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This report deals with the necessary first nhase of analysis of weather

‘~iodification experir~ents, namely the nrocess of switnarization of nrecinftation

data. Usually precipitation attrihutahle to exDeni~3ental units is measured

throu~~ a network of r~in~ages. ‘4ethods of summarizing such data can vary

in sophistication from the use of simple averages to apgrrsc~ated responses

obtained from a resnonse surface or through use of major comnonents of vari-

ation (say, principal components).

In this report we examine the use of response surface fitting in appli-

cation to data from Phase I of the f~anta Barbara Convective ‘land Seeding

Test program conducted for the ‘lavv hy North American Ueather Consultants.

‘1e are indebted to NAT’C for nroviqion of data tapes for our analyses.

A second technical report on the use of principal comnonents in pre-

cipitation data swmnarization is anticipated . Other technical reports

associated with this contract are listed at the end of this report.

Ralph A. Bradley
Principal Investigator ..._— -
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1~alph A. ‘3radley, Sushil S. Srivastava and Adolf Lanzdorf
Department of Statistics , r lo rj da  State University , T,l laha.qsee , Flortda

I .  fl~TR0DU r~1’I~~ T

The fundamental  and f i r s t  ques t ion  in regard to demonstrat ion of se e d fn ~

ef f ec t s  In weather modif ica t ion  exp eriments to en Tiance p recip itation relates

to app ronniate summarizat ion of n rec ioita t ion  data from an experimental unit

of such an exnerfment . z’xperimental units in weather  -~o’~i f i c at ion experimen-

tations are usually either a fixed unit of tine , a njven number of hours. a

day , a season, or alternatively the t~
1uration of some storm svste”i . Variation

over experimental units may he so large as to forestall any nc’anlntt,ful study

of treatment (seedinr) effects.

‘The of t~’e objectives of the research on the design and analysis of

weather modification experiments at the Florida State University is the

development of better statistical methodologies to summarize an~ measure

precipitation data from an experimental unit. If this can he done , a

cont r ibu t ion  ‘till be matl c) towards better  formulat ion of statistical models

and improved p recision in consideration r,~ t reatnent (seedinr) e f f e c ts .

Not wi ths ta nding the imno rtance of summary measures of n r ec in it a t ion ,

the weather modificat ion l i terature contains l i t t ic  on e f f o r t s  in this

direction . Most studies use simple averages of raingai~€’ measurements or

at least some function of these averages, for example, ratios of target—

to—control *rea neans. Since raingage measurements represent rainfall at a

set of points,each of which represents a much larger and ill—defined area,

‘Research supported by the Office of flaval Research under Contract No.
i 1O’Y)l4—7(~—C—O394. Reproduction in whole or in part is permitted for any
purpose of the United States Covertusent.



averages based on them or any transformations thereof may not give a good

representation of true total rainfall in any desired area. There is clearly

a need for investigation of improved summarization methods, particularly jf

the objective is to increase precipitation in the uatershed of a reservoir.

Research at the Florida State University has the objective of the

development of statistical methodology for improved design and analysis of

weather modification experiments. But applications of new methodology are

necessary and the NAUC 3anta Barbara data was made available for this purpose.

Initial work under this contract was divided into two main parts, summarization

of precipitation data for each experimental unit and the identification,

summarization, and, in some cases, recovery of concotiitant information on the

exnerimental unit that may correlate with precipitation and reduce the inherently

high experimental errors associated with cloud—seeding experimentation. Our

basic t~~~t is that improved experimental design can best be obtained through

improved identification and measurement of concomitant , clou~!-physics variables.

This report deals with sunnarization of precipitation data . Other renorts will

deal with available concomitant variables on the ‘TA~.1C Santa Barbara data . Use

of covariance analysis for reexamination of the effects of cloud seeding is

planned when appronriate data summarization is complete.

In this report , major attention is focused on the use of response surface

methods to swmnarize precipitation data . Other approaches included the use

of multivariate methods and examination of ratios of averaqe target—to—control

area precipitations. Some review of the Santa Barbara e~~eriment is given.

This report is broadly organized in the seouence in which the work proceeded.

Since the method of sumr’arization proposed is tested with data made available

by NAWC from Phase I of their Santa Barbara Convective Band Seeding Test Program ,

5ectlon II deals wtt” a brief description o~ these experiments and the data
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generated from them. The anal yses of the generated data as done by NAWC and

their conclusions are also contained in this section . Section III presents

a discussion of data used in response surface  stuch’ and their  comparisons and

contrasts with data used in two reports prepared by NAL~C.  A pilot  st udy to

determine the appronriate functional form of response surfaces was first initiated

through use of observations from twelve experimental uni ts .  A discussion on

the alternative forms of resnonse surfaces fitted , analyses of distributiona l

patterns of residuals from these surfaces , and the distributi nal patterns of

the observed precip itation data are contained in Section IV. Section IV also

includes discussion of a basic computational nrob lem due to badl y centert~’

independent variables in regression models tha t arose in the initial nhase of

the surface f i t t i ng  work . The pilot stud y showed that  the appropriate forms

of response surfaces were two—dimensional cubic functions with location

coordinates as independent variables. The cubic surfaces were f i t t ed  to

raingage measurements for control and target  areas sep arately and for each

experimental unit. A discussion of these surfaces as representative of

precipitation response data is contained In Section V. Finally ,  Section V

con tains the ‘leri’r -~ri cr~ of summary indices of precipitation, representative

of ra infa l l  volumes in designated areas and Their relat ionships with

simple averages of raingage measurements.
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11. TIlE SANTA BARBARA ~X P T ~~ ?”T ~~~ DATA A’I.LVSIS

2.1 The Back2round . ‘ allent fea tu res of the “r nta Barbara Convective

3and seedi ng Test exp eriments and their data analyses as reported by

Ell iot t  and Thompson ~~~ and Thomnson , Brown , and Tll iott ~7 ’  are

summarized . The summary Is intended to give an overview of the ex—

peririent and analyses to nrovtde a meaningful backc~round to the data set

used in our su~’c’ested precinitation data summarization .

The Santa Barbara exoeriments were conducted in two phases between

‘-~ e years 1°67 and l~ 74 by Uorth America n Ueather Consultants under the

~.rnsor ship of the 1~’ava1 ~1eanon s Center (~~~‘~) .  China La~e, California.

~‘hase I of the experiments was conducted from the l°~ 7—~ R season to

the 19Th—71 season~ phase II was from 1971—7 ? to l°73— 74. These ex-

periments had the objective of demonstrating the effectiveness of cloud

seeding and seeding methods in west coast cvcjonic winter and spring

storms. During Phase I , the primary seeding mode “as ground based (from

a mountain crest at 1065 meters above mean sea level) with use of a

h.igh—output, silver—iodide, pyrotechnic device ignited at intervals

during the passage of convective bands (defined later). ~uring 
Phase

It , the ~e.ding mode was aerial with a continuously burning acetone -

Ag I — 1:1 4 1 jet seeder. Some e~~erimenta1 air—seeding was done concurrently

with Phase I onerations~ the results were included in Phase T T  anal yses.

Some ground based seeding was done dur ing  phase T~ also, mainly as a

heck—up for aerial seeding. The focus in this section is on nrecipitation

data from Phase I since these data are u~ied in app 1icatfot ~ of the response

surface methodology . Later analyses of Phase II data are planned .

All of tht~ raingage stations which were upwind or west of the ground

seeding station were designated as control-area stations and the ones

downwind or east of the seeding site were designated as target—area s tat ions.

...4...



The exoerimental  unit for the Phase I ‘ anta !~arhira exoeriments was

chosen to he a convecti ve hand — a series of c lou d  cells arranged In a

line . This choice “as nade on the basis of Invest1 gation~ by Aerometric

Desearch Inc . (an affiliate of 
~~““~~) upder contract to tha “aticrnal

Science Foundation . Procedure for identification and trac’1n~’ of convective

hands “as developed . This “rocedure consisted of alertfn~ the seeding

technician of a proh:thle hand nassage if either (t~ one of six ~tatio~~4

r~ the cc~~t ro l  area : ~t r .’d 1 ;~~ t ~ . fl2 ” r a i i~ i n  a f i f t e ~ n

