vo ume S

‘where oD .1s the attenuatlon crgss’ sectlon at partlcle d1a-»
.meter D, normallzed to unit. areg (when D 1s'1n cm).” aD 15_*7
the cross- sect10na1 area of the partlcle in'cm., and Nop |
\1s the number of pﬁrtlcles of dlameter D 1n the unit volume
at a given tlme. ThlS summation is over,all dlameter clas—
ses: D 1n the volume. Equatlon 6.2 enables the local at—
tenuatlon coeff1c1ent at the free21ng level to be calcu-':;\j
lated from hallpad data- NOD can be expressed in terms of

:observable hallpad quant1t1es by the follow1ngﬁrg;atron-v

v

AShlp (Barge," 1977): - S '-b.,u -

‘ |  Nop CNpt wE

5 L

where ND is ‘the- total number of hallstones w1th dlamaf”"

v

D pa551ng through the un1t volume in time t. t is'jr
t10n of the hallfall in seconds. ND 1s‘equ1valent
.'number of hallstones of dlameter D 1ntercepted by th~
pad» A 1s the unit. areaﬂ' If Ais 1m? >, Np must be exp,,.
‘las the number of hallstones 1ntercepted per square meter gr
or tb ?6 tlmes the number per square foot V4 1s the fall
i»veloc1ty of a hallstone as a. funct1on of. 1ts dlameter in -
_metgrs per second At the free21ng level v+‘=‘1559Dé
h(se:%Chapter 4) | _ p | | pu' | | |
Equatlon 6 3 assumes that the hallfall is. steady-

state\\although for a rougp calculatlon thls assumptlon is -

\ e



. to- the equ1valent diameter class at the -

'-by Equatlon 3. 16a Values of UD have been'c

I ¢

3 proportlons of 1ce and water 1n the ha11 #}ﬁe quantlty f‘;:“

-

- water in the hallstone or: on’ 1ts surface WAaSs expressed a -

°

a’ water shell of a partlcular thlckness surroundlng a co e

not critical. Substitution of Equation 6.3 imto Equation

R Y

Ce2vields: S
o e . | "..v ) ; o
kT = 0.4343 p o e
- F . ‘ fo] PR iy
'T‘ volume -DaDAVTt L e
o ) v
or ‘ . j o K
' /
R
- e o NDf 10, 76 -
kT = 0 4343 X op - _.D_'2 . ‘ 6.-43'
o volumg : !4 . lmz . 15, QUT
~‘\‘ “‘, ’ ’ S o
N . [

FNDf ‘1s the namber of hallstones of dlameterD per square

foot a. value d1rect1y obtalnable from the ha11pad analy--

sis descrlbed in Chapter 2. Equat1on 6. 4a slmpllfles to

'h follow1ng o SR f Sl ' E o f};

o S L .
Lo 0.2353 i o
- = L2l N 1.5 )
kT -t . vol‘:‘;me , D‘,T?DD o S v6_1..'5v

o

Equatlon 6 5. glves kT,'the one way atLenuatlon Two way

“.attenuatlon, or the attenuatlon wn both the 1nc1dent and

[

. 84

Vo

returned beam would be. s1mp1y tw1ce that value /Each dlaff_f'

meter class represented in the hallpad must be converted
T

4

Battan et aZ (1971) for dlameters from 0. l ‘to 4 centlme

ters, at radﬁr anelengths 1nc1ud1ng S Scm ff_evar;ous

L."

]

LI l

e
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of solidﬁ&ce) S1nce the hallstones were at the free21ng

¢ S
level ”they would have been wet so for the purpose of LY
g ng RaR . TR
e calCulat1on they were assumed to be coated w1th a f11m of 2 df’

o s
G

water 0. OScm thlck

; {'bi U51ng Equat1on 6 S the attenuatlon coeff1C1ent

e :

_5"at the £ree21ng level above some hallpads was calculated

}ulfﬁ_ and llsted in. Table'6 1 . These Values of the attenuat1on

v o

coeff1c1ent are probably conservatlve because they do t_§

take 1nto account the contr1but1on to the attenuat1on from ,t'

3

heavy ra1n and from the hallstones wh1ch completely melted
before reach1ng the ha1lpad Attenuatlon coeff1c1ent$ 1n —, Agv:'
l o .
’]-.f~- the S- ban&’for the same ha1lpads were 1ncluded 1n Table
D"? -

attenuatlon was substantlal on the storm days 1n questlon

[y

’ It may be p0551ble 1n pr1nc1ple to calculate the total
_— ‘ ~
E attenuatlon along the radar beam ' However- such-atcalcu-

~

latlon would ée too complex to be" pract1ca1 and further-
" more, ﬁéture appllcatlons of the radar hallpad method w1ll
o ‘be made w1th the 10 6cm S band system,_ln whlchlattenuagaon

should not be a major problem.a ﬂhe C- band attenuatlon co—'p
Vc__‘feff1c1ents listed in. Table 6 l 1ndicatihthat a4 to 8km 'brlib',

e

depth of hail between the hallpads and the radar could ea51—:'dth'u

1y account for the relatlve deflcrency in echo strength I
1nvolved in the estlmatlon of energy den51ty by - Uﬁnd
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\ Table‘ﬁ 1

- - TWO-WAY " ATTENUATION COEPFICIENTS IN dB km‘l : -
“FOR SOME HAILPADS AT C- BAND. AND. S BAND RADAR WAVELENGTHS

Ty

'Hailpad

’ ‘ Dafé 3

:_ kT, Two-way (dB km‘l)

“at 5 Sem. (C band) |- aT‘lo;Ocm (S-band)
E36 August 7 * o028 | 0:02-
D37  August .7 32000 L oTT0,60
D36 .. August 7 © 3,30 . \»v o 0231
e L Algust 18 1.64 R R v
L2 Augusf ‘18 ° S1.6e o L0130 )

86
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S S ’ ‘
“*uradar ThlS def1C1ency 15 about 6 - 12dB in: most cases 1f

'A_the radar estlmate is a factor of S 10 smaller than the

°

o hallpad value

One effect of attenuatlon that could contalbute‘
'to the scatter 1n the E ER relatlon may be the orlentatlon :
_h;v :of ‘the storm. track refatlve to the radar If the storm
B fvtracks tangentlally relatlve to the radar s1te, echoes.
"fiover some hallpads w111 be much more Strongly&affected than
_Qothers because some hallpads w111 always have a 1arge-“
'pdepth of storm between them and the radar A typlcal exam-
fple would be hallpad D37 8f August 7 When ha11 was fall-"
~"'_?:Lng at D37 there was always well over ZOkm of prec1p1ta—
'hu‘tlon be%ween the pad and the radar accordlng to- the echo:‘
~htrace map D37 recelved about 166 Jm‘2 of ha11 energy, but
E ylelded a- raw radar estlmate of less than 0 Smez.v On-the
pother hand 1f the storm tracks d1rect1y toward or. away |
“from the radar, all the hallpads w1ll “on the average,_be.
/mrlooked at, by th# radar through roughly the same. Hepth of
";;storm as. 1t passes over eacﬁ pad The echoes over the ~'pﬁf"}

v d
'hallpads w111 therefore tend to be equally affected by
~attenuat10n i | R

+This p0551b111ty may have some bearlng on the v>?§3‘¥

,i‘§d1fference‘1n the scatter apparent in Flgures4 Za and 4. Zb
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7the storms were head1ng almost dlrectly toward thé radar,»'F”:L

'.and the E ER relat1on was relat1Ve1y coherent .

i S L n'f',',“".\."' ¢. K ] o | . o - . Sl
- 6. 2 NOfo'UNI FORM BEAM- F_ILL ING~»" . ' '

Rogers (1971) shoWed that 1n condltlons o? hlghly

_non unlform f1111ng of the beam by prec1p1tat10n T dars;'

\ [l

ey ﬁresolutlon volume of the beam ( 1km? in the case\of tJe ”Ar_ o ihﬁ
Ti_g?"iHall.PrOJect C band), the underestlmate’by.a logarlthmdc ':
F;’ rece1ver can be as hlgh as 3dBZ and forna 30dB- var1at}on ‘~::',“_W
‘as much as 6dBZ A ﬁenc11 and paper‘calculatlon;\us1n o

l

"ﬁ; show that such varlatlons are p0551b1e in. a reallst

storm o :
Equatlon 4.6 also shows that a 3dBZ underest1mate :

) ‘-—-—~ e ) : ."_ .

of reflect1v1ty corresponds to an underest1mate of ene gy \ }

fden51ty of roughly a factor of l 8, and an underestlm% e of\\

6dBZ to a factor of 3 2 1n the energy denslty In marg

o 2

,Q:u}[ Jstorms or ha1lfall areas, the actual average echo Strength
"ﬁfmay alreadY be near the threshold value assumed in the .‘7l 'bfvaK?
energy den51ty calculatlon The statlstlcal b1as may- be ‘ '\\;;)ﬁ

~

enough in such s1tuat10ns to reduce the observed echo,
strength below the threshold Thls cons1derat10n w111

'7hold true for any other effect such as attenuatlon, Wthh
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”v1ntroduces “a. downward blas 1n the observed reflect1v1ty L
SO @,:
R and ln turn 1ncreases the error 1n the energy denslty es-.
tlmate.usgﬁgf: jf;f~'ﬁ‘§(?"pp,]. ﬂf;};; '
"?#z If the stat15t1ca1 b1as effect occurred un1-*

formly throughout the storm 1t may, to some extent be \\;
accounted for automatlcally by the regre551on procedure
used to form Equataon 4 8..52Pwever, at hallswath boun-
darles ‘or durlng perlods of. apld change 1n the f1ne scale
j'structure of a sthm, radar returns from some locations may’

e > . - p

be much more prone to the statlstlcal b1as effect than others.

_.;6,3”_ERROR_IN‘REGISTRATION,QF'RADAR oy B
T T TR R e
Lo _ R . _

Accuracy of reglstratlon, or the accuracy w1th A

-

wh1ch the actual p051t10n of the echo corresponds to “the. e
p051t10n glven by the radar system output -LS a cr1t1cal
11m1tat10n on the quallty of any 1nformat10n derlved from
radar echo data Echoes 1n convectlve condltlons can’ vary"
' ﬁ: by ZOdB or more over dlstances on the scale or the radar s
| spatlal resolutlon of about lkm If\the p051t10n glven by .
’ the radar output 1s out by thlS dlstance :errors of that
dfﬁmagnrtudepln the echo strength may result o
S | djTofdetermlne the accuracy of reglstratlon of the'”
';kxfb—hand radar-on the»storm dateS'under study, the a21muth~‘ x_‘iffni

‘\"every hallpad to w1th1n 0.1 degree and 0. 1km

'om an 8 mile- to 1 1nch scale map of the_b

/:h Hail Projectgpjﬂ y for August 7 and fB 1974‘ The co-




\)'_:v

-

- whose exact posltlon was known The p051t10ns glven for

- e

"Flgures 6 1 and 6 Zl a:nd compared to the map co ordlnates as -

_ agreéd w1th1n round off 11m1ts

's."'

ordlnates were measured from the center of the quarter- S
. & - e '.' »
sectlon conta1n1ng ‘the hallpaa to the radar slte hese cL

_co- ordlnates were . then compared tothe sets supplled w1th

4-l

the PLOTPAD charts, and wh1ch also appear in the output of t

‘PLOT In add1t1on, 14 hallpads from‘August 7 and 14 from.

August ‘18 were chosen at random for an 1ndependent check

2.

ThlS was done by selectlng an echo from a. PLOTPAD chart

' and 1oat1ng 1t on a PPI segment generated by computer from

k the tape data conta1n1ng the echo : The a21muth and range

of the echo are. then read off from the PPI segment (see ‘”

before The c0mputer generated PPI ‘was ver1f1ed by check--

1ng the p051t10n of L1mestone\Mounta1n ’a ”1andmark"~echo

thls and another "landmark" echo agreed w1th the true p051—

' tron on both storm dates - The -CO- ordlnates of the hall-

pads from both the PPI and PLOTPAD ‘were cross checked and

in all 1nstances except one, the two computer results_v”’*“

The results o;hthe*precedlng tests are tabulated

The range erro: difference- in kllometers, between

the range of the ha11pad calculated by computer and the

actual map range . The tangentlal error 1s the dlfference

between the computer calculated a21muth and the map a21muth

Tt‘1s expressed 1n kllometers by convertlng to radlans and

;})'u. o . ST _" e
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'f Figuré‘6;1:]

 AZIMUTH 249.5, 250.1 250.7
4 RAY® 1. 2. V3 .
 MILES KM

4

"-azimuths.offthejechdes,»inﬂdegreeé;aand the

: ,_:%..' B P T b i e

51,3 251.8 252.4° 253.0 253
L g & 7.

19 23 24 26

.5

-4

A
"

31j22 25 25 24 23 26 25 27

3329 30 30 30 ‘33 30 33 35

3alz6 37 36, 34 3436 I 39

35|45 43 . 40 37 " 36 a0 a4 a2

51 45 40 3t 23 22 23

24 18 16 0

PPI. These data are from August 7, 1974,
16:24MDT at an elevation of 1.5 degrees..

miles and kilometers,-of the echoes.

