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PREFACE

This report deals with the necessary first nhase of analvsis of weather
modification experiments, namely the process of surmmarization of precinitation
data. Usually precipitation attributable to exverimental units is measured
through a network of raingages. “ethods of summarizing such data can vary
in sophistication from the use of simple averages to apgr~cated 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 Phage I of the Santa Barbara Convective Band Seeding
Test Program conducted for the YWavv by North American Veather Consultants.
‘le are indebted to NAVC for nrovision of data tapes for our analvses.

A second technical report on the use of principal comnonents in pre-
cipitation data summarization is anticipated. Other technical reports

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

Ralph A. Bradley
Principal Investigator




DATA SIMMARIZATION T!! A “WATHER MODIFICATION FYPFRIMTMNT:

I. A RESPOMSF SURFACE APPPOACHl

by
alph A. Bradley, Sushil S. Srivastava and Adolf Lanzdorf
Department of Statistics, Tlorida State Universitv, Tanllahassee, Florida

I. INTRODUCTIONM

The fundamental and first question in regard to demonstration of seeding
effects 1in weather modification experiments to enhance precipitation relates
to appronriate summarization of nrecipitation data {rom an experimental unit
of such an experiment. Fxverimental units in weather modification experimen-
tations are usually either a fixed unit of time, a given number of hours. a
dav, a season, or alternatively the duration of some storm system. Variation
over experimental units mav be so large as to forestall any meaningful study
of treatment (seeding) effects.

Nme of the objectives of the research on the design and analysis of
weather modification experiments at the Florida State 'niversity is the
development of better statistical methodologies to summarize and measure
precipitation data from an experimental unit. If this can be done, a
contribution will be made towards better formulation of statistical models
and improved precision in consideration of treatment (seedinp) effects.

Notwithstanding the importance of summary measures of nrecipitation,
the weather modification literature contains little on efforts in this
direction. Host studies use simple averages of raingage measurements or
at least some function of these averapes, for example, ratios of target-
to-control area means. Since raingage measurements represent rainfall at a

get of points,each of which represents a much larper and ill-defined area,

1Research supported by the Office of llaval Research under Contract MNo.
1100914~76-C-0394, Reproduction in whole or in part is permitted for any
purpose of the United States Covernment.
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averapes based on them or any transformations thereof may not give a good
representation of true total rainfall in anv desired area. There is clearly
a need for investigation of improved summarization methods, particularly if
the objective 1s to increase precipitation in the watershed of a reservoir.

Research at the Florida State University has the objective of the
development of statistical methodology for improved desipgn and analysis of
weather modification experiments. But applications of new methodology are
necesgsary and the NAVUC 5anta 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 conconitant information on the
exnperimental unit that mav correlate with precipitation and reduce the inherently
high experimental errors associated with cloud-seeding experimentation. Our
basic tenet {s that improved experimental design can hest be obtained through
improved identification and measurement of concomitant, cloud-physics variables.
This report deals with sumnarization of precipitation data. Other renorts will
deal with available concomitant variahles on the MAWC Santa Barbara data. 'Ise
of covariance analvsis for reexamination of the effects of cloud seeding is
planned when appropriate data summarization is comnlete.

In this report, major attention is focused on the use of response surface
methods to summarize precipitation data. Other approaches included the use
of multivariate methods and examination of ratios of average target-to-control
area precipitations. Some review of the Santa Barbara exneriment is given.

This report is broadly organized in the seauence in which the work proceeded.
Since the method of summarization proposed is tested with data made available
by NAWC from Phase I of their Santa Barbara Convective Band Seeding Test Progpram,

Section II deals with a brief description of these experiments and the data




generated from them. The analyses of the generated data as done by NAWC and
their conclusions are also contained in this section. Section ITI presents

a discussion of data used in response surface studv and their comparisons and
contrasts with data used in two reports prepared by MAWC. A pilot study to
determine the appropnriate functional form of response surfaces was first initiated
through use of observations from twelve experimental units. A discussion on
the alternative forms of response surfaces fitted, analyses of distributional
patterns of residuals from these surfaces, and the distributicnal patterns of
the observed precipitation data are contained in Section IV. Section IV also
includes discussion of a basic computational prohlem due to bhadly centered
independent variables in regression models that arose in the initial phase of
the surface fitting work. The pilot study showed that the appropriate forms
of response surfaces were two-dimensional cubic functions with location
coordinates as independent variables. The cubic surfaces were fitted to
raingage measurements for control and target areas separately and for each
experimental unit. A discussion of these surfaces as representative of
precipitation response data is contained in Section V. TFinally, Section V
contains the derivaticn of summary indices of precipitation, representative

of rainfall volumes in designated areas and their relationships with

simple averages of raingage measurements.