ninute neriod or (41) the radar operated by ~
‘
~~~
“(‘ reported a hand ed echo.

Confirmation of band nassage was c’Iven fn case of an alert through pro-

ced’ire (I) above if either another of the six control-area stations registered

a 0.02” rain in a subsequent fifteen minute nerlod ... or the radar operator
reported an incominc ’ convect~ v~ h.-ipd . In case of ‘aler t ’ th rough orocedure

(ii), the band was confirmed if any of the six control—area stations

re ’istered 0.02 rain in a fifteen minute neriod provided this coincided

with the radar nosition of the hand . Further , the seedabtltty of a con-

firmed band was “etermined on the basis of ‘iind flow cor’natihle with the

expectation that etfects of seeding would fall mainly in the targe t area .

~n additional seeding criterion based on air—m ass structure was specified

hut  could not he used in actual operation .

1 Thege stations are ‘~3, 5201, 52 04 , 5235 , ~25l , an
d r 7041 ,



Table 1 below ‘~ives the distribution of hands by seasons and by months

~.‘ithi n each season for the four seasons of Phase I operations . It is seen

f rom this table that  in a l l  107 bands were considered cee ’lahle. Actually ,

several more bands considered seedable dur ing  January and February of the

1P1~~-69 season we re not seeded since these months turned out to he months

of unusually ~ieavy rainfall and seeding operations were terminated

Table 1: DISTRIBUTION OF B~”°5 BY SEASONS A~TD ItO NTIIS :
P:IAS~

- T

Month NOV. USC. JAb~. FEB. !IAR. APR. TOTAL
Season

l967— ~~ — - f(2) 8(3) 4(3)  4(3) 22(11)

l96~—69 4(1) 6 ( : )  17(9)  11(5) 1(0) 2( 1) 41~ 1~~)

1069—i f) ~ i ) — c (L)  5(4) 1.(4) 2 7( 13)

1970—7 1 7( 5)  1(~(5) — 2(1) 1(1) 2(1) 22 ( 1 1)

13(7) l6(~ ) 32(1 5) 2C( 13) 12(’ ) 3(5)  107(56)

Figures in parenthesis are numbers of bands seeded .
Sou rce : Constructed from ~~~~ Anpendix C .

due to threats of flooding . A random nrocess was used to select 56 hands

for seeding . The project was initiated in mid—January of 1963 and therefore

there are no data in the table for the months of November and December of

the first season . The largest number of seedable hands occurred in

January and February of 1968—69 these were months of above- average monthly

raInfa l l .  i-larch and Apri l  for all the four seasons and November and December

for 196°—70 had below—average monthly precipitations. Further, there was

a drought in Southern California from January in 1971 and thus there were

only 5 seedable bands In as many as four months of the 1910—71 season.

—6—



2.2 W~cIc Information Collected and ~road_Outlines of Ana lyses 
Made. Lurfng

the passage of d hand , a number of measurements worn recorded . The Santa

i~arbara data are amone the best available since attention was e4ven to

statistical design and a substantial amount of concomitan t information ~‘ae

collected . Important inforin~tIon gat~~’red during the course of band passac’e

Is as follows

(1) ainga~ c’ p er c i p i t a t i o n  measurements  f r o m  a n e t u er ~ of s t a t ions  in

contro l an’! tarnet areas.

(ii) Estimated duration of band passic’e L t f l e  fm ninutes it  each ra ingage

station .

(lii) :Iunher of fusees Ignited by band .

(iv) Airriass structure of the hand in terms of one of three stab I lity

categories .

(v) 500 mh. temperature .

The network of s ta tions  for which the estimates of total precipitations

and dura tions }~~y band ~ ‘re obtained  ~~~~~~~~~~~~ i1~~r to t h a t  of t b ’ r. e

s~~ ted in ~rp n~ iy ‘1 ur~ ‘-1. Airmass structures and 5’Y) mb. temperatures

were obtained from radiosonde s o u n d i ng s  w i t h  C~ D— 1 equipment at Santa

Sa rbara a i rpor t  along ~‘ft~ simi~~1r sound ings ta~ ’~n at nearby governmen t

installations during t hp  cours~ of b anil  nassac ’e . Since ‘ st ar t ’ and ‘end ’

times of band passage nero noted r L.
l and 17 . the information on whether the

band passed th rough  in  n ight  or 1 ay could also ~-e derived .

precipitation and duration ana l ’:ses were ‘1o:~e using what were termed

comnosite sing le r at ios  (S. ’.)  and composite double r a t ios  ( D . R . ) .  The

word ‘cor~nogite ’ is used to Indicate that these ratios use data from all the

four seasons in contrast to individua l season Iit,i~ Calculation nrocedureg

for S.R. and P.’~. are explained below in terns of precipitation data.

— 7--



‘:~‘~~c’ ‘~~ ‘c i ta t~~on at i : i r~ fr~~’ band ~ . ‘~~t ~ = I or
1’  1

as band j is seeded or not seeded and station I is operative , ~ 6~~(i) =

I

the number of seeded bands , while ~!(j )  — ‘~~~~~4 ’~ “
~~~~~~~~~~~~ ~~ r

~~
_
~~•(~~)1, the

nunher o~ non-- seeded hands , ~~ r ed it station I , ~ J (i) h.~in-: the total  number

of ~~~~~‘ ~~~~~~~~~~~ 
. - r ~or’~ ‘ . Precipitation averages were defined as

TsU )  = ~

and

Tn s ( i )  
= ~ ~~~~~~~~ ‘

~ij~
” ns(iY

These are station averages for station I respectively for seeded and

non~ cae ded ‘~an’Ls . Let ~ inde x the six control--area stations used in band

detect ion.  Then

C (?) = ~

and

C
(~) ~ i~~~~(~C) y / M (~~) ,

and C... and C~~- are the corresponding averages over the available control

area detection stations . For station 1, the composite single ratio was

defined as

= 15(j)/T (j) (1)

and the composite double ratio was

fl .IL ( i )  
~~~~~~~~~~~~~~~~~~~~~~~~
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It is stated that each ~f these sets of composited single and double

ratios was subjected to a ‘~ann— ’Thitnev Ti rest to tt- -
~ the null hypothesis

that seeded and un—seeded preci:dtations were drawn frc,ri the same population

versus rho alternative that nrpcipjtatinns I m p  seeded hands  were stochastically

larger than those from the unseeded hands . “ann-d’bitnev tests were performed

for r~ach station seraratelv . Definition of the relevant two samples Is not

clear from ~4, 7 ‘ . It annears that the test of sIgnificance it station I

for the single ratio is ~iniply ha’~2’i on the nrectpitarion measurements y11

senarated into two sari’les as band i is seeded or not. In regard to use

of the composite double ratios , the preciaftations y1~ 
may have been used

in ratios y
1~

/C
1 ~

rhere is the precipitation average for the (at most)

six control stations for hand I , the 1~ v~ slon of these ratios Into two

samples being again on the basis of seeding or non—see?~~ c’. It is noted

that co~’nosite double ratios cannot he obtained from individual members

of the two samples as defined above .

Double ratios were dectaned to Include correction f~r the natural

intensity of a given band throu gh division by a measure of contro l-area

average precipitation. ~iowever , various nnal’rses indicated that normalizing

the single ratios (1) by thr’ use of control -area averaces to obtain double

ratios did not raterlallv change the results. Therefore, it was determined

that a control was not needed for evaluation . Thus . the final report ‘7’

contains analyses only of sing le ratios.

Table 2 gives the distribution of stations by the magnitude of single

ratios for precipitations in Phase I of the Santa Barbara experiments.

This table also contains the breakdown of this distribution between tar~et-

and contro1~-nrea stations .

-.9—



Table 2~ DISTRI3UTI(V! ‘)~ NIIThIBFg •‘W ‘ TATTOMc ~Y “AJT4”,T~S
O~~ ‘~I”CL~ PATIOS ‘~‘°“ -~~ l- I P~~ CIPITATI~)’!

RANGE P~ ‘- ‘~ 
)~095 1 .00’)- 1.293 — - l.~~’)fl -- l.~~’)fl - 2 .fl0~~ ~~TOTtL

and l n c q  l . l~~9 l . 3Q 5  1 .595  1.795

~

_ ___—

y,~~r- -, ‘~r~ 
TAPGET 1 2’) 27 7 1 4

gT~ iiu g4S~ CONTROL 6 20 1’) 3 — - — 3°

[ ALL 7 26 30 25 7 1 4

~~~~ R~urce~ ~~~~~~~~~~~~~~~~ ~~~~~~~if ~~~~~~~~~ Z~ fo~ ~~~ini tioh~~~fl~irpet and
Control ‘r- -s; see Table ~ bo ic” ~er 4~ f tnit ionn used in our dt~t~ summarization

It is seen f rom th is  Table 2 t h at .  ‘-‘bile the mean of single rat ios F or

ta rge t—area  s t a t ions  anp ear s  hi ’her than tha t  for  cont ro l—area  s ta t ions,

both t a r g e t— md contro 1 -area averages exceed ene . Thi s  is  i ndica tive  o~ higher

prec ip i ta t ions  from seeded bawls than  non—seeded hands .  Rut It happens also

in control  areas , a poss ib i l i ty  cuczgesting contamination effects. There are

27 out (‘1 t a rge t  area stations which recorded va lues  of 5 .5 . less than 1.4.

“u it e  a fe” of t b ’  22 stations in t~ ic next  ~‘ .P .  class of 1.400 to 1.595 had

1~ . f- :ct ,values i ns ’, t h an  1. 5 . T h e r e f o r e ., about half  0 r the ta rget - -area

s t a t i ons  nov have had p r e c i p i t a t i o n  increases  from seed ed hands in excess of

50 percent. It is noted , though , t ha t  1 s t a t i o n s  in the 5 .5. class 2 . 099+

seen to he outlying observations. Pingle ratios In the” are un’lulv large —

one as large as 7.32 (Station -‘27), while a neighbouring station A23 has the

smallest observed S.R. value of only 0~~79~

Caution In interpretation of Table 2 is remuired . ‘Thile effects of

seeding seem indic ated , the s ingle  ra t ios  y ie ld ing  the di s t r ibu t ions  of the

table are not stochastically independent and are ,,indeed , highly ~orre1ated ,

are based on the same experimental units (convective bands), a, sometimes

result from stations in close proximity . Further investigation is needed ,

-10—



either in analysis of Table 2, or through confirmation of the anparent effects

in TabLe 2 by more appropriate statistical methodology .

The ~~ -‘C reports contain interesting ‘area of effect ’ maps . Two of these

maps — one for comno~ -f te single ratios and the other for composite double

ratios of precipitations are shown for  i l l u s t r a t i on  purposes in the following

two pages. “hen a band is seeded , silver Iodide narticles tlrift , diffuse ,

and produce ice particles which in turn grow, drift , and descend to earth .

The envelone of ground interception points of the collection of particles is

termed the 1area of effect . The heavy dotted line forms the boundary of

the expected area of effect. The shaded area is that ~uhset of the area of

effect wherein the precipitation increase was 5fl~’ or more . According to the

reports , extensive portions of the area of effect bad ratios (both S.’L &

0.5.) of 1.5 or more as indicated by these mans.

—11—
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I
This section would be incomplete without a summary of conclusions arrived

at in the NWC reports [4, 7]. A brief synopsis of the main conclusions is pre-

sented below.