The \.
wray numbers' are given along the.tofis: A ).
"ray" is the set of all bins along.a givern/ .

. azimuth (see pagel16 ). Echoes are”in dBZ. -

ATPPlisegméﬁtvgenerated;by the ¢0mputer;pro ram

first two columns on the left give the range, »7

C9r

36|t 46 a8 SL 46 4z 38 32

g ran



Figure 6.2: The data of Figure 6.1 as’ they would appear in

s

a true PPI display. The data are outlined by .

 the small shaded sectpr near 250 degrees. .The

radar site is at "O'. Ranges, in miles, are

marked at the.top of the diagram. while azi-.

muths from-true north are marked at the left.

"¢ 'The.cuyve indicates$.the approximate boundary'.

of echpes 10dBZ;orfhigher:**Thefaréa*bffStrﬁngfb

it i L NP e s T TR DIEITTH RN T Y7 WP T B RMAIE = A, 0 T 6

. \..

eéhdesfin_the_1owerile£t.of'FiguretQ;LTWGﬂldgyf 1;1137

be: in; the lower right cprner'dfftheégector;

~ o
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mU1tiplyfng-b¥_;he map’ranég. The errors are expressed . '
! v ’ ' a o ‘ 3 ‘ . d l. Lo

LA L. L. L . ‘ . .

by'the'following_equations: ‘

.o

Xg =" ITppy - Tyl or Xg = |rouT er . 6.6

AT %373 laeey - amlor Kr o= gy lagyr - eyl 6.7

XroTaL = (XR® ¢ XgT)2 oo 6.8

XTOTAL is the total reg15trat1on error ‘in"kilometers; :
~_XR and XT are the ran;e and tangentlal errors respectlven
ly. rM and aM‘are the map range of the hallpad 1n kllo-’h
meters,“and the map 321muth in: degrees : rPPI’and aPPI are
vthe range in kllometers and the a21muth in degrees glven “b~*:‘»d dh%

by the computer generated PPI whlle rQUT and aOUT are the \2;‘

'range and - a21muth given by-PLOTPAD The errors are sum- o '-_” S

PRSI

marized 1n.Table 6. 2. ;jf_

There is an: uncertalnty of mileﬁﬁé lkm) in a.

i A a5 02

h'hailpad's p051t10n '51nce 1ts locat1on is glven only by the,.t

d'\quarter section on whlch 1t 1s set up. PLOT and PLOTPAD

L

hfpelected the correct radar data w1th1n the uncerta1nty in

P

P

~ the. hallpad locatlon 1n a maJorlty of cases. The problems N\

e

‘;gaused by 1naccurate reglstratlon become 51gn1f1cant w1thf

“apprec1ably larger errors Eortunately,.nonefof the

-

: pads w1th complete radar data had to be reJected because of
-‘,excesslvely poor reglstratlon More sophlstlcated echo—.

10C8t10n routlnes,,such as those used in the hand11ng of



R

{ Table 6 2 L 5."‘_."; ﬂ- ”‘;h'_;"*'ﬂ.

| 'SUMMAR¥ @F RADAR REGISTRATION ERRORS,’ XHN“L

: Erfor Size CJass (KM)

-
\_v'
. o . 3
\

' Breakdown of Errons by Slze Class .

.”Numper Ln SLze;Qlass

"'Percenfqgevin Size Class

"'51'.9

.0 | 1-27 2-3053.0°| <1:0] 1e2 | 2-3 | 300 T

el

o Augusf 7

|DETAILED ANALYSES

At PLOT-MAP: ERRORS

PLOT-MAP ERRORS ONLY

T

PLOT-MAP:
CPPI-MAP

_ e I IR AR IR A R (N
17t 2 o _56.2, 36.7 1 6.7.| 0 | Sy
| 35,
21.
36,

9 : 64.3,
9. 3 64,3
260 | 591

B b
BO
W

(oNoNe]

N AugusT 18 :
|PLOT<MAP. ERRORS ONLYv
-|DETAILED ANALYSES:

".'ALL PLOT- MAP ERRORS

PLOT-MAP-
PPI=MAP .

RIS A R

N9 o .

ano
¥

MO O

" |DETAILED ANALYSES:

TOTAL

| 'AuL PLOT-MAP ERRORS

=3

PLOT-MAP ERRORS ONLY

_PLOT-MAP. -
 PPI-MAP

5;35,'\_

.01]29.6

135.7 0 -

L1 28.67014.3 00 |
3103 2.4 | 2.4 ;

18,
16 8
fﬁj

N's o

)



6.4 THE PROBLEM OF RESOLUTION- SCALE MISMATCH

at scales f1ner than the 51ze of a quarter sectlon —-Thls

T

. i o e '5-\»-'_2 R L : '

cthe Hall Pro;ect S band data, w1ll help to allev1ate the

y o ' ,a‘ I . -

”‘:j.reglstratlon problem ldl..f~_"‘,v.” e

Ly

T

S The work of Strong §1974) and Changnon (1970)

—_ " /

%

’shows that 51gn1f1cant varlatlon in hall/act1v1ty can erlst‘

-

51ze scale 1s 51mllar to the resolut1on of the: Q band at’

'”:ea range of 40 to 80 kllometers

As estlmate of the energy dens1ty of hall in thef'

_"beam resolutlon volume at these ranges is averaged oVer

'vcorresponds to the radar estlmate would be the energy

"p‘hallpad can dev1ate markedly from the. area average cau51ng“-

2,the volume Tﬁe ground hallfall parameter that actually

'-‘-\,

den51ty averaged oVer the quarter sectlon under the beam

Qrather than the hallpad value The energ%rdep51ty from a

'u~,

W strong scatterlng 1n the ? ER relatlonshlp A rough 11‘

: lustratlon of ‘the f1ne scale varrat1on can be made from the .

v

data. in_ the above ment1oned work of StrOng _ In¥1973 he

foperated a h1gh den51ty network ‘in Sect1on 6 T42"s59

95

‘°'Jsouthwest of lebey, Alberta ‘con51st1ng of a S X 5 ha1lpad;5v

z'array, He produced a hallfaﬂJ‘Fmp from thlS network of a-
ﬂstorm Wthh 1n that area was comparable 1n 1nten51ty to the.
'_ones analysed in- thls study The map showed max1ma of

-hail act1v1ty (about 200Jm’2) 1n the center of the sectlon }:

7fand near the southwestern corner. Hall act1v1ty var1ed



o wideiy over'the netwdrk In the northwest quarter,'the,H.

-~

"‘~energy den51ty varled from 171Jm . 1n the SOutheast cbrner
'th less than 10Jm in the northeast corner
hﬁv,h The results 1nd1cate that ‘a radar estlmate of

"energy den51ty may be more useful as a mean flgure for thef

 .ha11 actLV1ty over ‘an extended a%ea, such as a: quarter-'v ,k L

sectlon.‘ Whlle it W111 glve a. good rough estlmate of/the

_energy den51ty on a hallpad below the beam 1t does not yet

‘show promlse of belng a hlghly accurate po1nt est1mator . /T

i

ERSTp. 5y




« x-‘ ',i‘ el
o | - CHAPTER 7 e
Lo S 2 o
3 ‘CONCLUSION . .
7lSUMMARY -

3 .,/,

A method of estlmatlng klnetlc energy den51ty af

‘;-. hallfall at locatlons w1thout hallpads vu51ng radar data

v

L o and the ex1st1ng<ha11pad network was developed N The method e

&
Centrai Alberta

.; was tested «On- the hallstorms oftﬁ'gust 7 and 18 1974 in “~5”

_4‘
.l, .’1~

The radar hallpad est1mat¢on method was compared

to methods wh1ch use only hallpad 1n£ormat10n The hallpads-’

'f only methods*showed 1ttle or no sklll at extrapolatlng

energy den51ty,‘mh1 the radar hallpad method showed
~:Lh1gh1y 51gn1f1cant sk111 The average error of estlmatlon
| Viby the radar hailpaL method was about 50 percent of thq
N gaverage error by other methods : 45 out of 60 or 75 per—
‘ycent f the hallpads tested by the radar hallpad method

dﬁywere estlmated to W1th1n 10Jm'? of the1r actual energy den— o

“.51t1es By Comparlsen u51ng an arlthmetlc mean on the SN
o = Y x,a < . v ;
f;hallpad data gave,only 43 percent w1th1n IOJm‘? U51ng :

- dlstance weightedlmeans of hallpad datatgave only 40 per~

AW

("ﬁcent w1th1n 10Jm 2;_ Slmllarly, 92 percent of the haiTpads;d'
e e e - e ‘1;';v_],p...v < R
T S ' '



]

1were estlmated w1th1n 20Jm‘2 by the radar ha11pad method

‘as compared to 61 and 62 percent by the two hallpads only A
:methods o df“_ ‘ . |
$ .
_Using the radar hallpad method 109 square'miles‘
(282km ) were 1nten51ve1y aurveyed - Radar estlmates of
“hallfall energy den51ty in this area showed Varlatlons hav-
1ng dlmen51onsvthat are in good agreement.w1thtground ob-
vservatlons*ofwsmall—scale halltpatterns, Local estlmates
of:hadlfall generaily-agreed wellvwith'the availahle,

farmerﬁ"reports, Hail'energw density*was firét contoured

- in the 1nten51ve survey reglon u51ng farmers' reports, and

1hassum1ng a. doubllng of energy den51ty with each hlgher
:._”catagory” of maximum hall size. | When_thls was’ done) the -
energy den51ty at the. farmers .Teport eite was mithin one
'countour category of the‘radar‘estimate-at the site or
a nelghbourlng 1and locatlon ‘in 13 out of 24 casesv

| The hallpad energy versus radar‘estlmate rela-'ﬁ
tlonshlp was found to be quite dlfferent on the two storm
. days studled here ' ThlS 1mplles that radar estlmates

should be taifored-to;thecdate‘scground-hased measurementa;
R 7The_method,of.estimating-localhhail energyhden—v
;éity sho&s'promrse>in operational applications' but some |
_problems must be overcome The S- band (10 6cm) radar dataA
igcollected 51nce 1975 is- generally more stable and accurate-
ly.reglstered‘than‘the C-u.nd data »f 1974 'The longer"
':wavelengthiofhthe“S;band.WLll greatly reduCe the effecg of

‘beam,attenuation. Refining +thé programs'uSed'to”locate



"
the hailpads and to select the appropriate radar data will,
:ralso-imﬁrove the results- For data from 1975 onward the

output from ex1st1ng hlgh precision programs can, be used R

as 1nput for secondary programs Wthh perform these tasks

7.2 RECOMMENDATIdNS FOR FURTHER STUDY

Reflned radar hallpad stud1es could readlly be
a1ncorporated into Alberta Hall Pro;ect operatlons and
.evaluatlons, | |

| - A more SOphistiCated ahdlaccurate methOd.is
’dvneeded-to&filteriodt'the contribotion bf‘rain'to the radar-
echoes. | Informatlon from the c1rcu1 T depolarlzatlon ratio
(CDR) cbuld for example be used 51nce the CDR is wellv‘

7corre1ated w1th thé proportlon of rain to ha11 (Barge,'

;;1972)‘ The contrlbutlon of ‘the hail 51gnal to the total

”

returned 51gna1v1ncreases ‘with the.magnltude.of the returned

__signal Théuenergy estimation'formnla shouid.therefore be”
'Ltested at threshold levels greater than 4SdBZ

| " The radar ha11pad method shouﬂd be more thoroughly
'testedri A barge amount of hlgh quallty radar data and
thousands of hallpad analyses-are.avallable from 1975,
1976 ¢ .d 1977. ‘Use of this data’base fothestingdthet

o

'radar ha11pad method can more fully establlsh its’ rellabl-'

-"11ty and’ fea51b111ty

Programs already in use by the Ha11 Pro;ect can
extract the estlmated rate of ralnfall from the radar data"

)

for each storm. A 51m11ar program using the energy:f-

a’

99
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””rref}ectivity reIationship abpropriate for the charac--
I o L £ 4
”ter!stlcs of the radar could be used to produce maps of

fraw hall energy den51ty estimates for ‘the ent1re Ha11" g
“‘PrOJect reglon for a glven storm)day ThlS Taw estlmate

’ paﬁtern could later be adjusted when the hallpads for that?}ff

s N

date are analysed
L The radar data presented 1n Chapter‘6 ralses "

ltheoretlcal questlons such ds the relatlonshlp between‘ |

’ reflect1v1ty factor Z and the spectrum of hallstone dla— ’

'meters D.: The relatlonshlp can be expressed approx1mate1y.'

as Z = DT, where 4 <rs 6 (Barge 1977) Examlnatlon

of more hallpads and the correspondlng radar data to de- |

| iermlne thlS relatlonshlp more precisely may be of somegu:f,

interest. C . o S 4

.Such a procedure can be applled d1rectly to the‘

:“problem of determlnlng the effect tha oud seedlng has‘ )
von hailfall. -Unil now no flne;sc/fe;;zzntitatrve}dataw 7“

was avallable to: measure thls effect -The desired effect.