IT. THE SANTA BARBARA FXPFRIMINT AMD DATA AMALYSIS

2.1 The Background. €“alient features of the Santa Barbara Convective

Band Seeding Test experiments and their data analvses as reported by |
Elliott and Thompson '4' and Thomnson, Brown, and I'lliott 77" are
summarized. The summarv is intended to give an overview of the ex-
periment and analvses to provide a meaningful backsround to the data set
used in our sugccested precipitation data summarization.

The Santa Barhara experiments were conducted in two phases between
he years 1967 and 17274 by MNorth American Weather Consultants under the
ongorship of the Naval 'leanons Center ('), China Lale, California.

Phase I of the experiments was conducted from the 19f7-A8 geason to
the 1979-71 season: Phase 1T was from 1271-72 to 1973-74. These ex-
periments had the obiective of demonstrating the effectiveness of cloud
seeding and seeding methods in west coast cvclonic winter and spring
storms. During Phase I, the primary seeding mode was ground based (from
a mountain crest at 1065 meters ahbove mean sea level) with use of a
high-output, silver-iodide, pyrotechnic device ienited at intervals
during the passage of convective bands (defined later). DNuring Phase
11, the seeding mode was aerial with a continuouslv burning acetone -
Ag T - Nﬂal jet seeder. Some experimental air-seeding was done concurrently
with Phase I onerations® the results were included in Phase TT analyses.
Some ground based seeding was done during Phase YT also, mainly as a
back-up for aerial seeding. The focus in this section is on nrecipitation
data from Phase I since these data are used in applicatfoh of the résponse
surface methodology. Later analyses of Phase II data are planned.

All of the 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 gtations.

b




The experimental unit for the Phase T Santa Barbara exneriments was
chosen to he a convective band - a series of cloud cells arranged in a
line. This choice vas made on the basis of investigations by Aerometric
Pesearch Tnc. (an affiliate of JAYC) under contract to the 'lational
Science Foundation. Procedure for identification and traclinc of convective
bands was developed. This nrocedure consisted of alerting the seedins
technician of a probable hand passage if either (i) one of six atationsl
<n the centrol area reapistered at least 7.02" rain in a fifteen
ninute neriod or (ii) the radar operated by MA'C reported a banded echo.

Confirmation of band nassape was given in case of an alert through pro-

cedure (i) above if either another of the six control-area stations registered

a 7.02" rain in a subsequent fifteen minute pneriod ... or the radar operator
reported an incoming convective band. In case of 'alert' through orocedure
(11), the band was confirmed if anvy of the six control-area stations
reristered 0.02" rain in a fifteen minute neriod provided this coincided
with the radar vosition of the band. Further, the seedabilitv of a con-
firmed band was “etermined on the basis of wind flow comnatible with the
expectation that effects of seeding would fall mainly in the target area.

An additional seeding criterion hased on air-mass structure was specified

but could not be used in actual operation.

IThese stations are M3, S201, S204, S235, S251, and E 7946,

“Bie




Table 1 below gives the distribution of bands by seasons and hy months
within each season for the four seasons of Phase T operations. Tt is seen
from this table that in all 107 bands were consideréd seedable. Actually,
several more bands considered seedable during January and February of the
1963-69 season were not seeded since these months turned out to he months

of unusually heavy rainfall and seeding operations were terminated

Table 1: DISTRIBUTION OF BAYNS BY SEASONS AID MONTHS:

PHASE T
Month 1OV, DEC. JAN. FEB. MAR. AFR. TOTAL
Season
I, =S N A N R o e
1967-65 - ~ €(2) 8(3) 4(3) 4(3) 22(11)
1963-69 4(1) 6(2) 17(9) 11(5) 1(0)  2Q1) 41(19)
1069-70 2(1) - o (kL) 5(4) 6(4) - 22(13)
1970-71 7(5) 10(5) ~ 2(1) (1) 2(1) 22(13)
13(7) 16(8) 32(15) 26(13) 12(3) 3(5) 107(56)

Figures in parenthesis are numbers of bands seeded.