Evidence is conclusive , say the reports , that cloud seeding is an effec-

tive means of increasing precipitation . Averac’e precipitations due to seeding

increased by 50% or more in majority of target area stations . There was an

attemp t to post—stratif y the hands by their air—mass sturctures and 500 mb

temperatures. The reports conclude that average precipitations in warm and

unstable bands increased by more than 100% and covered a much larger portion of

the target area. Seeding is most effective when 500 mb temperatures are

between —17°C and —20°C. There is some evidence to the effect that day—time

seeding is less effective than night—time seeding. ~
‘ost importantly, the

reports conclude that the effect of seeding is through an increase of hand

duration rather than an increase of band intensity, that is , the larger

average precipitations in seeded hands can be attributed to longer band

durations. Data summarization in this report and in ONR Technical Report

No. 118 is preliminary to reanalysis of the Santa Barbara Data. The objectives

of the reanalysis are both to evaluate the use of more sophisticated statis-

tical methods and to sharpen , confirm or refute conclusions drawn initially

by L’4AWC.
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I I I .  DAT A TT5 ~~~fl FW PESPO”SF SURFACE ~~~~~~~~~~~~

~‘1e review data used below in this  report In annlication of response

surface  methodology . ~o rth  American ‘-leather Consu l tan t s  had two projects

( concur ren t ly ) ,  one for  the !Tavi l ‘-Ycapons Center a t  China Lake , Ca l i fo rn i a ,

and the  other  for  the D-ureau of Reclamation at Denver , Colorado . The

analysis underta~-en for  the 2ureau of 2eclar aat ion used a much larger network

of raingage stations than used for the ~1aval Tleapons Center stud” . This

increase in the number of raineage stations resulted from an extension of

the target area to the east. ‘Yhile the two reports discussed in Section II

were done on behalf of the ;4aval ‘~eapons Center , there is a third report

by grown , Thompson , and E l l i o t t  ~1’ , which was done for the Bureau of Re-

clamation with the larger network of raingage stations ,

The first of the two ~
Taval i r eanons Center reports, written in February

1’)72, had only 30 raingage stations . A list of these stations is contained

in Appendix B of r41 . -\ll single and double ratios in this report were

calculated for these 80 stations . The second and the final report (October,

1975) had 112 raingage stations listed in Appendix A , ‘7 ’ , out of which 72

were common with the list in 41 . That is, from the list of stations in the

former report , eight stations were dropped and forty added to arrive at the

list in the latter report . T{owever, ginc~ie ratios in ~~ are reported only

for lOf’) stations, that is, 12 stations listed in Appendix A of ‘71 were

again dropped from the ana lysis. On the other hand , the report done for the

Bureau of Reclamation attempted to use a network with about 178 raingage

stations, 100 of which were common with ‘-P?C rePort ~~7 1  and 78 were further

additions . The reasons for dropping or adding stations are not clear. There

are stations which have been dropped from the analysis hut have precipitation

data available for them - ~19 and 110 are examples of such stations.

— 15—



sli’zhtlv different ~-ind of nrohlen , potentially capable of introducing an

e1e~ent Lf :~ ‘n,u ;‘ .L1~ 1i I tv t i -r~ -in u’ -‘n~ i’~ :’,-u , r . -luteu ta - ;I~ sinp &--;cr,Tfl t 10n3

There are a substantial number of raingage stations , which are in the analyses ,

hut have large c~ of r~Issfnc~ nreclpitation data. In fact , there are few

stations which have precipitation measurements for all 107 convective bands .

Clarifications cm this problem were soi~-~ht from “A’-” and reasons riven were:

(I) some raingages were changed to a different tvne of measuring device ,

(ii) some raingages were added in the course of the experiment , and ([ii)

there were equipment f.iflur~’s.

‘~l~~.Tc provided a magnetic tape containln’~ data on all variables (excent

location coordinates of stations) collected during the course of t’- .-’ “-‘nta

Barbara experiments and used either for ~‘~ ‘r analyses or for the “ureau of

Reclamation analyses . This tape consists of 1’~ files , each vith a different

data set. File ~l2 has precipitation data for 178 stations from l°7 experi-

mental units (bands). Locations coordinates, latitudes and longitudes in

degrees and minutes and -dtitudes in meters , were provided hy ~~AT IC for each

of the 173 stations separately.

The precipitation and location data first considered in application of

the response surface methodology consisted of data for the 178 stations

discussed above . The location’ of these stations ar’ summarized in Table 3.

Table 3: LOCATIONS OF RJ\INr,ACE STATIONS BY LATITUDES AND LONGITUDES

LO < 1180 118° < LO < 1200 01’ LO � 1200 01’

L A < 3 4 °  3 5 0 8
34° < LA < 35°l5’ 6 107(3) *~~‘aI.get) 34 (Control) 147(3)

LA’35°15’ 1 10 9 20

10 125 43 178

*Three stations, A45 , F6006, and E8832, were omitted from our analyses because of in-
correct altitude specifications .

— 16—



Stations labelled Target and Control in Table 3 were used in our final analyses

with these two areas defined by the Indicated bounds on latitudes and longitudes~

the remaining stations and regions were omitted because it was lut”ed that

~recipitation measurements were too sparse or that they “crc too far from

anticipated regions of effect . The division between Target and Control areas re—

a north— ’outh lie. s11— ’htlv t o th e •s~ ‘~f t~~~~~rr~~ -i—~~~ din it~ at

latitude 34°32 and longitude 120° 01’ . Our major study is based on 107 Target

area stations and 34 Control area stations .

Appendix Figure A--i contains a map ~howin~ locations O~ many of the raingage

stations ori’~ina11y considered to be used for testinc~ the response surface

approach to band summarization data . Appendix Tables A-i and A-2 give a listing of

Tnr”et and Control area stations octuall” t !Sed toc ’ctt ier with their three location

coordinates . A similar listing of stations not used is contaIned in Table A—3.

—17—



IV . THE C’IOTCE OF RESPO’lSE ~1TP.F.\rF’~

4.1 Introduction . Our approach to the summarizat ion  of p recini ta t ion  data

is in two stages . In the f i r s t  stac’e -, a response surface  is f i t t e d  to the

raingac’e measurements for each convec tive hand separately for  defined control

and target re’Uons. The independent variables  fo r  both regions are simnly

the raingage location coordinates , latitude and lon”itude . In the second

stage , integrals yielding volumes under the surfaces respresentative of total

precipitation~ for specified areas of interest are calculated as a summarization

of the precipitation data . Thus , various calculated precipitation volumes

may he derived to measure the response to a band i.n the target area and

s imi lar  volumes may be used for  the control areas as possible concomitant

variables descr ib ing the  s trength ’  of the hand . The use ot this  data

sunriarizatior .  will  be reported later in conjunc t ion  wi th  concomitant data

summarized by Clet,son in OT’P1 Technical ~eport 118.

Preliminary analyses of various kinds were conducted and they are re-

ported In Sections 4.2 and 4.3. These preliminary studies were based on

selected bands from the data s f - t  for this purpose. Asnectc of ~rrvestigations

of goodness of fit of response surfaces ~r rcported also .

~ot all possible analyses can be considered and inevitably other anoroaches

would be selected by other investigators . Surface—fitting techniques are

available also through various computer packages that have the effect of

smoothing responses over areas of interest. Such a “local surface fitting

program was available and was tried . But little ~s l’nown about the proba-

bilistic interpretations possible and we believe that these routines tend to

over—fit data . A discussion of such methodology as used in meteorology is

given by Stephens [61 . The use of these procedures was rejected but they could
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yield summarization methods of use. The basis for the decision was that high

correlation with simple averages of precipitation were anticipated and , indeed ,

this occurred with our method also.

4.2 Pilot Study on Selected Bands. The appropriate choice of regression

equation to be fitted with latitude and longitude of raingage stations as

independent variables is important. A pilot study was conducted on selected

bands to determine the simplest r,~gression equation that would adequately

approximate data from all bands.

Bands for the pilot study were selected to be representative of the

totality of bands. Twelve bands were selected , six early in the experimentation

and six late. Three of the early and three of the later bands were seeded.

The convective bands used for the pilot study were bands 1, 2, 3, 4, 5, 7,

94. 95, 96. 97. 98, and 99. The six seeded hands were 4, 5, 7, 94, 95, and

96. In the pilot study. Station ~2l in the Control Area was omitted because a

corrected latitude specification was needed and later supplied . This accounts

f or minor discrepancies between control—area table entries for the pilot study

given in Tables 5, A-4, A-S and A—6 and complete summary data given in Tables

A—8 . A-lO and A-l2.

Early work showed that altitudes of raingage stations were not helpful

in the description of response surfac~ s nor were transformations of the

precipitation measurements. Polynomial regression models of degrees one,

two, and three respectively in latitude and longitude were fitted to raingage

measurements for all the twelve bands and for target and control areas

separately. For a givt n band and region , let y
1 

be precipitation at station

j in inches , be latitude of station j in degrees , X
2j  

be longitude of

station j in degrees. The three models used in representation of y
1 
were

— 19—
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where and x
2 are the a r i thm e t i c  means of l a t i t u d es  and longi tudes  of

stations in use for any particular convective hand and , in each model ,

is a random error. For each model , the regression coeffIcients given by

Creek letters must he estimated . The subscript I in the equations above

runs over the n
1 
stations , somewhat differen t from hand to band . x

1 
and

x
2 
are also different for different hands for the same reason .

The pilot study on choice of model was initiated to find the simplest

- adequate model. The possibility of use of a model of ~ieher degree than

those in (3) — (5) was open and it had been honed that a second—degree

model might be adesuate . In the end , model (
~~) was necessary and use of

this model did seem suitable in that data summarization was our ~~~~

the cubic model fitted substantially better than the o uadratic model ,

and residual variation about the cubic model seemed relatively free of

syst ematic  e f f e c t s .
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Table  4 ~‘1v*~ the pronnrti-~n of precipitat ion variatica , 2 
explained

through u~ e of 11 n~ a r - q~~i ~d r;i t ic , an cubic recponse surfaces In the target

area fo r  each of t he  r ” l ~’e t e~~t ~‘inds . This table also r enorts  on the

nean preclrltatIon v and the ne~ ’~’ire of unexpla~ ~d variation after fitting

cubic response surfaces (““ - - r ~i h i c ) . ~inilar information for regressions in

the control area ~s ~-iven in Table 5. (onnii ta~ lon~ of t” c various riuantities

reported in T’i1le ~ It and 5 have been (lone using standard regression methods.