:of seedlng is 'to sh1ft the entlre 51ze spectrum of hail

produced by a storm toward smaller sizes. The best sangie .
jparameter to measure thlS effect is the enorgy den51ty of

"~ hail at the ground. vCalculatlons can. be made of theu

-,ayerage,energyjden51ty of, or total energy ylelded by; o
seededfand’unseeded hailswaths,_or seeded and;unseeded>

portionslof the‘same'hai15wath 7~A comparison,.based\On

.many such calculatlons, could p0551b1y determlne the over-

all.effect of'seedlng._ Seedlng effects detenmlned by

I
£

‘,



! i
oo

5 anaryses of ha11 1nsurance clalms in towns

‘vaerlfled 1ndependently by determlnlng the

Jbetweehotheuaverage hallfall energy den51t

.“’

lha&l 1nsura”ce§clamms 1n each towns 1p

which use many energy» dfensﬁ -

: have the 1nherent advantage of avefeglng o

hlps could be

relatlonshlpr

y and the total

hese methods,

\1

utmthe uncer—'

,.\'

talntles in 1nd1v1dual energy den51ty estlmates

i

.
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- Main program only. Tisted. .- PADEN -uses. the same subroutines... - - .
as PLOTPAD. st > 3ubrouTines...

BN R

 APPENDIX'B .

' LISTINGS OF MAJOR PROGRAMS-

Notes:'

CompIeTe llsflng, excepT for some speCIaI routines avaalable
only under Unlversxfy of AlberTa MTS. L -

PLOTPAD “15 g
Complete tisting,
“:,PADEN“ w

//

P
e

7

/’~

' Maln rogram only llsfed " PP| usés all the spbhoU#?neé as’
fPLOT excepT SUMARY, LAND and CREATF. ' T

/

//

PERMS _':' f“-‘, B E R et
CompIeTe llsfnng

2 .
L

g 23 .

sp

135,

111



- FLOT

INTEGER GRT:SEC;TNSHP;RAJGE—RRNGE(SO):RAZM(SO)ySPACE(SO):IID(4)1
XLTIMsHTIMs ID(4,50) . _ - B _ :
*STLTIM:STHTIMvSFLTIhybPH|.MyBLANK-TIHSTT(3)yTIMSTP(J);HRbHINrSECy
KCNTNUM>BINSHTIMyLTIM : ‘

INTEGER*2 M(307°);LhNyIHTIH;ILIIH

‘LOGICAL DOWNsUP . L

COMMON ID;INFENfNUMEth s |

COMMON 1 : S '

LOGICN #1 A(&) : : ‘ : : .

RATr wiarwse </ '

"REAL FAJ 50) s INTEN(53) y INCEFT

o RTIMOTHY My ILTIM) = IHT IMX327484 TLTIH

BINTIMCHR, MINSSEC) =HR¥216000. FMINX¥3600. +SEC*60.

- L WRITE(&7300) ‘
300 - FORMAT(’1 INFUT REGINNING TIME AND FNDING TIME OF SURVEY’ n/)

REALD(S,100)TIMS Tr;rIHSIF -

10D FOhﬁAT(é(I”;1X‘)’
. WEITE (65 30%) o ‘ , .
105 FORMAT (' “v//9% INFUT “SLOFE s INTERCEFT y AND RADAR CONSTANT 5/)

| CFREAD IS-A FORTRAN SFECIAL ROUTINE USED UNDER5ﬁ1ayU OF A,

. CALL FREAL(Sy "3R:’,SLOFEs INCEFT s RABARY =

T START: SEINTIMOTIMETT (1) s TIMSTT (2, TIMSTT(3) )

TSTOF= BINTIH(TIMSTF(l)yTIMSTF("),T[HbTF(Z))
2000 WRITE(&+301). :
301 . FORMATC’ éy4s/,7 INFUT, GUAFI}R; F(TION;TONN SHIFyRANGE s /% MERILDIANY

© K AND IDFNFIFILATION FOR EHLH LOCATION. ) :

NUMBER =50

D0 1. I=1.50" o ' :
g8 - RERD(S;lOl)GRT,SECvrNSHP:RANGE;HERr(ID(Jql),J=ly4)»

"0 IFYQRT.EQ.EIL.LANK)GO TO © s . : -

101 FORMAT(A2,4110.4A42)
C CONVERTS SURVEY COORIDINATES TD RADAR RANGE (KM) ANDI AZM
€ (631 FER SCAN) WITH ZEROYAT 140 DEGREES FROM TRUE NORTH,
5 cALL LAND(GRT;SEL:TNSHFyﬂAkayHFRyRFth(I‘,hA7M<I‘yFA’H'L)‘
-CCHECK FOR INVALID LAND LOCATIONS, IF 7SO, INFOEM THE .WORLD.
: IF . (RENGE (1).G6T.147)60 TO 6

IF CRRNGECE) WGT.3060 10 1

WRITE (59302) (IDCJsINsd=1,4),
3027 - FORMAT( FAD “+4A2y" 15 LESS THAN 3KM.FROM THE RADAK. NO DATA

XIS AVAILABLE. THE LOCATION IS DFL%TED’)

50 TO0 8

2

- . wRq]E(Av3OJ‘fID(JyI)1J 174)

303 FORMATCC FAD “54A2, 7 IS MORE THAN 147 KM.FROM THE RADAR NO DATQ
I AUAILAERLE. THE lOCATIDN IS LELETEDR. ’) .
GO 10 8

1 CONTINUE

_ GO 10 12 - -
9 MUMBER=I1-1 : ’ wo

R T BUEBELE SORT LUCATIONS FU FREVENT COMMON REFEFENCE OF SOURCE.

12 M1=NUMBER~1
DO 2 I=19N1 y 8
N2=N1-T+1 o o ‘ ' o
DO. 3 J=1yN2 o : L,a
IF (RAZM¢D) LT, hAZH(Jfl))GO To 3~ | . ‘ :
IF. (RAZM(J) .EQ. RAZM(J+1).ANU RFNGE(J) LT. RFNGE(J+1))GO .T0 .3
‘DO 15 K=1,4
TINCKY=IDCK 0y - - 7 :
15 CONTINUE ~ o R = coe .
: TAZM=RAZM(J) _ : v co . T
- REAZM=FAZM(L) ‘ S , S %
s IR=RRENGE (J) : :

112



00 16 Ksls4 -
. IM(Ky ) =I0(K, J+1)
14 CONTINUE
RAZM(JY=RAZM(J+1).
- PAZMCD EPAZM(J+LY 7 -
‘ RRNGE(J) RRNGE (J+1) : ‘ :
. - 00 17 K=1,4 - g o B o
o ID(Ky J+1)=IT0C(K) =
17 ,lCONTINUE :
RAZH(U+1)—IAZM - :
- FAZM(J+1)=RFAZM : L

c LALCULATE NUMBER OF ﬁi%s TO SKIF TO GO .FROM ONE LAOCATION TO THE NEXT.

) RRNGE(J+1)=1R
.3 CONTINUE
2 " CONTINUE
ISUM=0

URITE(é!éOOhNUMHFR’((IU(hrI)rh 1,4)yPAZM(I) yRRNGE(I) 5y I= 1rNUﬁHER)

400  FORMAT(‘ FPALl IDENT AZM D RNGE KM’ sI4/(’ ‘yAA292XsF6.0+16))
: SFACE (1)=RAZM(1) : '
[0 4 I=2,NUMRER
o SFACE(I)= RAZM(I) RAZM(I 1)
4 CONTINUE . '
C REALD' ONE RECORDsALSO INITIALIZE sun IN SUMARY .
- WRITE(6:402)
402 FORMAT(’. /"y’ ENTER TAFE HOUNT# "
222 CALL FREAD(S,’I:’,II)
IF (II.GT.O.AND.II.LE.13)G0 ro 224
WRITE(65403) - i ’
403" - FORMAT ('’ ‘y  INVALIL INFUT..FLS RE- FNTtR INFUT /) ’
GO TO 222
224 CALL TFMNT(II) ' ‘
¢ CREATE OQUTFUT FILE ON WHICH DATA WILL EE wRITTEN. :
CALL CREATF | , : St
“WRITE(7)NUMBEFR  IIts FAZM s RENGE

3

C SKIF A NUMEER OF RECORDS (4144 IN LENGTH) DEFENDING ON INFUT TIME.

CALL SKFREC(IIsSTART,MsCNTNUM)
C GET SOME MORE DATA ON TAFE.
: CALL DATA(MyCNTNUMs %40, 82000)
C INITILAZE SUMARY.
.CALL .SUMARY (1) I -
DOUN—.TRUE. e

JFALSE, : ) T
c SFALE FﬁRwARn TO START TIME. : . -~
C GET [OWN FULSE (HEADING MARKER=12). ’
11 . CALL HEDING(MyCNTNUMy,IOWNyUF %11y 840, 83000)

C EVERY RYTE OF DATA HAS TO af SWITCHEL' ARGUND (PHP11/441QACZ).
CALL EYTREV(M,CNTNUM$15 .

CALL BYTREV (MsCNTNUM+2) - : h ’

C 'CONVERT FROM:SYSTEM TIME TO REAL TIME.
CLOCK=RTIM(M(CNTNUM+2) s M(CNTNUM+1))
IF(CLOCK,GE.STARTYGO TO 14 ' g
CNTNUM=CNTNUM+2 . e : B R

. GO TO 11 , ¢ : - : S ‘

C SET ELEVATION COUNTER. TO ZERD (HEAI'ING ARKER=12-FOLDLOUED RY

€ HEALNING MARKER=8).

’

C SKIF TO NEXT HEADING MARKER.IT WILL INDICATE A ZERD DEGREE SCAN.‘f

14 CALL HEDING(HyCNTNUNr.FALSEJ:.TRUE.;814184078°000)
' CALL BYTREV(MyCNTNUM+1) ,
- CALL BYTREV(MsCNTNUM+2) : s R
CLOCK= RTIﬁ(H(CNTNUM+”)vM(CNTNUM+1)\ IR o ‘

HTIM=M(CNTNUM+2)
LTIM=M(CNTNUM+1)
. CNTNUM= CNTNUH&”
22 .- ELEV=0.
CALL TIME(CLDCK;HR!”IN;SEC)
C BTD IS SPECIAL MTS ROUTINE.(CDNUERSION oF CHARACTERS)



CALL BTD(HR.A(1>¢g,nﬁ>§Qé> -
CALL BTD(MINsA(3)52yNDy 0" ) : _ r
CALL BTD(SEC,A(S) »29NDy 0”)
o WRITE(6,401)A
4401 FORMAT(’ 73281573 ,281,73752A1)
.- IF (CLOCK.GT.TSTOP)GO TO 40 . ’
23 INTEN(NUMBER+1) =HTIM ) S Lo
: INTEN(NUMBER+2)=LTIM ~ o
“TI0 20 I=1,NUMBER’
C SUBTRACT 3 BECAUSE FIRST - THREE RINS ARE NOT' RECORDED
BIN=RRNGE(I)-3 .
N=SFACE(I) L . o
IF.- (N.ER.0)GO TO 25 , R v -
caLL ShPRAY(M;(NTNUH;N;S40:&“OOO)
CNTNUM=CNTNUM$2 |

- IBIN=0 '
2% CALL DBZRAY(M;CNTNUH:BINvIBINerbLOFEyINCEFT;RADAR:8407&”000)
b INTENC(IY=R

20 CONTINUE =~ : : _ o . .
. INTEN(NUMBEK+3)=ELEV - » L )
. WRITE(7)INTEN - '
CALL  SUMARY (2)
caLL. HEDING(HvLNrNUHr.FALSE.r.rhUE.yx“7,840yZ“OOO)
CNTNUM=CNTNUM+2
- IF ' (ELEV.EQ.22.5)G0 TO 115
ELEV=ELEV+1.5 v

N GO TO 23~
115 CALL. HEDINC(H:CNTNUﬁv.FALQE.v.TRUE.y&“71840y8°000)
GO TO 114

27 - IsUM=1SUM+1 - o ‘ oA
CALL EBYTREV(MyCNTNUM+2) 7 : »
CALL BYTREV(MsCNTNUM+1)
HTIM=M(CNTNUM+2)
LTIM=M(CNTNUM+1)
CLOCK=RTIM(M(CNTNUM+2) yM(CNTNUM+1))
IF (ISUM.EQ.17)G0.TO a1

_ GO TO .22 o . B ‘ v o
40 . STOF o ' ‘ : . :
41 CALL SUMARY (3)
' © ISUM=0! :
GO TO 22

END
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C A SUEBROUTINE TO BYTE REVERSE INTEGERX2 DATA .

SUBEROUTINE RYTREV(L,I) : ’ s ks
LOGICAL*1 L(&144) /LA ' B o /
LA=L((I-1)%2+1) ' :
LOCT-1)%2+1)=L (1%2)

LOIk2)y=LA -

- RETURN '

‘END



[N

»

A SUBRRO INE TO DETECT RAYS AND SKIP )b THE HEGINNING
C OF A DEg%E : o :

ED RAY. FORWARD SKIFS ONLY.