Source: Constructed from (7', Avpendix C.

due to threats of flooding. A random process was used to select 56 bands

for seeding. The project was initiated in mid-January of 1968 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 bands occurred in

January and February of 1968-69: these were months of above-—average monthly
rainfall. March and April for all the four seasons and Movember 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 1970-71 season.




2.2 Basic Information Collected and Proad Outlines of Analvses Made. During

the passage of a band, a number of measurements were recorded. The Santa
Barbara data are among the best available since attention was given to

statistical design and a substantial amount of concomitant information was

collected. Important information gaticred during the course of band passacge

is as follows:

(1) Raingage percipitation measurements from a network of stations in

control and target areas.

(i1) Estimated duration of band passage rime in minutes at each raingage

station.
(i1i) ‘lumber of fusees ignited by band.

(iv) Airmass structure of the band in terms of one of three stability

categories.

(v) 500 mb. temperature.

The network of stations for which the estimates of total precipitations
and durations hy band were obtained 15 siwilar to that of the =ap nro-
sented irn Appendix Ti,ure A-1. Airmass structures and 579 mb. temperatures
were obtained from radiosonde soundings with GMD-1 equipment at Santa
Barbara airport along with similar soundinpgs taken at nearby povernment
ingtallations during the course of band passace. Since 'start' and 'end'
times of band passage were noted "4' and 7, the information on whether the
band passed through in night or day could also be derived.

Precipitation and duration analvses were done using what were termed
comnosite single ratios (S.”.) and composite double ratios (D.R.). The
word 'comnosite' is used to indicate that these ratios use data from all the
four seasons in contrast to individual season data. Calculation procedures

for S.R. and D.R. are explained below in terms of precipitation data.
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Yid dennte precinitation at station i from band 4. Let *1(f\ =1orn
i > :

as band j is seeded or not seeded and station i is operative, ) Gj(i) = N (1),

j

(1) =Y "1-6,(1) 1, the
1 -

the number of seeded bands, while N(i) ~ M (i) = ”ne

nurber of non-seeded bands recoried at station i, N (i) b2ingz the total number

of seecdablc “a-ds rocordid. Precipitation averapes were defined as

i 2 e
Ts(i) Z 6i“‘\vij/\ys‘i)

and

Becoin ™ ; f]~6j(i)’v1jlﬂns(i).

These are station averages for station i respectively for seeded and
non-caeded bHands., Let [ index the six control—-area stations used in band

detection. Then

C = 7Y J (JD_\
Cs(”) : Gj(t)yﬁj/hs\ )

and

c L "1-6,0) vy, N (D),

ns(2) * 3

and Eg and éﬁg are the corresponding averages over the available control
area detection stations. Tor station i, the composite single ratio was

defined as

S.R.(1) = Ts(i)/Tns(i) (1)
and the composite double ratio was




Tt is stated that each of these sets of composited single and double
ratios was subjected to a 'ann-'"Thitney UJ test to tect the null hypothesis

that seeded and un-seeded precivitations were drawn from the same population

versus the alternative that precipitations from seeded hands were stochagtically

larger cthan those from the unseeded bands. “ann-'hitnev tests were performed
for each station separatelv. Definition of the relevant two samples is not
clear from "4, 7. It appears that the test of sipnificance at station i
for the single ratio is simply hasa2don the precipitation measurements v11
separated into two samnles as hand § 1s sceded or not. In regard to use

of the composite double ratios, the precipitations vii may have been used

in ratios yij/E1 where ;i is the precipitation average for the (at most)

six control stations for band i, the division of these ratios into two
samples being again on the hasis of seeding or non-see’’'=p. Tt is noted
that comnosite double ratios cannot be obtained from individual memhers

of the two samples as defined ahove.