~~‘ua t  ions (3) -. (5 ’)  ~-~er-:’ fitted ~s sho~m because i ,it la i  f a ilu r e  to center

t h e  tn d ep ende ’nt v ar i - i h l ’~ and l p d  t ’  computa t ion a l problems . Pr adlev

anc! Srfvastava report~~d on this matter In 0~ ’~ Technica l “eport  111.

Table 4: SU1~”APY ST\TIgTTC S T~fl ’ i Pn 1~Y~T0~~TAL ~vrn,RESSlO~TS ON
T A”( FT ~J ?I ’A ~~L1~CTT0 1~A--rflg

Cfl ~~~~ W

Band o. n v 2 LI7T~tR OUAORATTC C~ P-TC ~~t~ r (duP~l c)

1 75 .0637 .00434 .2i’~77 .34~ 7° .h527l .00302

2 75 .1027 .r)07g1 .20~~
7 .37915 .49288 .00451

3 75 .16~~’ .in°ri .00709 . 1’3’ 67 .15379 .0094°

/ *  75 .fl7(~ .00ll~ .04611 .20771 .26800 .000Q6

5” M . 1527 . flfl’~2 1 . 1( 7 2 2  .2 Id~~2 .56087 .00 307

7* -
~~~~ .035? ~~~~~ . 3227~ . 3~ 4~ 5 . -

~o~ -~l .on142

94* 91 .0170 .fl0°’2 .h1~~(tl . 4-S iR S .5d23 1 .0202 9

9; - ’ . l3 2~; ~~~~~~ .4S~~(,3 . ~2064 .50322 .9fl50~

03 .‘-614 .17025 ~5~ 39c .65960 .75523 .04825

97 21 .43(,2 .13965 .4 ’33 12 .59804 . 64237 .0~ S36

I 93 .09/ 2 097 0 .20961 .314 05 .36520 .005/ 2

92 
- 

.~~25 .10003 .2 ~~~( 4 .3 7 7 2 7  .4 537 1 .19916

*Bandq w i t l  a st er l s ” s are seeded .
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T a b l e  5: ~!~~~A1-’Y STATTSTICS FOR POLY ’0~1IAL REC$~F.SSI0’TS ON
TT OL 2J:~~ ‘ ‘1:LECTEP BAND S

- 2 R2
Band No. n v B L1 -TEAP flTt~ !)T~A T TC CWIIC MSE (cUBIC)

1 15 .1013 .01090 .31/404 .6773 5 .74 744 .0fl77l

2 15 .2540 .110776 . 42°l •0  .S! ’~03 .70191 . 00647

3 i n  . 0”~0~ .°0331 .22049  .I-312Q .°1370 .00071

4* 1 6 .~~S63 . r)l7° .01728 .4~~c45 .88551 .000~~/ -

16 .1~450 . 83337 .53032 .00/-50 . 3254 .001/41

7* i(~ .1125 . 01430 .43328 .79435 .26947 .0016%

94* 28 .°693 .20342 .24475 .29054 .35515 .00331

32 .1133 .1)1200 .37321 .c9~ o/ .60504 .00717

06* 32 .309° .05710 .62736 .74225 .79654 .91634

97 12 .2822 .04215 .36790 .5 5173 . 52024 .02493

9~ 32 .0622 .20162 . 05370  .16033 .23034 .90164

99 31 . 6835 . 23151 .03765 . 1 7 5 0 7  .2 6792 .03204

*Bands wi th  a s t e r i sk s  are seeded .

Values of in Tables  (. and 5 measure the  f ract & on  of var ia t ion  I”

p r e c i p i t a t i on  mea~ ure 1ents expla ined  by inear , i ;id r~~t ic  and

ci~~Ic models for eacb hand for target and control areas. In general ,

suh- -,tantjal improvement r -sulted for use ~f the q(ipdr,’i~~j C nodol  over the

l i n ear  and for use ~ f th e cubic over the quadratic. The decision to

use t h e  cub ic  model r a t h e r  than t (~ oroceec! to a hi~’her ‘ie~~reo model came

also from examinat ion of res id~iaJ variation as -~iscussed below . Indications

of heterogeneous r 1’ -r variabil i ty in hn~ h t - e  &-‘s,rve 1 data and the

residual  error s coT~es respectively f r om  the values of s 2 and M~ E (Cubic)

columns . This indicated heterogeneous variahilttv must be considered

In  f u r t h e r  analyses and su’~~ests use of wei ’hts , for  exa!nple , In planned

covar iance an a ly s e c .
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P l o t t i ng  t e c h n i qu e s  were’ use(I ex tens ivel~ in determination of choice

of response su r f - i c e s . I t  Is not p o s si b l e  to include comniete sets of

plots hut results .irc illustrated for Band 96 , Target area , a seeded

band w i t h  r e l a t i v e ly  ~f~~h precipitation . /~ppendIx Fic’ur~ A~2 “-Ives a plot

of the precipitation ‘a,.. L i n e a r , q u a d r a t i c , and cubic response surfaces

a~- t itted to the Ltt.~ rr-  %-i ven in -‘uir’ondix ViOur es  1-3 , :“~i ~~ ~~ In Figure

‘,— 5 , It 1- ~ i np a r e n t  t l ’ , t  th~’ cub ic  s u r fa c e  becomes nega t ive in the lower left

corru r of t1” t .~r’et re:’lon, ~‘t i t  r -c ~~i 1 that this portion of the region

Is not ,~ l,md t r - .i and of no - ‘ ‘nse’uence to f u r t h e r  use. All, these

s i rt ‘ ic t c • r .  I I ’  r ~‘‘r  r - - ” t n n s  ~t ‘i aj r interest. Figures A— 6 , ~—7 , and

2e— ’ ,s-xh1’-~It r - - idu ij r~ t 1 ’ r , :.i rtur e~ ~ ds. rvcd precipitations

fry- t h - ‘ i t t , ’ - c i i r~ ,‘~~~~. T o  ‘ ‘e’ner ii ov,’r the tes t  bands , linear and

- ‘
~~ 

i d r i t i -  r e - h i~ N -’r , d , -  1. - VI r si-l ua ls w it 4 sone svst,-natic patterns ,

~~~ i t  r . - ~~I ¶ -  Sj , - f l - 4  ~~~ 
.
~~ ‘ n % t u i . -s . Oesjdualc f r o m  cubic surfaces

‘ .  N re t  ‘ I ve ly ‘ - i t ,i t ’ t  c r ~ I ‘~ ‘I v r~-. ‘f -~ :c ’i ‘;v’~ tena t ic e f f e c t s .

Sor- . • r t ~~er exae t -ia r I -n •f r ’~~~- ’ 84is : 1  to’ s lr the  next  subsect ion .

I ~ r . it ‘ i r .ii n’ t-~~ t ~~~~~ i ,  ,c t i .~~ r i - ~-~t ~ ‘n’ and Transformations .

Thia subseet Itt’ • ~ u- •-x.*-~tn i t  -r  -~~~ d i  - t  r i butional properties of

(j.~ -‘r. - ip t - i t t  ‘ - - ‘u. ac’s r.-ne,,’ j  ~~~ r .ç  ~r i. r j n ’  ~i t h i n  a hand and ( i i )

r~- -- I L;u a 1 i t - i  f r  ~t I t-i ~ar  ‘ ~ I ~~~l c ub i c  r ” s p t~nse  su r faces . In

.1 t i l t  I n • ‘. re-i. - - r~ r I ‘ i’.- -n . ~ t t r ins  I - rr -a t ion s .

1”’ ‘ v~ es I ~ t u . t j e ~ t ’
~~,’ - it n-ct lv conci b r  l i st r i bu t i o n s  of raingage

ocasurement s  • ~~~~~~ ~~
- ‘ vp. of t udy f i t s  sp e c i f i c  d i s t r i b u t ions ,

usu.iI ly (.an~n.i -r 1o~ 
- r -1 , ~ r r e ip i t a t l o n  d a t a .  A consequence of

such s t u d y  -~a-~ h. t -  select a su~ . nsi-.1ly appropriate statistical test ,

perhaps ,i non~~~r ar i et r 1c  one to examine seedin~: effects. 
F.xaxnples of this

can be found in Dennis and Schock 1 2 1 and in 0uran and 9ielke 1 3 1 .  Hanson

in O tt’ Technical Report 119 has considered asymptotic comparisons of

~2 ~-



ef f i c i e n c i e s  of c er t a i n  rank t es t s  f o r  th Is ; proj&-rt. \ second t ‘.me of

s t u dy  c - ’n - t i d i - r s  t r ans forma t ions to ‘rnialize data. ‘mlth , -\dderlv and

B&’~ ,iw -iit e ‘6 r e Po r t  on use of the  square-  root t r a n s fo r n I t I on  in  i - i

i - x i>~-rfncnt in 2~~~i th  A u s t r a li a .

‘e anpi lcd two t r an s fe r i na t  ions to nreci p t t a t  IO~ d i t ~ to  d et . -r r ’ in-

if these data showec~ any evid-tnce of hcconin~ ‘ ore noarl’- nonial l y

Jistrihut e i fellowlnrr trans 1ormation th~m h i - f o r e . The f i r s t  t r a n s fer  

i~ le”a rithmi c ;‘nd comm only used . The second Is a double l ogar i t hmic

t r an s f c r r m at ion  d~ vised 3fter the firs t was j u d e e d  unsatisfactory . The exact

er c ~~

X 1n (1 + Y) (6)

and

Z = in (1 + X ) ,  (7)

i:herc V is the )b S e r V , - d  n r e ( ip i t a tj o n . Ta~’1es - ‘- ‘i to ~— 6 r ! o’; C~~r t - - ‘ - - e ive

test bands and con t ro l  and t a r t  i t  a reas, v a l u e s  of the variance ,

s t anda rd ized  stt c’- ’n / s s ,afld s t a n dar d iz  - 
~~trn ~i 

- b r  t h e precipitat ion data ,

t’ .e z -t r a n s for r -iat ions , see ( 7 ) ,  of the  p r e c in i t a i  ion da ta , and the  res iduals

fro-~ the cubic surface fitted to p r e c i e l t a t i o n  d a t a .  Oata  is  on f i l e

in ~ i~i i l a r  co t arions  fo r  the  tr ansfor ’a  ( 6)  i r d  for  resi~ ua1s f rom l inear

and quadratic surfaces ’ results are not r ep o r t e d  hi re because they are

in te rmedia te  to those shown .