SUBROUT INE ahFhAY(MyLNfNUH;Nv*y*)
INTEGER CNTNUMsN.
[NTEGERX2 M(3072)
¥ (N.LT.0)G0 TO 10
IF (N.ER.O)RETURN ‘ S
CNTNURM=CNTNUM+1 | S
TF (CNTNUM . GT 5 3072)CALL. DATA (M CNTNUM, 841 25)
IF (MCCNTNUM) SEQ. 144)CALL DATA (MsCNTNUM &4, 35)
IF (M (CNTNUM) LEQ.0)GD. T0 2.
60 101
N=N-1
.50 T0 3
RETURNL
RETURN? :
© ONTNUM=CNTNUM-1 -
CIF (M{CNTNUM AL EQ. 0260 T0 11
60 TO 10 N 4
N=Ntl
0 TO 12
END

-

116
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C.A SUBROUTINE TO READ DATA FROM TAPE AND
C,M?DIFY.CNTNUM (COUNTER NUMBER) BACK TO t

SUEROUTINE DATA. (MrCNTNUMr*y*)

INTEGER CNTNUMsCONTRL(20)

'INTEGER¥2 M(3072)sLEN »

“Mob=0 -

LUNIT=0 - ' ) S

1 cacl - REAU(M,LEN.MOU,LNR yLUNIT,s210)

. CNTNUM=1 : o

" RETURN .

10 CALL MOUTP(IID),
‘G0 TO (47312)1III ] :

2 RETURNL - R )

360 TO L ~ S

4 - RETURN2 ..~

END : :

"7
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AL A0 Lo guomimanin e s : L g S

TR AT MM AT Y e e . \
L, SosaRd

B L. A w i AL R AL ailw 4 A
: AT o R ST

. ARk
G A SUBRUUTINE 10 DETECT HEADING MARKERS AN DOWN, FULSES
SUEROUTINE HEDING (M.CNTNUM,nouN,UP,*,*,*),‘
INTEGER CNTNUM  ° e ,
INTEGER¥2 M(3072)
LOGICAL DOWNsUF /
1 CENTNUM=CNTNUMEL ‘ : -
: IF(CNTNUM.GT.3072)CALL nATA(n,CNTNUM.&z,zA) o
IF(M(CNTNUM).EG.144)CALL DATA(M!CNTNUM;&Qr&A) : '
,IF(M(CNTNUH).EQ.O)BO TO 3. L : : , : '
IF(M(CNTNUM).EG.iQ.AND.DowN)RETURN_ - !
"IF(ﬁ(CNTNUﬁ),EG.B.ANH.UP)RETURN : -
IF(M(CNTNUM),EG.12.ANU.UP)RETURN1
. GO TO 1 . _ S L -
3 CNTNUM=CNTNUMA2 ‘ A R ‘ o ~
. GO.O 1 ) B N .
> - RE{URNZ s
A RETURNS




v

SIJHRDUTINE T0 GET A SFECIFIED EIN UF DATA FROM CURRENT RAY

c
c , :
C ~BIN=RRNGE(I)-3 . ' -
£ | o

'C  -14385=:ERROR FLAG
€ -28672=3END OF RECORD
C. 2048=> NEW MARKER
c 2= DOWN FULSE

*

 SUBROUTINE DBZRAY(M;CNTNUH;BIN;IBIN:R;SLOFErINCEPT;RADAR:* x)
REAL INCEPT -
INTEGER CNTNUMyERIN' : .
. INTEGERX2 M(3d72) - » ‘ S s
10 CNTNUM=CNTNUM+1 . ' ' ‘
: IF (CNTNUM.GT.3072)60 T 15
13~ CALL BYTREV(MsCNTNUM) _
: IF (MCCNTNUM) .GE.0)G0 TO 11
IF (MCCNTNUM)Y L EQ.-1638S5)G0° TO 9
IF (MCCNTNUM) . Fa.—°86/°>so T™e.15 -
C EURELY IT IS A FOINTER ‘

IRIN=M(CNTNUM) +145 . 4
IFCIRIN.GT.HIN)GO TO 91 ‘
GO TO 10 . . \ .
C ERROR -IN NEXT‘DATA WORI. ShIF THE uoan
9 'CNTNUM=CNTNUM+2
. TG0 TO 13
;5 -~ CALL’ UATA(M;LNTNUM:&iOOr&lOi)
: GO TO 13
C NUMEER IS POSITIVE SO COULL EE fLAG;TIME OR DATA.
11 IF(MCCNTNUM)Y WEQ.0)B0 TO 17 '

IF(M(CNTNUM)Y.EQ.2048)G0 TO 89 - - - S .
IF (M(CNTNUM) JEQ.3072)G0 .T0 88 : :
IFCEIN,ER.IRIN)GO TO 90 ' o : ;
IRIN=TRINtL - EEEE _ _f P
GO TO 10 ‘ e SN '
C_NEW FULSE. THEREFORE_ M(EIN) EQUALS ZERO. '
17 R0, S
. CNTNUM=CNTNUM- 1 RIS -
RETURN _ ' , SN
C DOWN FULSE: WHAT DO WE DO??? . - . R -
88 + CALL BYTREV (Ms CNTNUM) — ’ : -
- GO T8 17 ' ' ' . o - Sk

C NEW MARKER: WHAT 00 WE 00777 - : I ' o,
89 CALL EYTREUV(MyCNTNUM) = -~ . ' ‘ - :
‘ 60 TO 17. T R
C CALCULATE RANGE IN KM ALSO DEM. AND DEZ, . T T
90 . RRANGE=(IEINX1.048)42,67 - S . :
DEM=SLOPEXM (CNTNUM) + INCEFT R o “
R= DBH+(“0*AL0610(RRANGE))+RADAR I ENEI A3
- CRETURN e .
91 CALL BYTREV(MsCNTNUM) SR
60 .TO 17 '

100 RETURN1 o o o I
101 CRETURN2 T -
E END- - A , ‘



5

C THIS SUEROUTINE
S b

.SUBROUTINE SUMARY(II) , _ X S
REAL INTEN(S3) :
INTEGER SUM(S50+10),ID(4,50)
COMMON IDy INTENyNUMEER e . : ’ _ . :
G0 TO (10005200053000)y11 ) S T R :
1000 DO 1001 J=1,10 -
00 1002 T=1,50 o :
SUM(IyJ)=0
1002 - CONTINUE
. 1001 CONTINUE
© . RETURN s
© 2000 DO 2001 I=1,NUMEER _ ‘
' IDNR=IFIXCINTEN(I)/10.)+1 T .
IFCIORGT.10)IOR=10 :
IFCINB.LT.O)IDE=0

PREATES THE HOURLY DATA SUMMARY _ . ’ ' .

., SUM(T.IDE)= SUM(I:IDB)+1 »
2001 CONTINUE 4 ' S
‘ RETURN ' _ o T - -
3000 WRITE(&y3001) o ' - S .

3001  FORMAT(’1SUMARY OF DATA FOR . THE LAST FERIOD’V
%’ NUMBER OF TIMES RADAR REFLECTIVITY WAS IN RANGE OF’ /
X7 FAD IDENT 0-9 10-19 20-29 30- 39 40-49 50-59 60— 69"
Ky 7 70=79 80-89 90-99 DBZ‘) .
[0 3002 I=1,NUMEER - ' ’ o a
. wRITt(éySOOJ)(IU(Jyl)yJ 1y4),<sun(I,J>1J 1,10) o : '
- 3003 FORMAT(¢/ y492;1016)
3002 CONTINUE
© G0 TO 1000
END
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C A SUBROUTINE TO CONVERT REAL TIME INTO HOURS AND MINUTES
v _ .

SUBRROUTINE TIME(CLOCKsHRsMIN»SEC)
INTEGER HRs,SEC . . = .
* HR=INT(CLOCK/2146000,) :
MIN=INT(CLOCK/3400.)-HR%40 .
SEC= INT(CLOCh/bO)—(HR*3600+MIN*60) . ' PR
RETURN . : ' '
END oL o o ‘
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Q o f | p‘ . T

C THE SUBROUTINé“TO CREATE THE FILE '‘ON THE QUTPUT TAFE.

"SUBROUTINE CREATF :
LOGICALXx1 FIL(10) Co . ' ' ) ‘ ‘ f
LOGICALX1 CHAR(P9)Y/ % » /M’ 5’079 U s ’'N"9’T’ s’ ‘5’0’9’0 9’374 48,77

: K Xy’0Q’y’ - i'A(?/"/T/"lF./'/. Ty Ky Ty Ay PPy ’E 5y X’y /'/R/-’/I/'{N/’

101

104

10
103

11
102

) *GI,{:I,/II INI "’F‘",O,,,S”/NI’,.:",’,,*,,,EI',OI'/T”/*/,, "/U/

*,/0/,/[_1 /../ /0/ IUI,/TI'IF-I,IUI,/TI.’I ,7».,F‘/7’,H,!ITI7{_' IF’/ /B/’r
* I,I._Ll.’lR/‘IE'ICI’/LI-'I'_.__/"'j';)I,lll’(21’/'\':I,I--SI"III'IZI IEI I..I’I:J
Ky l1/ 972970970y ‘3 I’ y’S y/'N’'y’="/ . S
CALL FTNCMID(‘ASSIGN 4=NEWDIRECTORY’»21) ) .
" CALL FTNCMI(’ASSIGN 3=NEWNIRECTORY (XL+1)‘s27) , S
WRITE(S6r101) , . S S
- FORMAT(% “»’ FLBS ENTER NAME OF FILE TO EE CREATED ON TAFE’s/)
CALL FREAD(S,’STRING:’rCHAR(BE)s11) -
REANN(45104,END=10)FIL _ o o
FORMAT (10A1) ' ' o . ‘

IF(l[OHEklorFILvCHAR(SS)) EQ.0)G0 TO 11
30 TO 4
IdF\ITh(3710"5)(£HAF\'(J)yJ 88;98) R -

FORMAT (11A1)
CCALL CMD(CHARy98) : _ 3 B
CALL FTNCMIN(/ASSIGN 7=XTAFEX’s15) . ' o

RETURN - . . S v . ‘

WRITE(6y102) R o S o

FORMAT(’ 7/ FILE ALREADY. EXISTS ON TAFE...FLS RE-ENTER FILE NAME.
X9/ o R . _ ' .
B0 TO 6

ENII
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C THis SUBROUTINE SKIPS A NUMBER OF RECORDS DEPENDING
~C ON THE FOSITION OF MARhER ON TAPE. .
_ SUBROUTINE SKFREC(ITsSTARTyMyCNTNUM) ‘ ’ S
" INTEGER HR,yMINsSECsyHR1sMIN1 . . R .
INTEGER¥2 M(3072)y THTIM» ILTIM x L ; e S
- INTEGER CNTNUM: o v i : S
LOGICAL DOWNsUP ' S o ‘ a ot
INTEGERX2 HRS(13)/161r18y13s15+17519,20,21,14515y16517+18/
INTEGERX2 NINU(13)/0Jr327107qu27140,18;55!4373J75J!37736/
RTIMCIHTIM, ILTIM)= THTIMX32768+ILTIN
CLOCK=START' _ _ . .
L . CALL TIME(CLOCKyHRyMINySEC) = .\ ,‘ o : - -
. TOTAL=(HRXSO+MIN)~(HRS (II)X60+MINU(II)) AR S Lo
9 . IF (TOTAL.LE.12,AND.TOTAL.GE.O)REJURN S '
‘ CALL SKIF(O,INT((TOTAL/6)%75)70784)
. CALL DATA(MyCNTNUM), :
10 - CALL HEDING(MyCNTNUM» TRUE.».FALSE.
CALL. BYTREV(MyCNTNUM+1 )
CACL BYTREV(MyCNTNUM+2)
CLOCK=RTIM(M(CNTNUM+2) s MCCNTNUM$1))
CALL TIME(CLOCK,HR1,MIN1,SEC) .
. TOTAL*(HR*60+HIN)~(HR1*60+MIN1) ‘
-4 GO TO'9
4  'RETURN
. END




v
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C THIS SUBROUTINE CHOOSES A RADAR DATA TAPE FROH A NUHBERED'SERIES

C AND HOUNTS IT.:

101

105‘; o ’ . o
c HUUNT S ANOTHER! SPECIAL MTS FORTRAN ROUTINE.

"GO0 TO. &

"CALL MOUNT( 003°62 éTF_*T*'SIzE=6144J,LENr

10

[Y v‘l—‘
B3 e

O
EEER ¢

CWRITEC69101) © 7
CFORMATY PL

'CALL MOUNT (‘003269 9TF *Tx'éliseax44',LEﬁ)"

. CALL FTNCMINC’ ASSIGN O=XTX "y 1“)

w

'

SUBROUTINE PHNT
INTEGERX2 LEN»Za/,L Nl/BO/
INTEGER CONTR(20)
GO TO (152y3924,2

,_ay27,e,9,1o,11,1 »13) 511

ER TAPE HOUNT’i/Tl
READN(S s 102YCANTR
FORMAT(BOAI)J

. CAL OUNT(COM§R9LEN1)

GO TO 6 : . .
CALL MOUNT (/003271 OTP KTX SIZE=§144’;LEN)
60 TO - TR , ' B .
T CALL. MOUNT (. oosﬂ7ﬂ TP XTx SIZE=6144’,LEN) ' = ‘
GO T0 6 > - S - : ’ : '
CALL MOUNT(/ 003260 TP Tk SIZE=6144,LEN)"
GO TO & v : -

CALL MOUNT (¢ 003“51 TP *T*.SIZE=6144’;LEN) I

GO TO & . e S v
C%LL HOUNT(’OO3263<9TP'*T*'SIZE=6144({LEN) '

"GO TO & e e L L CU
CALL MOUNT (' 003”64 TP XTx SIZE=6144’;LEN) . T it »
G0 TO 6 R 3 o
CALL MOUNT ¢~ 003”64 PTF XTX SIZE 6144’7LEN) Ea ) B
GB TO & : o e ‘ . . K

- CALL MOUNT(” 003“66'9TP *Tx-srzs 6144’:LEN)
GO TO 6, . '

CALL MOUNT(’ 003”67 TP KTX SIZE=61447 LEN) AR
GO TO 6, SOOI e T _
CALL MOUNT(/003248 9TF XTk SIZE=61447,LEN). g '
G0 TD 6 . . s

GO TO & g
CALL MOUNT (‘003270 9TF Tk SIZE=41447,LEN)

RETURN o SRR TR
END . - : : : . -

<



)

. C THIS SUBROUTINE CHANGES‘THE,DATA‘TAPE DURING PRINT-OUT OF THE DATA
C SUMMARY, . ' o . o

",. REAL. INTEN(SO)

- w CALL SUMARY(3)

~ .