Double ratios were desipned to include correction fur the natural
intensity of a given band through division by a measure of control-area
average precipitation. However, various analvses indicated that normalizing
the single ratios (1) bv the use of control-area averages to obtain double
ratios did not materially change the results. Therefore, it was determined
that a control was not needed for evaluation. Thus, the final report '7°
contains analyses only of single 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 hetween target-

and control-area stations.




Table 2: DISTRIBUTIO'Y OF NUMBER O% STATTNNS BY RAINGES
OF SIMGLE RATIOS FOR PHASE T PRECIPITATIOM

RANGE OF SR FiTQQS 1.709 - 1.200 - 1.470 -~ 1.6N0 - L300 - 2,009+ | TOTAL
and less £.195 1.395 1.595 1.795 1.995
FUTA . OF TARGET 1 € 20 22 7 1 4 61
STAT1ONS| CONTROL| 6 20 10 3 = : = 39
S E e U e T e T W
- Source. Derived fron [7 Appendix v1]. See page & for definitions of Tarpet and

Control ’“r-~a; sce Table 3 bLelow tor d4a€4initions used in our dzt~ swmmarization

It is seen from this Table 2 that, while the mean of single ratios for
target—-area stations anpears hicher than that for control-area stations,
both target-and control-arca averages exceed cne. This is indicative of higher
precipitations from seeded bands than non-seeded bands. But 1t happens also
in control areas, a possibility suggestine contamination effects. There are
27 out A1 tarcet area stations which recorded values of S.R. less than 1.4.
“uite a few of the 22 stations in the next “.P. class of 1.477 to 1.595 had,
in foctyvalues less than 1.5. Therefore, about half of the target-area
stations mav have had precipitation increases from seeded bands in excess of
50 percent. It is noted, though, that 4 stations in the S.R. class 2.0+
seem to be outlyiny observations. Single ratios in them are unduly large -
one as large as 7.32 (Station A27), while a neighbouring station A23 has the
smallest observed S.R. value of onlv n.79.

Caution in interpretation of Table 2 is reaquired. 'hile effects of
seeding scem indicated, the single ratios yielding the distributions of the
table are not stochastically independent and are,indeed, highly correlated,
are based on the same experimental units (convective bands), a1 sometimes

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

o




either in analysis of Table 2, or through confirmation of the anparent effects
in Table 2 by more appropriate statistical methodology.
The MIC reports contain interesting 'area of effect' maps. Two of these

maps - one for composite single ratios and the other for composite double

ratios of precipitations are shown for illustration purposes in the following
two pages. “Yhen a band is seeded, silver iodide particles Arift, diffuse,
and produce ice particles which in turn orow, drift, and descend to earth.

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

| termed the "area of effect' . The hecavy dotted line forms the houndary of
the expected area of effect. The shaded area is that gubset of the area of
effect vherein the precipitation increase was 50% or more. According to the
reports, extensive portions of the area of effect had ratios (both S.R. &

D.R.) of 1.5 or more as indicated by these maps.

11~
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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. Average precipitations due to seeding
increased by 50% or more in majority of target area stations. There was an
attempt to post-stratify the bands by their air-mass sturctures and 500 mb
temperatures. The reports conclude that average precipitations in warm and
unstable bands increased by more than 1007 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 band
duration rather than an increase of band intensity, that is, the larger
average precipitations in seeded bands can be attributed to longer band
durations. Data summarization in this report and in ONR Technical Report
No. 118 1is 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 NAWC.

sl




IIT. DATA TISED FN® RESPONSF SURFACE APPLICATINMS

We review data used below in this report in annlication of response
surface methodology. ilorth American Yeather Consultants had two projects
(concurrently), one for the !laval Weapons Center at China Lake, California,
and the other for the Rureau of Reclamation at Denver, Colorado. The
analysis undertalen for the Rureau of Reclamation used a much larger network
of raingage stations than used for the ilaval Yeapons Center studv. This
increase in the number of raingage stations resulted from an extension of
the target area to the east. 'Thile the two reports discussed in Section II
were done on behalf of the Waval Veapons Center, there is a third report
by Brown, Thompson, and Elliott (1', which was done for the Bureau of Re-
clamation with the larger network of raingage stations.