The as~ tt~n e t r i c  and u s u a l l y  h igh  pea 1’E-d o~ ss of p r ec i pi t a t i o n  distri-

bu t i o n s  r ’ o t$v , i t e d  the choice of transformat feno (6)  and ( 7 ) .  I t  is known

t - a t  l oga r i t hmic  t r a n s f o r mat i o n s  help to normal ize  skewed and leptotzurtic

distributions. However , in our case , transformations chosen helped

only rsar2inally to shift downwards the higher moments of the distributions .

The drops in variance and skewness are too small to be of any consequence

and the’ reductions In ku r to s l s , even though subs tan t ia l  for  some bands , art -

— 24 -  — - - -



f a r  from enoug h to make then close to those for a normal distribution .

The conclusion is tha t  the t ransformed var iables  - and ~ are not normal.

These results arc consis tent  ~.‘ith those reported in the l i te ratur  . ‘ further

conclusion is that any benefit resulting from transformation before

surface fitting is more than offset by the intermret~ tive difficulty

that would result if surfaces  were f i t t e d  to t ransformed precipi tat ions .

Some other  t ransformat ions  were tried also but  were not helpful.

Investigations into  the d i s t r ibu t iona l  asPects of residuals for

stations wi th in  a band from f i t t e d  response surfaces were also under taken.

The residual e
1 

at  s t a t i o n  I is de,nlned as — where v~ is the

observed precipitation •at station j and v its estimated value using

the  app rop r i a t e  response su r face .  It is clear from Table A— 6 that the

residual distributions in the target area a~e always right—skewed . The

kurtosis for residuals from all, bawls and all response surfaces were

also positive , and sometimes very high in magni tude . One conclusion is

that residuals from cubic fits liad right—skewed and extremely

leptokurtic distributions in the target area.

TJe have made the decision to fit nrecipitation responses without

transformation to response surfaces which are the general cubic in

two dimensions, la titude and longitude. Other decisions could have

been made and other investigations could have been conducted . At some

point , decisions must he made. Justification of our decision is that

our primary purpose in the fittin” of response surfaces ‘-ta s for data

summarization . The option of transforming response statistics calculated

from the surfaces is still open and will be considered .

4.6 Correlations in Polynomial Regression. It was detected early in

the surface fitting work that the independent variables (latitude and

longitude) were such that the absolute sample correlation coefficients

— 25--



between each of them and their powers turned out to be close to unity.

This caused difficulty in obtaining least squares estimates of regression

coefficients. The problem was investigated by Rradley and Srivastava and

they have reported in (I’P Technica l Report ill. b’hile the problem has

been noted by others , it~ rationalization may be of value both in research

and teaching. The difficulty ‘tas removed on this project through centering

of the independent variables in the computational ‘,ork .
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V. CUP IC RESPOt ’ISE SURF A 1CRS A ’ f l  ‘ STIM/tTTO~’ OF
V0LU~P S  OF pqRCIPTTATIoT~’

5.1 Introduction. Since the pilot study shoved that cubic respot~se

surfaces provide adequate description of raingage measurements for a

given region and band , s u r f a ce  f i t t i ng work ‘~as completed for all

experimental units (bands) and target and control regions ‘-‘Ith use of

two—dimensional cubic response surfaces with latitude and longitude as

independent variables . These fitted surfaces were then integrated over

designated geographical areas to evalua’e the volume of rainfall in that

area for that band. This section first summarizes the cubic surface

fitting work and then goes on to discuss evaluation procedures for

rainfall volumes together with their variances.

5.2 Cubic Surfaces. The cubic response surfaces with latitude and

longitude as independent variables , were fitted to all 107 experimental

units (bands) and for target and control areas separately. The poly-

nomial regression model used to fit cubic surfaces is given by the equation ,
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21 

- a
2
)
3 
+

for observation (station) 1~~ 
where y

1
, X ],~~, and x21 

are precipitation

measurement , latitude, and longitude at station J , J — 1, 2 , . . . ,  n ,

and is the random error associated ~-~ith the response y1
. The constants,

and ci2, represent the centeting - locations used for latitude and
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longitude . The values chosen for a
1 

and a
2 
were 3 4 0 0 and 119.00 for

0target area surfaces and 34~~70 and 120.3 for control area surfaces.

The est imates  b~~ of regression c o e f f i ci e n t s  
~~~ 

(0 ~ � 3, 0 � k � 3 —

~‘ere obt:~i~~~d using least square procedures.

~‘!ote tha t  (8) d i f fe r s  from (5) in that fixed centering at 0
1 and a2 ,  near

th~ means of the  co r re snond in g  var i thles , is used . Thi s is more convenient

for tabluation and future use .

Th~ two m a i n  s t a t i st i c s  o b t ain e d  to evaluate the goodness of f i~ of

0
cubic response surfaces .‘r~re 1’l’” . t~~ Percen tage  of variat ion in original

measurements explained by the fitted surface and the residual mean

square error (~1SE), the esciriate of variability about the fitted surface.

Tabli.~ A—i gives for target area surfri c~ s values of (1) the number of

stations in the hand , (i i)  the precipi tat ion average for stations operative
0

in the target region for the band , (iii) the sample variance, (lv) 100 R ,

the percentage variation exp lained by the f i t t e d  surface , (v) the MSE

*and (vi) the calculated value of the F—ratio - The corresponding infor-

mation for  f i t t ed  surfaces in the control area is contained in Table

A—8. The estimated regression coef f i c ien t s  b
~ k are listed by bands in

Table A—9 for  the target area and in Table A—l0 for the control area .

Cons ide r  values of 100R 2 for the target area in Table A-1-.

*Under classical assumptions for  regression models , F has the Snedecor
variance—ratio distribution . IThile significance levels are referenced
in these tables, validity of use is in question .
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They broadly confirm the pattern observed in preliminary study of the

test bands. The percentage of precipitation variation explained varies

from a low of 13 .8% for  band 67 to a high of 84.1% at tained by band8

11 and 12. There are as many as 32 bands for  which the f i t t e d  surfaces

did not account for  even 40% of the var ia t ion in the original observations.

On the other  hand , 30 bands had values of 100 ?2 in excess of 60% . The

performance of cubic response surfaces, as judged by the values of lOOTl
’
~,

can be considered to be fairly good .

It was conjectured that values of and HSE may be dependent on

the magnitude of average hand p rec ip i t a t ion .  There was no relationship

whatsoever between and the  simple average y, but a strong relationship

between y and ~SE was evident.

The values of i~ü~2 ~or cubic surfaces in the control area are nearly

all very high. Thus, data description by means of cubic response

surfaces in the control area fitted well. This is reflected also in

unusually small and almost constant values of u S E ’s (when rounded to

two decimals places). But there are fewer raingage stations in the

control area and some of the apparent goodness of fit is due to the

large number of parameters estimated relative to the number of obser-

vations available . Again , there was a strong dependence of I’TSE’s on

the y’s.

5.3 Volumes of Precipitation in Designated Geographical Areas. The

objective of the response surface work was the summarization of hand

precipitation data. The summary measures to be used are the volumes of

precipitation under the fitted response surfaces for designated

geographical areas of interest.
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We illustrate precipitation volume calculations through use of (8) and for

rectangular areas wi th  no r th— sou th , eas t—west  o r ien ta t ions .  Other  areas may be

used wi th  only minor complications and may be used later . It is assumed that any

area used is co~splete1y in either the target or control  region and that  the appro-

priate estimated surface from (8) is used . The estimated surface may be written .

y(x1, x2
) = h

00 + b10 
(x

1
-a~) + h01 (x

2
-a

2
) + b20 (x

1
-a

1
)
2 
+

b11 
(x
1-a1

)(x
2-a2) + b02 (x

2
-ct

2
)
2 

+ b30
(x
1-a1

)3 + (9)

2 2 3h21 (x1—a1) (x
2

—cz
2

) + b12 (x
1
—ct
1
) (x 2—a2) + b03 (x

2
—a

2
) -

Let us assume that the precipitation volume V in inches of precipitation

per degree of latitude by degree of longitude is required for the region ,

a < x
1

< b , c < x
2

< d or for r j c x
1
_a

1
< B .  y < x

2—a2
<~~ , a a—m 1,

B b—cz1, y = c—a2, ~ = d—ct
2
. The precipitation volume is obtained by elemen-

tary integration as

V = b00 (8—cz)(6—y) + b10 (82—a2)(ó—y)/2 + h01 (6—a)(6
2—y 2)/2 (10)

+ b20 (83—cz3)(5— y)/3 + b11 (82—ct2) (~~ —y
2)/ 4  + b02 (B—cz)(~

3
—y

3) / 3

+ b 30 (8 4—a 4) ( ~ — y) / 4  + h21 (8 3—a 3 ) (~5 2— y 2 ) / 6  + b 12 (8 2—cx 2 ) ( 6 3— y 3) / 6

4 4+ b03 
( 8—cz ) (*5 —y )/4,

a linear function of the estimated regression coefficients. But the variances and

covariances of these regression coefficients may be estimated and hence the esti-

mated variance of V may be obtained .

Volumes and their variances were evaluated for each band for the following

areas (i) the complete tcrget area, 34.0 < x1 
< 35.25 , 118.0 < x

2 
< 120.02.

(ii) that portion of the target area in Santa Barbara County, 34.4 < x
1 

< 35.0.

119.51 < x 2 < 120.02 , (iii) that portion of the target area vhich enclosed
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stations in most of Ventura and most of Los Angele s counties with

34.0 < x
1 

< 35.0 , 118 .0 < x
2 

< 119.51 , (iv)  the sum of areas def ined

in (ii) and (iii), and (v) the control area , 34.4 < x
1 

< 35.25,

120.02 < < 120 .60. The es t imated  volumes and their variances for

the above five areas arc çr~.aented in Table A—il. It should

be pointed out here that tarc’et—area response surfaces were used for

evaluations of the first four volumes , control-area surfaces were used

for evaluations of volumes (v).

Estimates of volumes by hands were compared with simple averages1of

raingage measurements from stations in the designated areas of interest.

Table 6 shows values of the corre la t ion

Table 6: CORRELATION COEFFICIENTS BETWEEN VOLUMPS
AND SP~PLE AVERAGES OF RAINGAGE MEASUREMENTS.

No. of Stations No. of Cases
Geographical Areas in the area Corr. C o e f f .  (bands)

(i) All Target 34.0 < x1 
< 35.25 107 ‘1.9763 106

118.0 < x2 
< 120 .02

(ii) Santa Barbara 34.4 < 35.0 26 0.9814 107

119 .51 < x
2 

< 120. 02

( i i i )  Ventura  and LA 34.0 x
1 

< 35.0 72 0.9915 107

llb O < x2 
< 119.51

(iv) Santa Barbara , Ventura , 98 0.9943 107
and LA (ii) + (iii)

(v) All Control 34.4 x
1 

< 35.25 34 0.8865 101

120.02 < ‘
~2 

< 120.60

between volumes and simple averages for each of the five areas. Ideally,

each correlation coefficient in the table should he ba~ cd on 107 volume—

average pairs corresponding to 107 hands. However, one band in the

1
These averages and their variances arc given in Table A—12.
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tar ;et area and six bands in the control area had negative volumes and

hence were deleted from the calculations . The negative parts of surfaces

used were off the land area and redefinition of these regions will be

necessary .

Table 6 shows that all correlation coefficients are very high . The

implicat ion of these high correlations is that the simple average of

raingage measurements may he an adequate  summary measure . Further

analysis is likely to involve weighting of summary measures through use

of their variances , whether or not thure is advantage in use of precipi-

tation volumes over simple averages may depend on the effects of weighting .

Bot~ types of measures ~7ll1 be considered in examination of the effects

of cloud seeding. The investigators did judge that It was important to

consider the possibility of more Informative data summarization than the

use of simple averages.
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VI STJH1~ARY AND CONCLUSIONS

This report Is on one of a series of inves t iga tions on summariza tion

of data in weather modification experiments with particular reference to

the Santa Barbara experiment. Summary measures of precipitation have heen

constructed using a two—stage procedure . In the first stage , response

surfaces were fitted to raingage measurements for each experiment~ 1 unit

with raingage location coordinates as independent variables . In the

second stage integrals of these surfaces were evaluated to obtain measures

of total rainfall over designated areas for each experimental unit.

The method proposed is tested with data made available by ~
1orth

American Weather Consultants from Phase I of their Santa Barbara Con-

vective Test Seeding Program . A review of these experiments and of

reports [1, 4, 7~ based on data generated from these experiments is

contained in Sections ii ~n ’ ILL .

A pilot study with twelve selected bands was undertaken to determine

the advantages and disadvantages of different functional forms of response

surfaces . Details of this pilot study are reported in Section IV. It has

been shown (Section 4.2) that appropriate response surfaces for Santa

Barbara data are third degree polynomials in latitude and longitude of

rathgage locations. The cubic response surfaces did produce mean squared

errors (MSE~s) which were substantially smaller than the sample variances

of the original observations (See Tables 4 an’~ 5). The patterns of

residuals from fitted surfaces were examined . It has been shown In

Section 4.3 that distributions of residuals were non—normal. These dis-

tributions were usually right—skewed and leptokurtic . Section 4.3 also

contains discussion on distributions of the oricinal precipitation observations
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and of two transforms of then. The precipitation observations had right—skewed

and l ep tokur t i c  dis t r ibut ions .  The two t r a n s f o r m a t i o ns  used gave only marginal

i;’~provement in th shapes of d is t r i b u t i o n s.

The cubic response surface fitting wn~ extended to all the 107

experimental units and for targe t and contro l areas separately. These

surfaces were inte~ r~ ted over designated areas of Interest to produce

tot,d volumes ot rainf—~l1 for those areas .  The geographical areas consi-

dered were total target area ., three subsets of the target area , and all

of the control area. The variances of the computed volumes for each of

these areas were obtained . Discussion on surface fitting and evaluation

of volumes is given in Section ‘~ tables of results are given in A—7

tO .\- 11.

The percentac’*7s of variatian explained by cubic response surfaces

.‘~-re moderately good in the target area and were excellent in the control

area . Estimates of residual variances produced were substantially lower

than the variances in the original data. 5’inally, estimates of volumes

for selected geographical areas ~iere found to he highly correlated ~:ith

simple averages of raingage measurements in those areas. Both precipi-

tation volumes and area averages ~-iill be used in further investigation .

Primary use will be in association wi th concomitant variables in the

evaluation of the effects of cloud seeding .
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(Con ttnuc~ J

Seq. Stat .on
No. Cc4tle .~t.  t.e~ ’ . Ait. (~)
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TAB I ,F A - 2 :  INDEY TO PREcrr’I’r’ATION S T V ’I ION S IN CONTRO l. AREA

Seq . Station

- No. - ____ -- 
Lat. Lon~~~~ Alt .

A L 4 1  3 5 . 1 / 5 l20. r
~ 59~ 3fl

A ~ ? ~~~~~ :~~0 . 2 6  S5.CI 0
A i.’. 7