100

)

19

600

1037

-

R

SUBROUTINE HOUTF(III)

INTEGER ID(4,50) - ' R -
coMMON ID;INTEN:NUNBER

" INTEGERX2 LEN

COMMON TT o e

wRITE(éyIOO) ' s
FORMAT(’ 7,/ END=0OF= FILE ON TAPE#'y// 4" WHAT DO TO no :
1WITH TAPE?’y//; .ENTER NUHBER CORRESFONDING TO THE FOLLOUING”r//r
X7 1=:REWIND' AND RE-USE, ’y/y* 2=>UNLOAD AND MOUNT NEW TAPE, *
X/’ B=:UNLOAD ANn_slgﬂ( Y B T S o
CALL FREAD(S, * I:75111y -
GO TO (4,6,7),111
WRITE (69102) ‘ ;
FORMAT (7 747 INUALID INPUT...FLS RE- ENTER INPUT’
60.To 4
cALL RFwIND(O)' : °
‘RETURN. . - N
WRITE(4,103) : . _
FORMAT(’ FLS ENTER NEW TAFE#’) L o
CALL FREADN(S,/I3/,I1) ° . P C
IF(IL.GT.0 ANI.IT,LE. 13)GO TO. 600 ' ‘
WRITE(6y102) - @
G0 TO 19~ . ¢ .
CALL TFHNT(LI) S RETEETR . S
RETURN . _ , ‘ o SR IR
RETURN . . . - R D

END ' S R
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FLOTRAL 4

700

1112

1109
107

1114

401

1140

A05

R N <) 31

o

200
3
>~ 1230
404

80

S201

[

FORMATX " ~PAD "

o

REAL IHTIﬂrILTIH TIM1,TIM2,CLOCK
INTEGER RRNGE(SO)rHIST(lS;QO)yAi(“O)rID(AyJO)yURONG(“)

XyFPAD(4) yHR
. DATA WURONG/’ST’y’/0F‘/
-LOGICAL EQUC :

LOGICALX1 FIL(10)
LOGICALXL A2(&)

RTIH(IHTIH:ILTIH)‘IHTIH*3"768+ILTIH
/N/

LOGICALX1 CHAR(28)/‘$,
*,’F y'07 9 SNy =T/

NRITE(617OO). ,

ICI 0/

| REAL FAZM(SO)yINTEN(SJ)rELEU(lS)vA(“)rHEIGHT(lS)

LS

I'/v*l,’lTl'IAI’IFII'

FORMATC “y 7 FLS iNPuj NAME OF OUTFUT FILE’,/)

REWIND 4

REAL(A7 407 yEND=1111)F1L

FORMAT (10A1)

GO TO 1109

GO TO 1112

C LL FTNOCMO(CHAR,28) .

CMRITE(S5y401) (CHARC(L) »I=18,28) : )
FORMAT (7. 7 ’EILE_’;llAir’UOES NDT EXIST..ELS RE- ENTER FILtNAME’

K

AL ETNCMIN “ $COFY. XTAFEX ~Y-2 15)
CALL. FTNGHD(-AS8 £6N 7Y’y 1)

CALL FTNCMD ¢/ $KRELEASE XTAFEX’ »15)

"CALL FTNCMI(’'ASSIGN 4=NEWLIRECTORY’ .,
. CALL FREAD(Jr’S1RING"}LHAR'18)111)

REAIN{ 7 EMD= 600)NUMHER11U:FAZH;RRNGE

I0OF "DESIRELD FAD.
WRTTE (4,200)
FORMAT (-
REAII( 65 100)FAD
FORMAT (4A2)

IF(FADCL) LEQ., WRONG (1) . ANTI.
DO 1 IP=1sNUMEER .
D0 80 K=1s4 : :
CIF(FADCK) WNE. TOCK s TF) YGO TO 1.

CONT [NUE

G0 TO 2
. CONTINUE

WRITE(&y201)FAD .
“yA4A2y
GO TO 3

N1=NUMRER+1 .
N2=NUMRER +2

V'N3 =NUMEEFR+3

ng 10 I=ts15

CONTINUE -
0o 11 J=1,20
00 12 K=1515
HIST(KyJ)=0

~ CONTINUE

CONTINUE -~ Lo

Spo 13 J=1,20
CALI =0

CONTINUE

FEADI( 7y ENII= &Ol)INfEN'

TIMA=INTEN(N1)®

TTM1= INTEN(N“)

MIH=0 & .
I“O,v. , v

INFUT DESIREL

NS

FALl TDENTIFICATION OR

CANNQT' BE FOUNT..
; B :

26)

~IF(LCUMC(IO:FlU;CQAR(184).EQ O)GO T0-- 1110

P

FAD(Q).EG.URONG(Q))STOF

HEIGHT (16~ I)‘(RRNGE(IP))*l.J*(I 1)*3 14149“2/180.

—

*STOF® /)

E’y %X’ y”

PLS.RE-ENTER IDENT’/)
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7

203

204

600

5027

601

¢

Al1(13=0

caLL EXTRAC(HISTy17ELEUyINTENrN3vIPyLIH:II)

I WLIHGTMIHIMI t=LIH
IFCIT.EQ.~1)G0 T0 601 .
IF(II.EQ.1.AND/LIH.E Q. O)GO T0 14
IF(LIH.ER.0)GO TO 6
CLDChuRTIM(TIH“;TIHl)

caLL TIME(CLOCK;HRyMINvSEC)‘
HIST(1,1)=0

Do 4 I=2,20

IF(IT.WER. 0)REAB(77ENU 601) INTEN
I1=0

AI(I)“IFIX(((INTEN(N1)~TIH°)*3“768 +(INTEN(N“) TIMI))/3600 )

IF(LIH.GT MIHYMIH=L IH . ,
IFC(IT.EQ.~1)60 TO 500 *
CONTINUE ' .
IF(MIH.EU.0)GO TD 601

CaLL BTU(HR;AQ(I);Z;NH,“O’)

CALL BTD(MINZA2(Z)y2yNIy /0"

CALL BTO(S Et,A“(J),_,Nn.'o*>
uhITE(érQO“)FAD;AthRNGE(IF)yFAZMtIF)

. CALL EXTRAC(HISTVIyELEUrINrENvNJIIFvLIHvII)

FORMAT( 17,8%s " . TIME-HEIGHT- REFLEFTIUITY FOR .FAD. ‘v4A25/6Xy

¥/ START TIhE=’ Al!‘:'rhﬁlr"' 2A1/
=7 yF4,09 " UFG')r DEG’ »63Xs”° hH.'J
N0 5 J=1,1%5

DISTANCE":I3rf~KH.~ AZIMUTH

WRITE(S2 0?)&LEU(J)1(HIST'Jvh):h 1720)1HEIGHT(J)

. FORMAT.(? - 7pFa.1y /7y 2013, 77 72F 4. 1)_
CONTINUE =
wPITEfo,204>\A1(J),1"1,~0)

‘.

FORMAT (S 794Xy, ;..........{..........................'v

, . . ,
S R R A ¥4

MIH=0 .

00 8 J=1+20

00 ¢ K=1s15

HIST(K,J)=0

COMNT [NUE

.CONT [NUE

no 15 J=1,20

ALY =D _

CONTINUE ‘ _ .
IFLIT.EQ \1)&0 TO 401 L
IF(CIH.EQL0)60 TO 6 7 R
IFC1I.EQ. O)RFAD(71END 601) INTEN
11=0

. TIME’ 2013+’ HIN SIS

ﬁl(l)mlFIX(((INTEN(Nl) TIH")*3”7¢8+(INTEN(N°) TIM1))/3600 )‘

“60-T0 7

. URITE(évoO’)e

FORMAT ¢ END-0F- FILE READ wHILE READING FREAHBLE777’

REWIND 7 : ,
G0 TO 605 . .

©CONTINUE . . . ==

KEWIND 7
60 TO 605
END.-
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¢

SUHROUTINE EXTRAC(HIST;IyELEUvINTENyNE;IF LIH,TI)
REAL ELEV(15), INTEN(S3)

INTEGER HIST(15,20)

ELEV(1SY=INTEN(N3) =

IHSIFIXCINTENCIF)) o

HIST(15,1)= IH :

CLIH=IH e
0.5 U= 2y15: i

READ(7yEND=1) INTEN

CIFCINTEN(N3).EQ.0.0)G0 TO 11
ELEVC(16-J)=INTEN(N3) .

IH=IFIXCINTENCIF) )

CCHIST((16~d) y1)=1H 2

IF(IH.GT.LIH)LIH=IH

CONTINUE

READI(7sEND=1)INTEN ‘ : v

IFCINTEN(N3) .EQ.22.5)RETURN ,

HIST(1,1)=0 § o : -

I1=1 B R L ey
IF CINTEN(N3) .EQ. 0. 0)RETURN . : DA . S )
REAL(7sEND=1) INTEN L PR st
GO TO-13 S B S T IR v
CONTINUE LT '

RETURN - R S : S
END - o - Co e e
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C A SUBROUTINE TO CUNUERT REAL TIME INTD'HOURS AND MINUTES

SUBROUTINE TIME(CLOCK;HRvHIN:SEC)
INTEGER. HRySEC

HR=INT(CLOCK/216000,) B ‘ o
MIN=INT(CLOCK/3400.)~HRX0 SRR : N

SEC= INT(CLDCK/éO)—(HR*3600+MIN*60) - o E
RETURN

 END-
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FADEN

e

" REAL FAZM(S50) s INTEN(S3) yELEV(15)yA(2) »HEIGHT (15) »ENSUM(4)
REAL IHTIM»ILTIM,TIM1,TIM2,CLOCK - -
INTEGER RRNGE(JO)yHIST(iSrQO)yID(4:J0)vURONG(”)yAl(“O) .
XsFADC4) yHR . : , T
. DATA WRONG/ /ST’y 0P’/ - 2 - - o o
LdsIcaL EQUC  © . , v o SRRERE R v
LOGICALXL FIL(10) a o o T '
LOGICALX1 A2(&) . o o
RTIM(IHTIMy ILTIM)= IHFIMX3°768+ILTIM : : S L
| LPGICALXL CHAR(28)/°$ 7/ C/y/ 075 N sy’ ‘v Ky Ty Ay /By By Ky 02
Xy 'F’/y /07978 s /N 9’="7 . L I
g WRITE(&y199) .. . - ' ‘
1. 199  FORMAT(‘ ENERGY INTEGRALS LISTED IN UECREASING ORDER UF THREbHDlD
-+ %DBZ:145540,35,30°/// PLS INFUT NAME OF. OUTFUT FILE' :
, CALL FTNCMD(’ASSIGN 4=NEWLDIRECTORY’s26) . .
1112 CALL FREAU(J;’STRING"yLHAR(iB)y11) i

_ REWIND 4 : LU S
1109  READ(4{r407,END= 1111)FIL e TR o
407 . F0RM9$§10A1) S ~ .