The first of the two Maval '"eanouns Center reports, written in Februarv
1972, had only 80 raingage stations. A list of these stations 1s contained
in Appendix B of "41, All sinple 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 fortv added to arrive at the
list in the latter report. !Mowever, sincle ratios in (7' are reported only
for 109 stations, that is, 12 stations listed in Appendix A of [71 vere
again dropped from the analysis. 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 ‘''C reprort 7' and 78 were further
additions. The reasons for dropping or adding stations are not clear. There
are stations which have been dropped from the analvsis but have precipitation

data available for them: M9 and N10 are examples of such stations.

-15-
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A slichtly different ¥ind of problem, potentially capable of introducing an
element of noncu paratility among various 2nalyses, relates to missing ohservations.
There are a substantial number of raingage stations, which are in the analyses,
but have large ¢ ::of missing precipitation data. In fact, there are few
stations which have precipitation measurements for all 107 convective bands.
Clarifications on this problem were sought from MAWC and reasons given were:

(i) some raingages were changed to a different tvome of measuring device,
(i11) some raingages were added in the course of the experiment, and ({iii)

there were equipment failures.

NAWC provided a magnetic tape containing data on all variables (excent
location coordinates of stations) collected during the course of the “anta
Barbara experiments and used either for N''C analvses or for the Pureau of
Reclamation analyses. This tape consists of 19 files, each with a different
data set. File #12 has precipitation data for 172 stations from 107 experi-
mental units (bands). Locations coordinates, latitudes and longitudes in
degrees and minutes and altitudes in meters, were provided by MAWC for each
of the 178 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 locations of these stations are summarized in Table 3.

Table 3: LOCATIONS OF RATNGAGE STATIONS BY LATITUDES AND LONGITUDES

LO < 1189 118° < Lo < 120° 01' LO > 1200 01'
LA < 340 3 5 0 8
340 < LA < 35°15' 6 107(3) *’Target) 34 (Control)| 147(3)
LA > 35015' 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.

wie




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 hecause it was judced that
precipitation measurements were too sparse or that they were too far from
anticipated regions of effect. The division between Target and Control areas re-
mains a north-couth linc slishtly to the west of the sround-seedin: citc at
latitude 34°32° and longitude 120°01" . oOur major study is based on 107 Target
area stations and 34 Control area stations.

Appendix FigureA-1 containsa map showine locations of many of the raingage

stations orisinally considered to be used for testing the response surface

approach to band summarization data. Appendix Tables A~1 and A-2 give a listing of

Tarcet and Control area stations actuallv used torether with their three location

coordinates. A similar listing of stations not used is contained in Table A-3.
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IV. THE CHMOICE OF RESPOMSE SURFACES

4.1 Introduction. Our approach to the summarization of precinitation data
is in two stages. In the first stare, a response surface is fitted to the
raingace measurements for each convective bhand separately for defined control
and target recions. The independent variables for both regions are simoly
the raingage location coordinates, latitude and lon~itude. In the second
stage, integrals yielding volumes under the surfaces respresentative of total
precipitations for specified areas of interest are calculated as a summarization
of the precipitation data. Thus, various calculated precipitation volumes
may be derived to measure the response to a band in the tarpget area and
similar volumes may be used for the control areas as possible concomitant
variables descriting the strencth’ of the band. The use of this data
summarization will be reported later in conjunction with concomitant data
summarized by Gleeson in OMN™ Technical Report 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 set for this purpose. Aspects of investigations
of goodness of fit of response surfaces -~r. reported also.

Not all possible analyses can be considered and inevitably other apnroaches
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 is known 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 meteorologyv is

given by Stephens (6!, The use of these procedures was rejected hut thev could
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yleld summarization methods of use. The basis for the decision was that high
correlation with simple averapges 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 rainpgage stations as
independent variables is important. A pilot study was conducted on selected
bands to determine the simplest regression 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 bands were 4, 5, 7, 94, 95, and
96. In the pilot study, Station N21 in the Control Area was omitted because a
corrected latitude specification was needed and later supplied. This accounts
for minor discrepancics between control-area table entries for the pilot study
given in Tables 5, A-4, A-5 and A-6 and complete summary data given in Tables
A-8, A-10 and A-12.