~~~.Li 1. t2J~~t2 335.00
21”.. 00
77.00

i2c1 .~~1. 3k .. C C
/ U’’ 3~ ~~:G.2 l 39.00
d :~ ‘~

1’.1~i 120.29 i65. h f)

‘ u l  ‘.~..50 12 0.12 9l.(I 0
C? ‘$ 77 120.2d 96.00

11 P~ G , ~ 1 2’ ~~. t T  7 7 . 0 O

12 r ’  C (, ! L V . 7 E  16~~.12 1fl~~.U0
13 N 0~ ;~+.~~9 t20 . -17 738.00
14 ~ u S  ~ .4 ’4 i2u .~~ 3’S.OO
I S  P4 P ”  ~~~,.‘+L 1~~~~~~i~~~ i 3 7 . 0 0
ii t’ 1~ ~i..Z~) ~~ d .12
17 ~~ ~. ~ 3i..~~” t 2 I’ ..~~C

~ j 1’_ • 5 
~ i~~I .Li~

I ~ ~! ? i, ~~~~~~ 12 G . . 3~~ h7 . ~i J
2 ’)  ‘

~ ‘ 4 .~~~I ’  121 .2’, 1.”~5. 1)0r 
~~ 2 ~~~~~~~~~ I~c:~i. I 1~ •
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TABLF A— 3: i’~i;EX 1 .) PR E C I 1 I’l’ATION S I A1’I~~1~, NO i I~ C LUi~LII

IN T71 STIJOY

Seq. Stat ion
N i .  Code Lat. i- or~~ _~~~~~~~ J rij

I . 2 3  3S .fl ~~~~~~~ 213. tr]
2 A ‘4 3 . ~~1 :~ ~.27 1C i.uO

~~ 
“ ,

~ ~ 1~ - .30 ~ 1.00
4 A c7 35.~~’. 1t9.15 107 .00

A 45 ~~~~~~~~ 1l- ).6’~ 1752.00
11-~ - C . ~ 145.30

7 ~~~~~~~~~~~~~ 11/ . 56  ?57.~ j 0
S E 11te2 ~~~~~~ 171.35 282.00
9 E 17 — ~.S 35,~~? u’U,tc ~3~+ • JO

10  ~~~~ ~~~~~~ ~.IjI.-+u 1 L~~7.~~ fl
11 E~~7~— 7 :~~.?7 12 0 .1/3
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1’ r ’ f / 3 ~ 5..l. ~~7J~~~/.r,
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TABLE A-4: VARIANCE AND SI-RPE S’~AT~STICS FOR PR L CtP I TAT I ONS
FROM SELECTED BANDS

—----V--i- - ‘ - -V_

Targ~.t Area Coi’~tro1 Area
Band No., Variance Skewness ) .ur t o s i~ J_ V a r i a n c e  Skewness Kurtosis

1 .005 1.850 4.457 .011 0. ~OI -0.913

2 .008 1.912 4,779 .008 C.043 -0.992

3 .010 2.251 7.123 .003 0.ril’I -0.250

4 .001 1.362 2.563 .001 -0.~~ i -0.685

5 .008 0.390 0.768 t .008 0.108 -0 .720
7 .003 2. 048 ~ .845 .005 0.818 0.675

94 .001 1.472 1.290 .003 0. 420 -0.834

95 .013 0.715 0.047 .0i3 2.085 5.099

96 .178 -0.031 -0.93S .057 1.267 1.996

97 .140 0.687 --0 . 657 .042 1.799 3. 989
98 .008 1.548 :.678 .002 C).321 -0.807

99 .180 0.770 1.163 .032 1.48~ 3.466
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TABLE A 5: VA~~i~~’ - - V  ~~~) SIIAP ) ST-\iI -FIC S FOR - = Log [1 + log(1+Y))

}-~ )t- S, l,L ( r~~, J IA1 ~~ I~ V

I .1 -g e  c ~.re - Contro l Area

Band No. ~-irian~~- - 
‘ ~~- i -  : -  Kurto. i~- Variance Skewness Kurtosis

- 

.0 03 i V ~~~~~~~~ 

- - 

~~~~~~ 0~ ~~~69O -L033
I .003 L~~ - 2 .1~~1 .0(3 -0.147 -0.938

3 . o’~.: l 4 ~~ . 002 0.431 -0.531

4 .001 1 .J ~’~ 1.658 .001 -0.287 -0.716

5 o~ 
q 