. - IFALED C(10rFILrCHAR(18)) EQ,0)60 TO 1110

_ GO TO 1109
111t wRITE(S§401)(CHAR(I)11 18,28). : R
401 = FORMAT(’. ‘,’'F4LE ',11A1.'noes NOT EXIST..FLS KE<ENTER FILENAME’ /)
: "GO TO 1112 o : o ‘ .
1110  CALL FTNCMICCHAR»28) IR T o ‘ ‘
5 CALL FTNCMI(’$COFY *TAFF* ~Y 15 : ’ : SO
" CALL FTNCMI(‘ASSIGN 7=-Y’r11)
CALL FTNCMD(’$RELEASE XTAFEX’y15) . i
REAL(7yENIt= 600)NUMBER;ID;FAZM9RRN&F .
EAD 1D OF LESIREI FAD. ’ o
S WRITE(&5200) R v
. 200 FORMAT(’  INFUT DESIRED FAD IHENTIFICAT;ONJOR'79T0P-'/)
3 .  READ(4+100)FAT : o .
100 - FORMAT (4A2)
. IF(FAD(1) JEQ, WRONG (1) . AN, FAD(”) EG URUNG(’))STOP
604 DO 1 IF= inUMBER _ _ , _ . , -
D0 B0 K=1s4 - s IR RS : i
- IF(PAD(K)  NE. ID(hrlP))GO To 1 '

- 608
C

;—' h

80 ' CONTINUE
' 60 TO 2
17 CONTINUE

WRITE(4y201)FAT NP : L . : SRR
201 FORMAT(/ - FAD ‘+4A2, 7  CANNOT BRE FOUND. FLS RE-ENTER -IDENT’/) -
60 TO0 3 A g : : ' . .
e N1=NUMEBER+1
',N2=NUMHER+2'>'
N3=NUMEER+3 . . o . ) -
: 00 10 I=1,15" . Ce o
Uy HEIGHT (16— I)~(RRNGE(IF))*1.4*(I 1)*3 141J9ﬂ7/1ao.
10 . CONTINUE - :
g SET UPPER ANII LOUER ELEUATION BOUNHS-FQR TEZ FALLULAFION.
1o ﬂo I=1515 , o S : :
“IF(HEIGHT(I).GE. 4.0)60 T 20 ’
MAX=T + ) _ = D
L GO T0:21
20 CONTINUE; R S . _ b
217 TMINI=0 o L o . e ~ .
‘ Do 22 I=MAX,1S ‘ R iy L o
TF(HEIGHT(I).GE.1.5)G0 TO 2 : ~ : S : '
CMINI=I-1 R e ERUEE R .
GO TO 23 - R R = L Lo

BN
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2. . CONYINUE - . :
3 INT=MINI-MAX+1 AR t
T 00 11 J=1,20
[0 17 KEMAXsMINI
HIST(Kyd)=0 : ,
12 CONTINUE ' o o o7
11 - CONTINUE ‘ S R : o
& . READ(7yENI= hOi)lNThN . ‘ , : I . e o
14 TIM2=INTEN(N1) , Cte ’ ' - '
- CTIMISINTENCNZY S :
MIH=0 :
o 1I=0 . '
7 caLL EXTFAL(HIST;l;ELEUyINTENyNSy[lvLIHle)

IF(LIH.GT . MIH)MIH=LIH
IF(IT.EQ.-1)GO TO 401 : :

CLF(IILEQ.1.ANDLLIHLE Q.0)G0 TO 14 , o :
"IE(LIH.EQ.0)GOD T0 6 R - R A
CLOCK=RTIM(TIM2,TIM1)

“CALL 1IME(LLOChrHRyMIN19E(>
HIST(1y1)=
IO 4 I=2) o .

IF(IT.EQ. O)READ(77FNH 601)1NTEN
I1I=0 '
CALL EXTRAC (HISTsI,ELEV, INTEN;N? IP;LIH;II)
TFCLIHLGT . MIH)YMIH=LIH
. IF(ITLEQ.-1)GO TO 400 o . : ' ‘
‘4 CONTINUE ; co S : - v
TS00 - IF(MIMLEQR,.0)GO ro 401 '

CCALL BTD(HRsAZ (LY s2yNDy07) 0 S . S
CALL ETO(MINyA2(3)s2,NI,’0%) : S R A
CALL BFU'SEC,A"(J)szNH~’U’* : T ' :

S WRITE(6y202)FAL, A2 o K .
202 FORMAT ( “17y “HOURLY. RAUAR~FNERGY INTEGRALS FDR FAD ‘»4A2,/% START T

CKIME=‘y2ALy 17y Ai:’:’yQAI/) N o
THRESH=45.0 - . | , : . . N : -
0o 1000 I=i,4 - ' '

CENSUM(I)=0. : . « . ‘ S '
0D 1001 J= MAXyMlNI . o C ’ : ' .
Dg 1001 K=1s20 o : B :
FIST=FLOAT (HIST(IPRY) - 1 O

S LUIF(FIST,GE, THRESH)ENGUM(I) = ENSUM(J)+4 76*10*X(FIST/1 —7.)*(2

%11, /FLOATCINT) ) ‘

1001 CONTINUE - ’
wRLTt(6y303)ENbUﬁ(I)

U202 0 FORMAT(’ /»F10.3)

1000 . THRESH=THRESH-%.0
' MIH=0 )

00 8 J=1520

0o 9 K=MAXeMINI _ o - o

. HIST(KyJ)=0 R Lo : _
9. TCONTINUE - o _ P
8 U CONTINUE : e T s
' IF(IT.EQ.~1)60 TO 801 ¢ ’

CIFC(LIHJEQ.OVGO TOD 6 . - S

IF(II.EQ. O)READ(?;tNh 501)INTEN

11=0 ; _ N
- .60 TO 7 . S : N
S 600 . NRITE(éyéoq)' o o L o L
602 | FORMAT(’ ENDO-OF-FILE .READ WHILE REALDING FREAMELE??7‘)
C " REWINDN 7 S A . ' : :
e GO TD 605
601  CONTINUE

“REWINII 7

60 70 60q

END .
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C FROGRAM TO GET DATA ON TAPE AND CONUFRT IT 10 ﬁBZ’S.

300

. 101

301

304 7

305

1306

'INTEGERX2 IHTIM:ILTIMvM(BO?“)yRBINS(130720)

REAL INCEPT
REAL RAZH(IOO);MILES(iOO)

. LOGICALX1 A(6)

- LOGICAL UPvDOUNrShIP/ FALSE , /
INTEGER MINySEC»HRyCNTNUM

. INTEGER TIMSTT(3)

RTIH(IHTIM:ILTIM)—IHTIH*3“768+ILTIH
BINTIM(HR!HIN;SEC)—HR*“iéOOO +MIN*3600 +SEC*60.
COMMEN RAZM»MILES _ : o
COMMON SLOPEvINCEPTrRADARrIFTR e , I

WRITE (62 300)

FORMAT (' 1INFUT BEGINNINC ‘TIME.’

'READ(SyIOI)TIHSTT

FORMAT(3(I2y1X))
WRITE(4,301)

 FORMAT(//» INFUT SLOPEyINTEREERT,RADAR,ANIN AZIMUTH(IEGREES)

catLl FREAD(S; 3R71"rSLOPEyINPFPTrRADﬁRvN)‘
N1=N"

N=((Nx1,0)-140. O)*631 /360.

IF(NLT.OIN= N+631.

IAZ=N .
START= BINTIM(TIMSTT(i)yTlMSTT(”);TIMQTT(3))

_NRITE(6r304)
FORMAT (' ‘»//‘ INFUT BFGINNINb ELEUATIUN ANU tNDle FIFUAFION.

CALL FREAD(S;’“R"rtLEUlyEtEV’)
TELEV=ELEV1

‘URITE(613OJ) S o ‘ L o
FORMAT (% “y//% INFUT STARTINF RANGE AND FNthG RhNbE. v
CALL FREAD(J;’”I";IRI;IR o

WRITE(69306) = o7 o :
FORMAT(’ “»5/7/»’ START. OF DATA?‘Y(O) OR NCEY /)
CALL FREAD(ér'I"rIII)'_ o e
IF(III.EQ, 1)ShIP'.TRUF.

. IRANGE=IR2-IR1

C CALCULATE RAZM - FOR FRINT- DUT FURPUCLJ.'-

[l

8]

o0

100

a0

Al a

0 1 I=1y100 .
RAZM(I)=((N+(I- 1))#(360 /631.))+140

CALCULATE MILES FROM hILOMbTERS.

Do 2 I=1y IRANGE =
HILES(I)—(IR1+(I 19571, 609
N=IAZ

BY NOW_ WE HAVE .REAL 'EVERYTHING IN. LE#'S MOUNT THE TAFE AND USE THE
WONDERFUL. SUEROUTINE SKFREC. : N

WRITE(67100) '
FORMATC” ¢ ’FLé ENTER HOUNT#’
- CALL FREAD(J;’I"rIP ,

C Do A RIT OF CHECKING.:

© 403

"1")4

CIF(II.GT.0.AND.II.LE.13)G0 TO 224 AR

~ WRITE(65403)

FORMAT(’. /s’ INVALID ENPUT...PLS'RE—ENTER~MOUNT#’/)

‘GU TO 222

CALL TPMNT(II)

' C TAFE MOUNTED. . .READY. FOR THE HARD PART.{

[ CALL ShPREC(IJrSTARTvaCNTNUH)
CALL UATA(H:CNTNUM;&40;Z”7)
DOWN=. TRUE . ,

UP=.FALSE. i

C SFPACE FORWARD TO START TIME AND GET DOWN FULSE.

11

- CALL HEDING(M;CNTNUH:DONN;UF721118”718“7)

? -

/
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401 FORMAT(/7rAXy  STARTINGY TIME=3 y2A1y 17,2019’ 3/ y2Aky

‘C SINCE WE ARE UEAL]Nb uITH A NF.;SNIF TO FROFbR AZIMUTH.

407 FORMAT(/»*TIME=:’y2ALs ‘171201,

CALL RBYTREV(MsCNTNUM+1)
-CALL BYTREUV(M,CNTNUM+2)
e FLOCh RTIM(H(CNTNUM+")yM(CNTNUM*l))
: IF.(CLOCK.GE.START)GO TO - 14 :
- CNTNUM=CNTNUM+2
GO TO 11
14 . IF(SKIF)GO TO 14
caLlL ShFRAY(MyCNTNUM;QOO;&“718“7)

C SET. ELEVATION COUNTER TO ZERO AND SKIF TO NEXT HEADING MARKER .

16 CALL HEDING (MyCNTNUMy : FALSE . » . TRUE. s 81678277 827)
S CNTNUM=CNTNUM+2 '
15 IF(ELEV1.EQ.0.ods0 T0 30 .
© . DOWN=.FALSE. : -
C . UF=.TRUE., . e : o
. C GET PROFER ELEVATION. RS A - ;
: ELEVU=0.0 - i, e
26 CALL SKERAY (MyCNTNUM: 200, £275 827)

caLL HEDINC\M«(NTNUM;DUUN;U[y%"/) -
ELEV=ELEV+1.
CIF(ELEV.LT. ELEV1)GO TO 26
30 CALL SKFRAY (MyCNTNUMrNy 3277 827)
: N=1AZ . . .
CALL BYTREU My CNTNUMEL) - . ot
CAlLL RYTREV(MyCNTNUM$+R)

CLOCK=RTIM(M(CNTNUM+2) s MCCNTNUMH1YY wo

CALL - TIME (CLUCKsHRyMIN,SEC)
CALL BTI(HRsACL) 29Ny 10"
CCALL BTHIMIN,ACI)Y 24Ny 707 -
CalL BT[l(SFfvﬁ(x)r_rNLll’O’)

CNTNUM=GNTNUMS2

-~

LC TAFE IS NOW FOSITIONED AT PRUPERvTIﬁEyELEUﬁTION;ANH WIMUTH.,

¢ LET’S FRINT SOME STATIBTICS.
WRITE(&Y401)AYN1y IRANGE SELEVL

X/ 94Xy "STARTING AZIMUTH=" » L[4y DEGREES »
K/ 4% 7AZIMUTH COVERED=3:40 DEGREES(100RAYS) ‘>
X/ 4Xy ' RANGE COVERED=3:‘yI3y "KM’ '
*/r4Xy’bTARTINF ELEUATION“*?rFq.-r’UkGREE“fy//)
23 URITF(674OO)(hAlﬁ(IFIR)vlFTh 219 20)
400  FORMAT(/s1Xy AZIMUTH * O(Fq.i 1X)).'
) CWRITE(6y404)(1s1= 1;:0) o
404 FORMAT’JX:’RAY#’y3Xy(”O(1373X))) C
C LET’S [0 SOME WORK WITH THOSE HINS. o .
CALL DBZRAY(MyCNTNUMrRBINSylhﬂNGEy1R1y1R?1&“’v3277340)
IF(ELEV1.EQ.ELEV2)30 T0 40 B ‘ v
Catl HEHING(M;CNTNUM;.FALSE.r.ThUE.y&"?) S )
ELEVLI=ELEVL$1. !

IF(ELEVL.GT.ELEV2)GO TO 40
cAaLL: ShFRAY(MyLNTNUthy&‘?v&“?)
‘N=IAZ

CALL: BYTREU(M;CNFNU”+1)

- ﬁALL BYTREY{MyCNTNUM+Z)

Cl.OCK= RTIM(M(LNTNUM+”)yM(LNTNUM+1)) o
CNTNUM=CNTNUM+2 S R
CALL TIME(FLOLK:HR;MINybEC) e
CALL ETOCHR,ACL) »2yNDO» 07 ).
" CALL BTI(MINYAC3)y2yNIg 0’)
CALL BTD(SECsA(S) y29NDs” 0"}
WRITE(6y407)AELEVL . :

X/ ELEVATION=:‘sFS.2y/)
GO TO 23 : R

27 URITE66v408)

408 ‘FORMAT(’ TROUBLES...TROUBLES..’ i
STOF : )
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40 CALL HEDING(M-CNTNUMy.TRUE.y.FALSE.yZdO!X”?)
- CNTNUM=CNTNUM+2 . .
ELEV1=TELEV . ‘
GO 70 15 | . .
" R} END . S ) -



FERMS | | A , -

RIMENSION ERR(3)rKOUNT(3)yRER(3)ySIGN(3)vOBS(60)yOBSR(bo)yEST(3v60
#);PER(3) : _
COMMON. /RN/IPERM(60) .
fREAD(3v1)((EST(IrJ)rI 173)7J 1160)

1 - FORMAT(3F8.3)

. READ(4,2)(0BS(I),I= 1160) . _ : ' o
FORMAT(10F&.1) a S _ R -
CALL TIME(0,0) : ‘ :
DO 3 K=1,3

PER(K)=0.