Early work showed that altitudes of raingage stations were not helpful
in the description of response surfaces 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 given band and region, let y, be precipitation at station

i

j in inches, x be latitude of station j in degrees, x be longitude of

1] 23

station ] in degrees. The three models used in representation of y, were

i

~19-




;1) ' ‘o(xﬁs = xﬁ) + Fi, (3)

* gy 00, = B3° 4 (4)
and
Yy = %gn ¥ o (g 7 ox) F g By - %)
® g )2+ ( ) ( X)) + o, %)
b s I, B Rpp Gy = Bl = ) #4000, ~ 2))
+ a,.(x )-()34-(1 (x —;c)z(x - %)
gy TN 21'%1 1 Sas < %y
T, » W, =R tate. Y v (5)
& o © Bl Gt . S 0325 " %2 ok

where il and §2 are the arithmetic means of latitudes and longitudes of

stations in use for any particular convective band and, in each model, 61
is a random error. For each model, the regression coefficients given by
Greek letters must be estimated. The subscript 1 in the equations above
runs over the n, stations, somewhat different from band to band. §1 and
RZ are also different for different hands for the same reason.

The pilot studv on choice of model was initiated to find the simplest
"~ adequate model. The possibility of use of a model of higher degree than
those in (3) - (5) was open and it had been honed that a second-degree
model might be adequate. In the end, model (5) was necessary and use of
this model did seem suitable in that data summarization was our goal,
the cubic model fitted substantially better than the cuadratic model,

and residual variation about the cubic model seemed relatively free of

systematic effects.
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Table 4 gives the proportion of precipitation variation v’ explained
through use of linear., aguadratic, and cubic response surfaces in the target
area f[or each of the twelve test hands. This table also reports on the
mean precipitation v and the measure of unexpla.ied variation after fitting
cubic response surfaces (MS'-cubic). Similar information for regressions in
the control area is <iven in Table 5. Computations of the various auantities
reported in Tables &4 and 5 have been done using standard regression methods.
Equations (3) - (5) were fitted as shown hecause juitial failure to center
the independent variables and x,. led to computational problems. Pradley

1 2

and Srivastava reported on this matter in O'R Technical Report 111.

Table 4: SUMMARY STATISTICS FOR POLYNMTAL RTUGRESSTONS ON
T"" TARGET AREA TCR SELECTED RANDS

. ? R

Band 0. » - 2 LINEAR  OUADRATIC  CURIC | 1MST (CURIC)
, T e e e

1 75 L0637 .00484 | .21877  .3497n 45271 | 00302

2 75 .1022 00781 | .20342  .37915 .49288 | .nn451

3 75 L1665  .0N02A | .00709  .13967 .15379 | .00949

L% 75  .0376 .001i6 | .04631  .20771 .26830 | .n0nag

5% 84  .1527  .00323 | .16722  .26902 .56887 | .0n307

7% 86 .0352  .00250 | .32275  .39495 .50981 | .nn142

94 91  .0170  .000c2 | 31601 48785 .52231 | .00029

95 o4  ,1325 .01285 | .45663  .52864 .59322 | .0os80

96+ @3 L6634  .17825 | .58399  .65960 .75533 | .04825

97 93 L4362 .13965 | .48312  .59804 64237 | .05536

96 93 .0940  .0N759 | .20961  .31405 .36520 | .0n542

a0 92 .8258  .18003 | .28664  .37727 45371 | .10916

*Bands with asterisks are seeded.
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Table 5: SUMMARY STATISTICS FOR POLYNOMIAL REGRESSIOMS ON
TEE €O TPOL ARDA 0" SELECTED BANDS

e Foe e e
Band No. n y 8 4 LINEAR OUAhﬁiTIC CUBIC MSE (CUBIC)
i 15 .1013 .01090 . 31404 267735 74744 .0N771
2 5 . 2540 .00776 .42010 «51983 .70191 . 00647
3 16 .0900 00331 .22049 .63129 .91370 .00071
4% 16 .0563 .00120 .01788 L6845 .88551 .0N03¢4
g% 16 L1450 .00337 .53032 . 80450 .93254 L00141
1% 16 2125 .NN4389 .43338 . 79435 36047 .00165
94%* 28 .0693 .N0342 .24475 . 29054 #3555 «00331
95% 32 .1138 .01290 +37361 . 52504 .60594 .00717
96% ¥ = 32 .3009 .05700 .62736 . 74325 . 79654 .01634
97 32 « 2822 .04215 .36790 « 55173 .54024 .024093
938 32 .0622 «00162 +05370 .16038 .23034 .NN164
99 31 .6835 JO3151 03765 - 17507 .26798 .0329%4

*Bands with asterisks are seeded.