~~~~~ 
‘153 . OflS -0. 163 -0.772

7 .002 1 . 2 ~ 
Z • ~4 7 . 003 0.480 0.232

94 .001 1 . c9 0.~~1~9 , 0. :~77 -1.042

95 .007 0.358 -0.72~ .Q0’. L.4S~ 2.M6

96 .038 -0.664 -0.77~ .018 0.454 -0.330

.035 0.150 -1.1”4 .012 0.864 1.027

98 .005 1.102 1.137 .001 0.203 -0.852

~~~~ 

..~L .022 -o.4gi o.362 

j

.004 0.794 1.145

SO-



TABLE A- (I: VARIANCE AND SHAPE STATISTICS FOR RESIDUALS FROM CUBIC

SURFACES FOR SELECTED BANDS

Target Area Control Area

Band No. Variance Skewness Kurtosis Variance Skewness Kurtosis

1 .003 1.680 5.392 .003 -0.581 0.783

2 .004 1.286 5.461 .002 -0.540 0.561

3 .008 2.312 7.457 .000 0.216 0.734

4 .001 1.584 4.559 .000 1.367 2.187

5 .004 0.630 3.324 .001 0.137 -0.904

7 .001 1.619 6.898 .001 -0.312 -0.713

94 .000 0.872 1,355 .002 0.279 0.539

95 .005 1.478 4.422 .005 3.089 13.348

96 . 044 0.864 1.889 .012 0.811 0.136

97 .050 0.496 1.058 .018 2.601 9.755
98 .005 1.467 2.419 .001 0.889 0.313
99 .098 0.798 1.742 .023 1.123 1.795
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TABLE A-7: I>PECIPITATI.)N AN!) CUBIC RESPONSI ~iiRFACL STATISTICS ,

TAR(;~~f AREA

No. of Mean Preci p. 
2 1Band No. Sta~~ ons ,n P ~~~~~~~ ir 100R ISE______ ____

1 15 .0637 .011’.d 45.? .10332
2 75 .1~~28 .3, 78 -.~h3 .0C451 1.0246
.3 75 .16-5 .0095 15.5 ~9OY49 1.3210
1. 75 .u376 .5012 ??.1 .001)96 2.6787
S 84 .157/ .LJ~I~i2 51.0 .007-17 10.6877

€ 84 .039? .00?? 41.2 .00191 5.7678
7 ~8 .03~~’ • 11026 50.9 .00142 8.9703

83 .0022 .flOC i 36.7 .OC0~’4 4.7Ot~.
5 83 .0275 .00C~ 63.6 .00014 16.1623

lu 83 .0148 .j0U3 54.1 .00 0 1 7  - 9.6416

11 .11 ~ . .0130 84.1 .00231 42.9631
12 53 .1432 .01c3 84.1 .00291 ~.2.7867
13 ..35~ .0018 64.0 .00074 14.4431
14 8? .02 . .0025 6~~.7 .00031 t~~.522B

q2 ..~6o2 28.6 .fl 4”ll 1.1974

16 82 
‘ 

.38c7 • u18 8  34. 4 • O O o c 2  ~ ,1959
1 7  85 . ‘1.33 • 

p 568 7~~•9 .0133’~ 3 t e 2 4 ~~3
1 .3506 .C0u3 55.7 .00-.’~16 9.6218

19 81 .Sb1.? .11154 35.1 ,U?? u3 4.2697
20 81 .OJ3~. .0023 51.6 .C”123 5.4164

21 81 .1)866 .O t ~71 14.2 .0063? 1.3060
2? 81 .fl1€ 7 .0016 40.8 .00111) 5.4312
23 69 .tJ95’~ .0041 72.1 .0.132 15.9629
21. (9 .0048 66.1 .00178 12.1643
25 .C547 .0017 57. 1 .00085 8.5667

26 69 .0577 • 36.7 .00223 3.8057
2? 75 .0051 .~~C32 2/.8 .011019 ‘ 2.7760
28 15 .1267 •ulul . 50.6 .~ J5”.6 ‘ 7.40141.

79 • ‘1u96 .0(07 bS. 2 .00P~~6 14. U.~ 7
30 51 .1625 .OC9 ,~ 5b .S .00656 10.2635

Footnote :  1S~ gnificance probabi l i t i e s of F-ratios can be approximated
from the standard F-table with 9 and (n-10) degrees of freedom .
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TABLE A-7: PRECIPITATION AND CUBIC RESPONSE SURFACF STATISTICS,

TARGET AREA (CONTINUED)

No. of Mean Precip. 2 1
Rand No. Stations ,n Precip.y Var.s 2 100k MSE F

31 84 .1)127 .0005 17 .8 .00043 1.7841
32 81. .02...6 .Outl 35.8 .00111 7 4.5846
3? 88 .0522 .0034 b2.5 .001.42 1-14.1.713
14 b ’~ .3091 • 02~~5 0 4 . 6  . f l 0 9 ? 9  1~~.0 150
35 89 .~~36U .0112 44.8 .01159 7.1154

3~ 89 .0~~40 •0.~+0 +9.7 .U0?25 8.6699
37 92 .2126 .01t 1. 55.6 . 0 0 8 0 8  11.4239
38 .1735 • 05/6 48.6 .U3’7’~
3) 9 2  . 24 6 2  . 0 9 5 3  4 5 . 8  .0 5 7 3 0  7. 7347
40 89 .1.~~b7 .1~~87 .4.1 •09/o5 7.0823

41 .1968 .0273 52.’. .014-42 9.8040
42 ~

,0 •Es— i o .2221. 67.6 .O~ 0?3 18.5242
4-3 5k .1.19’~ . 1469 1 .6 .2  .0~~? 9 0  7 .7 143
4 1, 03 . 02 2 4  .- t 16 3  ~~~~ .2~~611 5.4992
.5 91 .59~~5 .1.310 43.1 .11446 S.B1~ 3

‘.6 93 .1911 •00°-~ 5o.2 .003/2 18.09!?
47 .0b37 •G0?2 34.0 .01110 1 4 . 7 02 9
4o 52 .1911 .0162 59.0 .00739 13.0951
45 ‘~ 2 . 1 7 ~36 . 0 0 5 4  4-4.6 .00519 7.3425
SC 6 2 .0.372 . 0 L 1 0  6 0 . .. . 0 0 0 7 °  1 2 .t ’ 9 2 0

51 87 .03 5 0  .0 1)2 8 63 .7  .00105 15.0222
5? 88 .2257 •339u 7 2 . 5  .01197  22 .865 ?
53 . 1 ,12  .01?~. 3’., .00 30 4.2557
6’. 6? .1.867 .0440 65.5 . 0 1609  16.34b 5
55 .11~~’ .OflBe 41,2 .00544 5. 6 0 3 3

66 i .c 9 2 1)  .4-Ui 4-?.c .25397 7.71.29
67 87 .29111 .1093 30.3 .08505 ‘

. 3.7241
87 .212° .0419 22.~ .o~~c i I  2.5327

59 61  • , 7 2 0  .3135 20.1. .77857 2.19 18
E U  . t J 9 o U  . O O o S  2~’., 0 .01)718 3.2774
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TABLE A-7 : PRECIPITATION AN!) CUBIC RESPONSF~ SU~tFAC E STATISTICS ,

TARGET AR EA (CONTINUED)

No. of Mean Precip~. .,
Band No. Stations .n P recip .j Var. 5 1OOR ~~~~~~~~1SE F 

-

61 91 •LiTdl .0068 67.7 .00317 18.8738
62 91 .4371 .1.086 66.6 .C4026 t7.967~
63 91 .2502 ~~~~~ 6 0 . 6  .0 1 75 8  13.821.4
6’. 80 .1807 .075L . 6 4 . 8  . 0 29 9 /  14.2912
69 dl .1702 .0?~~3 58.6 .01225 11.1783

66 96 .0161 • 0 009  16.5 .011.i 24 3U.45c~6/ 87 .027’ .0010 13.8 .30036 1.366?
68 86 .2014 •0..’+9 56.3 .02195 10.3?
69 ~ 7 .1323 .1 135 27.4 .01031 3.22)9

91 .u167 • 0J04 25. ~ .000 36 3.i1!6

71 SC .1)932 .1)048 48.1 .00275 8,2315
72 90 .06k? .0u27 65.0 eOOl&J 14 17.1197
73 91 .i~~2S .0u24 5.3.1 .cn io1 ) 15.40311~7L 91 .11/’ .01’si 38.9 .00230 5.721)1
75 96 .5473 .C~~35 55.5 .02532 11.9003

7~ 93 . f~ 1’3 l4 • 0 0 1 . 2  5 , 8  . 0 f l 0 5 3  12.1218
7? 93 .4737 .121? 51.8 •3’~’51)6 9.9042
13 Si .317~ .0448 33.0 .0332’. 4.5472
70 95 •~~ L .46 . 0 7 7 8  3.. . 0 4 0 1 6  1 0 . 7 9) 7
60  9. .1193 • f l 2 9 5 J 4 . 8  .0 2 ?  80 1.6643

81 96 . 1 1 3( 5  • 1) ‘24 311.3 .flL??2
8. 5’. .C588 .0tJ57 21.1 .00698 2.4S~ 5
83 9l4 .1205 .029/ 23.0 .0~?c~~ 3 2.7916

93 .2709 .Q..~J5 64.7 .0t~i~~8 7•454fl
65 ~~t. .S0.s~1 .t ~~05 5 7 .5  .089 -’l i Z .6 2 5 4

66 86 • tn oc , • 6 4 . 2  ~~~~~~ 15.1757
87 90 .1579 . 0~ V 3 6  !~3~ 4 . 002 3 8  6 . 82 ,3
86 90 .0501 .0126 ‘6.0 .0103~ 3.1275
69 96 • .316 .00~~4 33.1 .00?~’2 4.733 3
90 9E .7110 .0236 ~.,8.0 .ij 1~~35 ‘0.2723 V
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TABLE A-7 : PRECIPITATION AND CUBIC RESPONSE SURFACE STATISTICS,
TARGET AREA (CONTINUED)

No. of Mean 
- 

Precip. 2 1Band No. Stations,nPr ecip. y Var. s2 100R MSE F

91 9’. 1.3084 .3666 41.5 .237-1 7 6.6270
92 92 .6492 .2032 58.7 .09304 12.9739
93 91 .21)63 .0281. ‘.5.4 .01723 7.14 75 4