ERR(K)=0.

RER(K)=0, ™

[

ol

~KOUNT(K)=0 - ' . , :
CALCULATION OF ACTUAL - MEAN ERRORS OF ESTIMATION METHODS : ,
o 4 J 1,40 v . o ¥
00 451=1,3 i ' S
4 . ERR(I)= ERR(I)+ABS(EST(I:J) DBRS(J)) /760, A
co 1SEEN=146807 '
C CALCULATION OF MEAN RANDOMIZED ERROFS (REFEATED NUMEROUS TIMES)
LI0 5 1=1510000° - . N .
CALL PERM(¢ISEED) . . , ‘ . L S
00 6 J=1,60 :
CIJ=IFERM(Y) -

& OBSR(J)=0ES(JJ) : L i

D0 7 J=1,60 - -

00 7 K=1,3

7 : RER(K)Y=RER(K)+AES(OBSR(J)~ CEST(K»J))/60.
c COMFARISON OF MEAN ACTUAL ERROR .WITH MEAN RANDOMIZED ERROR.THIS .IS S
C TALLIED IF THE MEAN RANDOMIZED ERROR IS LESS THAN THE MEAN ACTUAL e
C ERROR. ‘ .

© N0 8 L=1:3

FER(L)= FER(L)+RFR(L)/1000O'
CIF(RER (L) WLT.ERR(L)IKQUNT (L) = I\OUNT(L)+1K

[« < B

RER(L)=0. ' .
" CONTINUE conte e R .
D0 9 I=1,3 0 I ; ‘ :
9. ~ SIGNI{I)=KOUNT(I)/100. '

CALL-TIME(15,1)
. WRITE(6910) (SIGN(I)yI= 173) '
10 FORMAT ( © S ERCENTAGE OF CASES IN WHICH MEAN ERROR - DF ESTIMATE BY va -
XRIOUS METHODS WAS. LESS THAN MEAN ERROR OF RANDOMLY FERMUTEL OBSERU
XATIONS”//’ METHOD 1. 'METHOD 2. METHOD 37//3(F5.2s6X))

_C LIST FOFULATION MEAN RANDOMIZED ERRORS FOR THE RESFECTIVE METHODS S
- WRITE(6911) (PER(L) sL=153) - SR v . )
11 FORMAT('07y3F10.3) - e v : :
©UsTOR S o :

END,



SUBROUTINE PERM(ISEED)

COMMON /RN/IV(460)

DO 20 I=1,60

IV(I)=I"
CALL RNDP(ISEED)

. RETURN ’

END
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SUBROUTINE RNDP(ISEED) i _
- DIMENSIGN D(60) : B
COMMON /RN/IV(60).
. N=60

- C GGU3Z IS A XIMSL ROUTINE THAT GENERATES R‘ANDDH NUMBERS. .

.CALL GGUICISEENIN,D) .
DO 20 I=2,40 s

J=N-I+1 "
CK=J%D(I)+1

W=IV(K)
, S IVKY =TV -
.20, IV =W e

~ © RETURN ‘ R

"END : '
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. APPENDIX €

Hallpad Trlplefs are descrlbed on, p of the text.

Ih the following listing, "hailpad 1.D.'s" desngnafed by W,X,Y or Z°

refer to locations known:to have received no hail, but are noT offi~
" cial haitpad IocaTuons Theﬁe are: :
W3: SW6,43,1,5 E ~ X1: SW30,30,27,4 = Z3: SW33,32,2,5
. W4: NE32,45,27,4 . X2:-NE12,30,28,4 . Z4: SW10,33,3,5 .
‘WS5: SW3,45,2,5  X3: NE29,31,28,4 Z6: NW27,34,27,4
W6: SW2,46,26,4 : S . SE6,31,135 T 77 SW30,35,28,4 -
W7: SE17,46,27,4 : X6: SE16,41,25,4 T NE21,34,5,5
© W8: SW21,40,5,5 Y4 SE3,33,2,5 < .. NW7;37,1,5
B . N s . . . ) .‘. /,l : . "» N »
Kineficwenergv densities are calculated from Equafio&%‘Z.Z“and 2.3,
S I _Kinetic“Enefgy : Disféﬁééé
" |Date .. Trlplef Hailpad 1.D.'s | DensitiestIm™?) -{miles)
(1974) 1.0, H W W . | | f¢ E2 dv  dz
July 300 | 3001 |«A1B .B21 C27 | 23.9 _14,9 0.5 |' 7.0 14\
. | 3002 | B2 C27 D31 14.9 7 0.5 1.2 14.0" 8.
. 3003 | c27 1036 | 0.5 -1.2 :45.7°| 8.5 8.
3004 :|'E27 D31 D033 .| 1.6 /1.2 28:6°| 6.5 5.
3005 - | W4 ,.033°D34 07728060 6:0.| 1.0 3.
3006 . .| B33 W7 D33 | 43.4 0 28.6 | 9.0 2.
3007 - | B21 B33 836 | 14.9 43.4 0.9 [ 24.0 5.
3008 | B36 B39.C39 | ©0.9° 1.2 1.1 ~4.5 5.
3009 | B39 €36 W6 1.2 10.8 0 | 4.0 3.
3010 | B39  C36 D34 ~1.2:-10.8 6.0 | 4.0. 8.
3041 . | D33 D34 D36 0 28.6- .6.0.45.7 | 3.5 3,
3012 .| W5 C27 B33 o 0.5 43.4 [. 7.5 16.
3013 | c27 wr.C36 | 0.5 0 .10.8° 10.0 9,
, S 3014 W7 . C36 C39 "0 . 10.8 1.1¢l 9.0 6.
- . 3015 | B39 .C39 B46 1.2 1.1 1.9 ] 5.5 9;
. |7 3016 | C36 C39B46 | . 10.8 1.1 1.9t 6.5 9.
3017 | D34 we €39 |:, 6.0 0  I.1| 6.0 8.
/3018 .| D34 .C36 C39 £ 6.0°710.8 . 1:1 | 8.5 6.
3019 C39 .B46 B5T" ST 1,90 9.6 | 9.0 14,
3020 = | W2 €27 D36 9 1.6 45,71 3.5 13,
' ok : L : ~continued L
! N 8
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duly 30
{(Cont'd)’

> .

August 7.

3021
- 3022
- 3023
3024

3025
.. 3026

3027
3028

3030

73031
3032

3033

3034 |

3029

- 3035
3036

3037

3038
701"
702

703 .
704
705

. 706

707

. 708

709
710

VAR

712
714

715
716
717
‘718

ALS

- 720
S J2v
@ 722

723 -|°

724

- 725
726 .
727

jig

;.f"

"'qon+1nued‘L7 »

3 . \ ,» : . ﬁ]39.
G37 G636 F42 -kofag 19.2.12.5 |. 1.5 -8.C
F42 F46 G642 | 12.5 52.3 27.5 | 7.0 8.0
G42 "G43 H48- 27.5 27.7 48.7 | 4.5 1.5
“ D48 D49 G42 10.0 10.0- 27.5 | 3.0 14.5
D49 'D48 B51 10.0. 10.0 9.6 | 3.0 10.5
D49 D51 E57 10,0 - 8.9 86.7 | 4.0 11.0
D48 D51 E57 10,9 8.9 86.7 | 5.5 11.0| =
BS1 'C48%€57 | 9.6 3.1 867 |i 6.0 16.5{
'B46 D48 D51 1.9 10.0 8.9 | 14.5 4.0
B46 D48 ES7 . 1.9 10.0 86.7 | 14.5 15.0
A18 .C27 D31 23.9- -0.5 1.2 | '21.0 8.5
A19 B21 C27 ¢| ~76.6 14.9- 0.5 |.10.0.14.0
E27 D31-w4 1.6 1.2 0 .| 6.5 5.5
B36 (36 W6 0.9 .10.8 - 0 7.5 ~3.0
112 o114 wer | -7126.3 6401 0 -} 6.0 2.5
. .D33- €36 C39 28.610.8 " 1.1 9.% 6.5
WA C36C39 | 0 10:8 1.1 ‘10;8 6.5]
W3 E27B31 | 0 - 1.6° 1.2 ] 10.8 6.5
S9  S11 X2 - 233 4.2 0 | 3.5 7.5
512 X1 R20 1.8 0. 0.1 | 6.0 5.5|
R& X4 S11. 5.4° 0 4.2 5.5 6.5
S12 X3 . Q16 1.8 .9 29| 6.5 6.5
X3 Q16 P17 0 f2.9 58.1).6.5 7.0 g
R20 Q18 P21 0.1 0.5 19:1 | 10.0° 7.5| .
04. R4 x4 ' 8.2 5.4 0 | 7.0 4.5 -
R4 Q9 Al6 5.4 0.3 2.9 | 4.5 9.5
00/ P12 Q16 3.0 0  .2:9 | 6.013,5/
00" P12Q4~ | . 3.0 0. - 8.21.6.013,5 "
S ONO. Q16 R207 | . 2.0 - 2.9 0.1] 22.5 140},
“NO P17 Q18 2.0 '58.1 0.5 °195-16.5|
F18 G28°H37 *| ~ 1.8 23.9 8.7 | 19.0.14.5] -
F18 627 H37 ¢4 - 1.8 4.5 8.7 | 18.0-5.5] =
H37 X6 .G43 87 0 ~16.5| 7.5 9.0|"
G27 F30 E33 4.5 19.5 22.4 | 7.0 6.0
628 F30 £33 | = 23.9%19.5 22.4 | 9.0 6.0{
F30 -F33 F36 19.5°,17:3° 8.2 3.5 3.0|
F34 "F36 D36 | 15.1 % 8.2 °50.2 | 3.5 7.0]-
- F33, E33.D33-{° T 17.3 22.4 , 1.6 |, 5.5 6.0
D37 E33 F36 | 166.1 22.4 . 8.2] 5.5 6.0
 D3L.E33 F36 | 25.6 22.4 8.2 | 5.5 6.0].
D33 D36 E36 | . 1.6°°50.2 4.5 | 5.0 4.5
F33 F36 F39 17.3 8.2 21.1 3.0 8.5
. D%6  E36 F39 .| 50.2 4.5 21.1 4.5 7.0~
E33 D36 C42 |- -22.4 50.2 18.9 | 4.0 14,5|




bAugusT 7
(Cont'd) .

e
K

August 15
August 18

728
729

730 -
731

733 -

734

735

736

737"
/478

739

740

741
742
743

745
153

1801
1802

1803

1804

1805
1806

1807
1808
1809
1810

1811
1812

1813

1814

;1815
11816

1817
1813

1819

1820 .

1822

1823
- 1824

e 5
1826
1827

744

F34
F39
E36
C42

F30

D37
D31.
D37

D31
F30
F33

F30

F33
D37

D31
D031 °
- F36
082

K21

= J6

L2

. L0
‘MO
K21,

L4
Ké

L8

M1

NZ
04

Q1

016

P17

N9
N9 . -
" N9
K8
. K&

Li8
M4

M1
NZ

L8,
M4

-04
.05

£36
639
639
D45
£33

E33

E33
D36

D36
£36
E36
D36

E36
D33
D33
D37

E36

Q80
L2
K21

L4
L2

L18

K6

MT
N2

R1:
Q9
Q18"

(017

016
016

016

M13.
M13

M4

MQv
Mi_

N80 -

C42
X6

43
D49

D36
E36
E36
E36
E36
D45
D45
caz

ca2.

c42
ca2
D36
Caz
Y4
L4
12
L18

L4

K&

K81;-

M4 -

N8O . |

N2
04

05

R1 .
R8.

016 |

Q31
018
018
017 -

P17 .
07 =

M13 |

NS
07
N

N8QM13

15.
21.

. 18.

. 19.
- 166.
25.
166.

“101.
101,
39.
17.

U @O0 O

N AUV O =0 VU= ® . ONON, 00— W U O

SO OO0 WU —

— O —= N O U - =

- 33,
101.
39,
17.

0
9
8
5

22.4

.33.3

41.9

10.5

4
2
1
1

0.
3.3
13.

13,7
13,1

1
127.7
127.7
101.9
127.7
127.7

416

41.6

Y

un
(@]
— OO0 NUVUIN NAEAERA A WWWM

N
— OO Wows U

2.

101.
41,
17.
22.

33.
41,
13.
.14,

1

7.
127.

18.
15,

7.
127.

3.
63.