Values of Rz in Tables 4 and 5 measure the fraction of variation in
precipitation measurenents explained bv linear, auadratic and
cubic models for each band for target and control areas. In general,
substantial improvement resulted for use of the quadratic model over the
linear and for use of the cubic over the quadratic. The decision to
use the cubic model rather than to pnroceed to a higher degree model came
also from examination of residual variation as discussed below. Indications
of heterogeneous error variability in both the ohserved data and the
residual errors comes respectively from the values of 32 and MSE (Cubic)
columns. This indicated heterogeneous variabilitv must be considered
in further analyses and sugpests use of weichts, for example, in planned

covariance analyses.
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Plotting techniques were used extensively in determination of choice
of response surfaces. It is not possible to include comnlete sets of
plots but results are illustrated for Band 96, Tarpet area, a seeded
band with relativelv high precipitation. /Appendix Fipure Ae2 ~ives a plot
of the precipitation lggr, Linear, quadratic, and cubic response surfaces
as fitted to the data arcgiven in Appendix Figures /-3, A-4 and *-5. 1In Figure
w5, 1t 13 apparent that the cubic surface becomes negative in the lower left
comer of th.: tarecet region, hut recall that this portion of the region
is not a land area and of no consequence in further use. All these
surfaces are gi ilnr over reeions of major interest. Figures A-6, A-7, and
A-8, exhibit residua) variation, lepartures of observed precipitations

from the fitted surfaces. In general over the test bands, linear and

quadratic models tended to leave residuals with some systematic patterns,
both in regard to signs and magnitudes. Residuals from cubic surfaces
were relatively but not completely free of such systematic effects.

Some further examination of residuals follows in the next subsection.
4.3 Preliminary Investigations of “istributions and Transformations.
This subsect o valne an examination of distributional properties of
(L) precipitaci casurements across stations within a band and (11)
residual data from linear quadratic and cubic response surfaces. In

addition, we report bhriefly on the use of transformations.

Two types of studies that directly consider distributions of raingage
measurements exist. On type of study f{ts specific distributions,
usually Gamma or log normal, to precipitation data. A consequence of
such study may be to select a supposedly appropriate statistical test,
perhaps a nonparametric one to examine seeding effects. Examples of this
can be found in Dennis and Schock [2' and in Duran and *ielke [3]. Hanson

in OH"” Technical Report 119 has considered asymptotic comparisons of
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efficiencies of certain rank tests for this project. A second tvpe of
study considers transformations to ‘normalize data. Smith, Adderly and
Bethwaite "6 report on use of the square-root transformation in an
experiment in South Australia.

We applied two transformations to precipftation data to determine
if these data showed any evidionce of bhecoming more nearly normally
distributed following transformation than before. The first transformation
is logarithmic and commonly used. The second is a double logarithmic
transformation deovised after the first was judged unsatisfactory. The exact

for:s are

X=1n (1 +Y) (6)
and

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

where Y is the observed precipitation. Tables A-4 to A=6 chov. For the trelve
test bands and control and target areas, values of the variance,

standardized skewnoss,and standardized gurto:i- for the precipitation data,
the z-transformations, see (7), of the precinitation data, and the residuals
from the cubic surface fitted to precipitation data. Data is on file

in sinilar ce tatione for the transform (6) and for residuals from linear
and quadratic surfaces- results are not reported here because they are
intermediate to those shown.