91 .0170 .OuOS 57.6 .0002Y 12,2053
95 54 .1328. .0129 59.3 .00580 13.6178

96 93 .6634 .1783 75.6 .04825 28.5423
97 93 .14362 .1357 64.2 .05536 15.5645
98 93 .0940 .flU il 36.4 .00542 5.2337
99 92 .~~258 .1800 - ‘.5.’. .10916 7.5645
100 *9 .1082 .%107’I 22.4 .0068~ 2.5288

101 88 .0542 .0020 ‘ 29.8 .00160 3.6767
102 89 .0562 .0017 49.2 .Uu097 8.4993

95 .18,~8 . O 2 5 ~ : -  2 7  .01632 7.0..15
10’. 94 .0783 .0077 - 

- 
55. 1~ .00352 11.6167

105 8 .4610 .1)693 5?.2~ .03689 9.5976

106 85 .1824 .0166 
V 

65.0 .00650 15.450’.
1.17 85 .2741 .0396 77.7 .1)0987 29.0758
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TABLE AV.S: P~ }~C IPITA ULL ”~ ANt) CUBIC RESPONSE S~JREACE STATISTIC S,

CO~4TROL ARE A

No. of Mean 
- 

Prec ip. 2 1Rand No. 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

F 
-

1 15 .1013 .C~~C9 74.7 .0077i 1.6435
2 15 •7645 .00(8 70.2 .00547 1.3105
3 16 ~~~~~ .~~~~1 1 33  91. ’. .3~.J71 7.0945
4 16 .0563 .0012 8~~.5 .000!’. 5.2018
5 16 .14~~0 .OCS 4 9~~.3 .00141

6 16 .0975 .0039 85.9 .00135 4.0593
7 IS .~~125 . 0~~8 86.0 .00158 ~ .0977
8 19 •01)jó • U’~01 ~~~~ .00036 1.3520
5 19 .~,10S .~i 0C2 60.6 .OlOl i 2.3136

10 19 .j 3 4 2  .0205 8~~.t •C00-t 5 .

11 19 .18Jfl .002, 79 . 7 •0 0 1 t ~ 3.92’.~
12 19 .2795 .Uh1~4 91.9 .0C155

19 .1)734. . U0~.5 84.5 . 0 1  5.4436
j  4 19 • 1 J~~0 . fl 04.0 55. ~ .0~~357 t• 37~’
15 17 .159’. .0073 77.5 .‘0377 2.655~

16 17 .1229 . C 0 ~~1, 67.8 .u~~7S8
17 20 .8920 .0~~6 U  53.8 •031-~? 1.2940
18 ii .138 .~ • 00:7 75.6 •Q fl79~, 2.73?li

1 .  .5413 1 .U3~~1 78.r .01767 2.4512
20 If ~~~~~ .flu 2 l 64.4. .0~~1~~9 1 . 2 074

21 17 •~~~47 .~~i : c  i s. ’, .U~j55s 2 .5 1~~~~~
.0C.~ 

.
~~.1) .00057

23 23 . 3~~S . U u 4 . 2  ‘:r’.5 •i r 1 57
214 23 .t4’~ .U ’ 48 t 5. 1 .Uu,’13 1.8150
25 •~~‘70 .01)15 .0’ t~.5 6.5233

2 ‘3 .090’. ~~~~~ . 4..I ~~~~~~ 2.5735
27 23 .1O.9 , U 0 5 ~ ‘1. 14 . i 1 ~~2 15.414’.
28 23 .1570 .0C6~ 77.~ .00~~55 4.891.6
2’~ 23 . ~33~ . (05~ 75.1 .~~~?50
3 0 22 .~~5811 ~~~~~ 88.1 • U C ? ~~ 7 9 . 3 4 6 2

Footnote: 1Significance probabili ties of F-r :~t ios  c~ n b~ approximated
frorn the standard F-table with 9 and (n-lO) degrees of frcedom .
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TABLE A-8: PRECIPITATION AND CUBIC RESPONSE SURFACE STATISTICS,

CONTROL AREA (CONTINUED)

No. of Mean Precip. 2 1Band No. Stations ,n Precip. ~ Var . ~2 100R ?ISE F

31 23 .1100 .00146 82.0 .O01’.t 6.5355
.s~ 23 .0326 •U003 47.? .00025 1.3152
33 23 .1217 .0130 72.5 .00606 3.8162
3’. 23 .2743 .0048 70.3 .00239 3.4250
35 23 .1709 .00~~8 70.7 .01)138 3.4938

23 .11)81 .0022 37.7 .00231 .8733
37 22 .2364 ...062 71.0 .00317 3.2635
38 22 .23~’6 .0674. 92.6 .00873 16.673’
3, ~2 ..2 36 .1)859 55.6 •0c23’. 2.51410
‘.0 21 .3338 .0418 o7.9 .00919 8.8903

141 21 .1433 .0106 69.0 .006118 2.71~ S
142 21 .3100 .0165 76.9 .00637
1.3 20 .6260 .0413 63.2 .02866
1.14 19 .4463 .027 2 514.2 .0?L +~~2 1.t~~2!
145 19 .1779 .01~~0 T..8 .0065~ 2.97~ L

‘.6 23 .1035 .0 92 78.~ .003.35 5.2523
47 2’. .0317 .0018 88.3 .0131J ’. 11.7033
48 23 •j t ~U~ .~~1)25 51.1 .03164 2.2670
‘.9 2.3 . 2 0 1 7  .0125 90.7 .001~)6 14.1442
50 22 .1495 • OC i.5 86.3 .01)109 8.3912

51 20 .‘ 635 .0016 84.8 .000 *? 6.22~ 1
5? 2 0 .3635 .0927 75.1 .04.182 -3.3559
53 21 .1952 .0057 94.2 .00060 19.7731
5’. 22 .4630 .0170 66.6 .01)993 2.6623
55 22 .1155 • 80’.? 4.2.0 .0014 72 .9661)

56 22 .7714 .1203 ‘.6.4 .11275 1.1556
57 22 .3414 .0621 76.5 .02135 14.8723
58 2 7  .1873 .0119 90. 1 .0021)3 12.31431

22 .5955 .068’. 62.9 .03141 2.2654
60 22 . 0 92 7  . 00 16  83 .0  . 0 0 0’ . 9  5.51~~0
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TABLE A-8: PREC [PITATION AND CUBiC RESPONSE SURFACF, STATISTICS,

CONTROl. ARE A (CONT I NUED)

No. of Mean Precip. 2Band No. Stations ,n Prc~~~~~~~~~Var . s2 100R _____P 4SE 
____

61 21 .170 11 .11145 70.7 .00772 2.9436
62 22 .4765 .0138 62.2 .0’.8?8 2.1)52
b~ 22 .‘..318 .0186 5t’.0 .01496 1.5643
64 23 .4691 .0472 73.1 .021~~0 3.9192

25 .J’496 .0298 77.7 .01053 5.315’.

66 25 .0872 .0076 57.3 .00154. 11.5002
25 .0356 .0013 19.5 .000142

68 25 .4020 .qiss 81.1 .00498 7.1477
69 2~. .2095 .0u87 53.1 .006~~5 1.777~
70 .0452 .0009 27.7 .0011)9 .533

ii . 2~ .?3-9 2 .~~132 51.7 .00812 2.6841
72  24 .15~~’~ .0flZ~ 15. ’. . 0 0 1 0 0  L..75o ?
73 2’. .1400 ~~~~~ 60.1 .00208 2.3365
7. 2’. .1’.b~ .0112 79. 1 .00383 5.8993
75 25 •0 7 ’.L .  .1)070 87.7 .0013? 1j.937~.

lb 25 .0866 . o3..~ 3~~~.’i •0u428 .872’~
77 28 .25~~’. .0~~?5 &‘..0 .00~~1)8 10.5118

28 • ‘~5i’9 .0~~90 04.6 .01828 10~~~53~
79 26 .-42~~b .u153 .S3.8 .01522 1.0210
80 28 .191.. .r .’ -53 71.2 .1)0791

81 26 .1039 • dr• 52 79. 0 .0~~1 63 ~~~~~ 4 .1  I
62 26 .~~30’. • J120 53.4 •0N~’2
83 2b .1115 .0110 ‘.7.’. .01370 1.SO2L
84 26 .1412 .01)6’ .00309 3.37~ 5
85 27 .~~248 .q ’,9?  ~ 2 .5 .03585

86 24 .2329 •i122L. 93.0 . 0 0 2 5 6
67  26 . 1254 • 0 1 ’L 9  84 . 2  .00417
86 26 .11~~5 .005 1 c2.~3 . 0 0 3 ” .  1.98714
80 28 .0925 .0110 ~5.1 .fl0~~79 3.72..~
91) 26 .0473 .00’.8 74.6 .00192 5.2.~0S
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TABLE A-8: PRECIPITATION AND CUBIC RESPONSE SURFACE STATISTICS,
CONTROL AREA (CONTINUED)

No. of Mean 
- 

Prec i~ . - - .
Band No. Stations ,n Prec ip. y Var.52 100R

2 MSF F1

91 2’. .3871 .0556 60.7 .P35~~0 2.4058
92 24 .1~.’50 .015 0 74.0 .0~i542 4.4179
33 28 .2636 .0415 38.2 .03843 1.2360
-9 4. 28 .ur,q.~ .00314 35.5 .00331 1.11)17
95 33 .1133 .0125 60.6 .00686 3.93’.’.

96 33 .3024 .1)553 7-9.6 .01~~72 9.9459
97 33 •2b O r, .0409 56.8 .02458 3.36’.’.
98 .0652 .0016 16.4 .00187 .5019
39 -32 .ob2~ .0305 25.8 .03190 .8510

100 33 .10 39 .0030 81.2 .01)079 11.0016

101 33 .1252 .0023 53.2 .00150 2.9058
102 34 .0694 .0fl12 50.’. .00085 2.70136
103 .1~.55 .0160 55.6 .01044 2.61425
lu’. 29 .071’, .0097 51.9 .005~~ 3.4214
135 31 .5J19 .0331 45.3 .025~~2 1.9335

105 25 .3232 .0088 69.6 .001428 3.79jg
107 24 .3438 .0153 45.3 .01376 1.2857
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