Mo WNNO

5
0
5 0
5 5
2 0
5 5
.5 5
.5 5
5 0 4.
4 | 10.5 17.
4 | . 7.517.
9 1 79.5 14,
9 7.5 14.
9 4.5 16.
9 | 5.0 16.
2 0.5 7.
9 5.0 14.
10.0 4.
8 8.0° 2.
8 | 12,5 8.
0 |.-2.5 6.
8 1°13.0 -2.
11 8.5 5.
co17.s 2
91 6.0 5.
6 8.0 7.
5 | 6.0 7.
41 7.0 3.
3 3.5 4,
9 4.0 12.
7] -8.5 7.
1 .8.5 9.
6.| 15.5 23
3.0 2.0 3.
.3 5.0 6.
2. 5.0 5.
51 .5.0 5.
1| 11.0 11,
31 1.0 7.
71 .5.5 6.
0 6.5 12.
11 6.5 11
31 5.5 4
7 4.0 .6

t conTinued'l

NI
BaN

—

SO TN U O W~ ®©
O N @

Ao o &
FJUuy MOoOLL CUOO LIOWLO VICOO LULO OLOO VUUO VLU VULO v o
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1828.

N80

|August 18 L4 - M © 63.8- 39.8 41.6 | 10.0 5.5).
(Cont'd) 1829 | N2 N 07 “17.5 7.3 15,1 6:0 8.5
: 1831 MO N22 04 14.5 56.8 22.4 5.0 9.0

1832, | - N22- M1 M4 56.8 39.8-101.9 7.5 5.0
1833 M1 M4 K8 29.8 101.9 0O :| 4.5 10.5]
1834 L4. M1 N 63.8 39.8 7.3 | 10.0 5.5
" 1835 | MO N22 05 14.5 56.8 33.3 | 5.0 12.0
1837 | 05 Z3 Q9 33,3 0 12.5 | 11.0 6.5
1838 Z4 N M3 0 7.3°127.7 | 12.5 7.5
1839 .| 07 016 Z6 15.1 13.1 ' 0 7.5 6.5
1840 07 N9 Z7, 15.1 18.0 O . 5.0 2.0
1841 Z8 N22 L18 ., 0 56.8 :33.0 6.5 11.5
1842 M4 M13 Z7 101.9 127.7 0 6.5 12.0
1843 N8O M13 Z9° 41.6 127.7° 0 6.0 7.5

——
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72 and 74 of the text.

is a Iiéf‘Of the qénfer—béd estimates and

f-Appendix D

The following

CENTER—PAD ESTIMATES’AND'ERRORS'OF‘TRIPLETS (IN Jm-2)

the errors of these estimates described on pp.
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T e

.::_)‘.
G734 | 85.3 | 62,9
- 735 15,10 7.4
736 85.3 |  35.1
737 15.1 35.2
1738 10.0 5.5
1 739 8.9 | 4%
- 740 19.2 | 310 ;
741 18,1 13.6 .
742 92.5 | 90.9
743 . 22.3 | 20,7
744 ')l 108.2 | . 82°s
745 1306 [ 9T
153 15 11
1801 || - 34.2 | . 7.4
1802 JA3.4 8.9
1803 || ¥29.9 | -39
1804 40.0 | 13.2 ..
1805 7.3 | 25.7-
1806 2.3 v2.2,
1807 82.9 | 49.9
1808 - 20.9 | 81.1.
1809 ©25.3 |1 4.6,
| 18107 31,1 13.6
1811 25.4 3.0
1812 - 132.2 1.2
1813 . 13.8 | 28.1.
S 1814 | 13,9 3.4
- 1815 f 7.4 7.0
1816 1.4 1.8
1817 10.2 3.8
1818 0.6 | 2.5
1819 9.3 | 3.9
1820 7.6 | %120.2
1822 L3070 12401
18253 80.4 | 21.6
1824 |l 60.07| 678
1825 58.5 | "69.2 "
1826 23,6, 18.1
1827 - 72.6 | 31.0
1828 52.7 | 112.9
1829 1623 | 9.0
1831 || - 185 | .38.4
© 1832 79.4 1 "39.6
o833 19.9 | '82.0
| 1834 35:6 4.3
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Appendix E

s

The Table on The follownng pages lists all the analyses

* Used in de*erm|n|ng the accuracy of registration of the C-band r

output. The results of these analyses .are summarized in Secion .3

- of Th@%#exf The radar data from the hail-free .locations Z1 fo Z5

and Z7 to Z9 were studied, and used for registration analyses. The -

145

land locations 73, 74, 15, 77, Z8 and 29 have already been noTed in -

Appendix C. The two remalntng locaT|ons are

>le SW26,33,1,5_ ~ o ZZ NW36 33,1, 5
- INDEX TO TABLE HEADINGS |
. : .. C ! S
©mo ‘ vmap range in kulomeTers -, p
~‘am - map aZ|muTh in degrees ﬁ

rpLOTA'*range glven by: program PLOT k|lomeTers)

- apLOT azimuth’ glven by PLOT (degrees)

‘f.rppI, "Iange glven by PPI

. app| }"a21muTh given by PPI

CXE T f*‘range error in knlomeTers (PLOT relafive 1o map)

e
PLOT o
Xe Tangenflal error in kllomeTers (PLOT reiaflve o map)
&EPV"' range error (PPl rela+|ve To map)
.,X?P! 'vTangentlaI error (PP! reIaT|ve To map)
: XPLOT“vaefal error in kilomefers (PLOT relative To.map)
TOTAL ST ’ o _ A , :
XPPI., '+5+a| error (PPl relative to map)

<

N
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A | | . AR | ,
e :
AUGUST 7, 1974 "PLOT" vs. WP ANALYSES
e ' : S .
B R P e I VA N o PLOT ERROR
fﬁ? b e  FLOT |y BLOT - pLOT - PLOT.
s B am' - | MPLOT ~ @PLOT R AT TOTAL .
lgst | 115.5 325 | 115 33 0.5 1.0 . 1.1 w
c42 89.6  18.2 | 89 18 0.6 0.3 , 0.7
cag | "112.8 - 36.6 | 111 . 360 | 1.8 1.2 2.2
{033 82:5 0.5 82 360 .-| 0.5 0.7 0.9
D45, 88.0  32.5 | 87 .33 0.5 1.0 1.1
D49 | 94.6 " 35.4 | 93 35 1.6 0.6 1.7
|F18 70.6°  327.5 | 70 . 328 | 0.6 0.6 0.8
F39.| 66.5  18.8 | 66 19 0.5 - 0.2 0.8
1627 | 53.9  350.3 53 350 | 0.9 0.3 0.9
|6z | s56.3 24,3 | 56 23 0.3 1.3 1.3
sz | 52,3 45.2 | 52 44 | 0.3 1.1 1.1
JG45. | - 68.4 40.5.7| 69 . 39 | 1.0 - 1.8 2.1
37 42.5  16.4 | 42 14 0.5 1.8 1.9
54 80.0 68.6 79 .. '68 | 1.0 0.8 - 1.3
J6 | 83w 284.7 | 83 ..§85 0.7 0.4 0.8
Clwmio | 7e.3 262.9 1| 77 - 263 1.3 0.1 1.3
Ino ] 3504 232.9 | 35 232 .| 0.4 0.5 0.6
N6 22:8 2235 | - 22 223 0.8 0.2 0.8
N9 | 21.6- 202.9 | 21 . 203 0.6 - 0.0 0.6
P17 | 336 178.5 - .33 181 0.6 0.8 1.0
{p21 | ‘a2.3 - 146.2 | 41 . 148 1.3 1.3 1.8
04 | s5.7  210.0 | 55 - 210 |.0.7 0.0 0.7
011 | . 69.3 .226.1 .| 69  226. | 0.3 0.1 0.3
Q16 | 44.7 - 181.0 | 44 180 0 0.7 0.8 . 1.1
018 | ' 52.8 © 153.6 | 53 153 0.2 0.6 0.6
R20 |  62.8  166.5 62 © -166 | 0.8 0.5 0.9
lso. | . 70.0 - 190.0 | 70" - . 190 4 0.0 0.0 0.0
s 69.5  185.9° 69 187 .74 0.5 1.3 1.4
Clsiz | .es.2 182.9 ‘s 182 -l 0.2 1.0 . .0
iT4 | .-.85.3  203.6 85 . 204. ) 0.3 0.6° .7




'DETAILED ANALYSES ("PLOT", "PPI" AND MAP)

1974

AUGUST 7,
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AUGUST 18, 1974: "PLOT" vs. MAP ANALYSES

‘PLOT ERROR
e | PLOT  (PLOTggnPLOT | -
9} ; PXRT Xy ﬁ%ﬁ?QTAL
K6 9. 4 4 5 , 0.4, - 0.4
K8” a%.gv 288.9.| 298" w 0.0 0.3 o
M1 40.7 256.0 255 0.7 1.0 -
M4 - 34.8 2630 | 270 08 4.3 4.4 REJECTED
N2 | 43.0 241.5 | 42 241 1.0 0.4 1.1, |
N9 | 21.6 203.3 | 21 203 0.6 0.1 < 0.6
04 | 45.9 235:?#;, 45 235 0.9 . 0.4 1.0,
05 | 49.9 229.0%| = 45 = 229 0.9 0.0 * 0.9
07° | 29.0 211.0{ 28 211 | 1.0 0.0 1.0
016 25.7  187.4 25 @ 191 0.7 « 16 1.7
101 | 72,4 224.6 72 224 | 0.4 0.8 0.9
ot 1 44,7 180.9 | 44 180 0.7 0.7 1.0 °
{018 | 52.9 153.5, 53 153 0.1 0.5 0.5 o
031 77.2 128.% 76 129 1.2 0.8 1.5 o
RT - |-71.3 2100 | 0 71 - 211 0.3 - 0.1 0.3~
R8 - | 62.9 204.9 63 205 .| 0.1 0.1 0.1
R50. | 95.9 129.0 102 125 6.1 7.1 9.4 REJECTED
Z1 37.7 " 195.8 -~ 37 194 0.7 1.2 1.4 .
122 | 34.9 195.2 34 195 0.9 0.1 0.9
z3 50.0 208.5 ! 50 208 0.0 - 0.4 0.4
74 52.0 .218.2 51 218 1.0 0.2 = 1.0 -
125 55.0 227.0. 54 227 1.0 0.0 1.0
1z7 | 18.3 204.9 18 204. 0.3 0.3 0.4
Z8- - | 56.5 243.5 56 . . 244 0.5 0.5 0.7
1z9 | 17.5:266.8 | 17 ° 270 0,5 1.0 1.1
i
|-
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Appehdix F
L LAND LOCATION NOTATION

- ; : S - L
Mos¥ inhabiTed areas of Alberta are parcelled out accord-

e

b'lng to the Domlnlon of Canada Surv®y. The UhiTed~STaTes:bord ~ marks
_The southern limit of the survey ‘fhe§JargesT d1vu5|ons in the Survey‘

are dellneaTed by merldtans, whlchrare Ionngude llnes spaced a¥t

&
_four degree |n+ervals The easTern border. of Alberta. c0|nc1des with

:-‘

+he fourth meridian whlle the flfTh merldian lies abouT‘]B kllomeTers

_'w'e'sf of Red Deer, Alberfa.’ The Survey\dtvx.des Thewurfher ln’ro
i ' .
Townshlps, sections and quaﬁfer sections. Smalfer divisions exisTk |

buT they. are noT lmporTan+ here. | The |ocaT|on of a Townshnp, which

normal ly covers 36 square mlles is idenTifn d by the township’ num-

ber, thCh increases norThward from 1 at-the , and‘The

nrange‘ndmber whlch lncreases wesTward from The merldnan, beg|nn|ng

“:w1Th Range 1. Because of the geomefry of the survey sysTem, somevTown—.

'shlps xmmedlaTer To The easT of The merudlan llne wnll noT cover a-
full 36 square mlles WlTh These excepTlons, each Townshlp conTalns-
36 sections, each coverlng 1 cquare mlle, whlle each secTuon is. dl-”

V|ded lnTo 4 quarTer—secT\ons The 4bllowung dlagram showg The

'Iabelllng Referrlng To The diagram, a Typtca\ ‘land locaTion mngh+ _‘"

be NW15 39,;,5 or NW15 T39 R2 W5. This is. read as "NorThwesT quarter,

secflon 15 Townshlp 39, ange 2, wesT of The FlfTh Mer|d|an Sec-f

-.Tions or-quarTer—secT|ons are someT|mes referred To eXpIICile {n the.

: AR i
Ctext. oy o _
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Township 40 Range 2 |

|31 | 32|33 |34 |35]36] .

30 [29 |28 | 27 | 26 | 25

' " Township 119 | 20 2f. 22 23 1 24 | Township . |
e 39 ! : : . 39 :

Range. | 18 ]7. ‘.]6A‘SW'NE 14'5 13 | Range
SR TR R T Swise| o 1.

o |7 le e o|n |2

.

- , SEC=
d 615 | 4 | 3 | 2 |TON

Afowndﬁp'BS aROnééMQ

o3 Mi | la S SN

s
S
-

To o weatE -
ERRN. T2 B
i

" Figure A-3#" Land 1ocations  The townshlp shown' .in’ detall
S is Township 39, Range 2. .The Fifth Merldlan
RS - 1s at the eastern border of Township 39,

<.y 7 - 'Range 1. The. heavily outlined quarter- sectlon

' is described as '"Northwest Quarter, Section 15,
‘Township 39, Range 2, west of the Fifth Meri- g
dian."”  In the text, thls would be wrltten as
""NW15.,39,2,5™. : : :

i Y