The agsyvmmetric and usually hich pealedness of precipitation distri-
butions rotivated the choice of transformations (6) and (7). It is known
that logarithmic transformations help to normalize skewed and leptolurtic
distributions. However, in our case, transformations chosen helped
only marginally to shift downwards the higher moments of the distributions.
The drops 1n variance and skewness are too small to be of any consequence

and the reductions In kurtosis,even though substantial for some bands, arc
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far from enough to make them close to those for a normal distribution.

The conclusion is that the transformed variables i and 7Z are not normal.

These results are consistent with those reported in the literaturc. A further

conclusion is that any benefit resulting from transformation before

surface fitting is more than offset by the interpretative difficulty

that would result if surfaces were fitted to transformed precipitations.

Some other transformations were tried also but were not helpful.
Investigations into the distributional aspects of residuals for

stations within a band from fitted response surfaces were also undertaken.

The residual cJ at station 4 is defined as vj ~ ¥y where yj is the
observed precipitation at station j and ;j its estimated value using
the appropriate response surface. It is clear from Table A-G that the
residual distributions in the target areca are always right-skewed. The
kurtosis for residuals from all bands and all response surfaces were
also positive, and sometimes very high in magnitude. One conclusion is
that residuals from cuybic fits had right-skewed and extremely
leptokurtic distributions in the target area.

e have made the decision to fit precipitation responses without
transformation to response surfaces which are the general cubic in
two dimensions, latitude and longitude. Other decisions could have
been made and other investigations could have been conducted. At some
point, decisions must be made. Justification of our decision is that
our primarv purpose in the fitting of response surfaces was for data
summarization. The option of transforming response statistics calculated

from the surfaces is still open and will be considered.

4.4 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
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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 Bradley and Srivastava and
they have reported in OI'F Technical Report 111. 'hile the problem has

heen noted by others, itz rationalization may be of vaiue both in research
and teaching. The difficulty was removed on this project through centering

of the independent variables in the computational vork.
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V. CURIC RESPONSE SURFACES AMD TSTIMATTON OF
VOLUMES OF PRECIPITATION

5.1 Introduction. Since the pilot study showed that cubic respouse
surfaces provide adequate description of raingage measurements for a
given region and band, surface fitting work was completed for all
experimental units (bands) and target and control regions with 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 evaluate 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 arcas separately. The poly-

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

2
Y5 = Boo * Byo (X5 = 01) * Byy (xpy = ay) + By (x4 = ay)

J
* By ) ( + 8. ( by e, = %)
11 x1~1 -y x2j - az) 602 xZj - a, 10 xlj o
+ 8, (%, - a2 (x,, - a,) + 8., (xi\ - 6y) (x,, - 0,)°
o3l | 2 " ™ 53 Wy = Ogd (Kyy =~ 8y
+ B8 (x - a )3 + ¢
03 %29 = %2 §

for observation (station) j, where yj, X140 and x,, are precipitation

i 2j
measurement, latitude, and longitude at station j, § =1, 2, ..., n,

and ¢, 1s the random error associated with the response y1. The constants,

3

oy and a represent the centering. locations used for latitude and

2’
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longitude. The values chosen for ay and a, were 34.0° and 119.0° for
target area surfaces and 34.7° and 12’)..3o for control area surfaces.
The estimates bCk of repression coefficients Bﬁb (0=l <3, 0sk=3-~ £)
were obtained using least square procedures.
Note that (8) differs from (5) in that fixed centering at «o

1 and a,, near

he o 0O o C =130 r i T
the means of the corresnonding variables, is used. This is more convenient

for tabluation and future use.

The two main statistics obtained to evaluate the goodness of fit of

cubic response surfaces rvore ]ﬁ”"z_ the nercentage of variation im original
measurements explained by the fitted surface and the residual mean

square error (MSE), the escimate of variability about the fitted surface.
Table A-7 gives for target arca surfaczs values of (i) the number of
stations in theband, (i1) the precipitation average for stations operative
in the target region for the band, (iii) the sample variance, (iv) 100 Rz,
the percentage variation explained by the fitted surface, (v) the MSE

and (vi) the calculated value of the F—ratio*. The corresponding infor-
mation for fitted surfaces in the control area 1is contained in Table

k

Table A-9 for the target area and in Table A-10 for the control area.

A-8. The estimated regression coefficients b£ are listed by bands in

Consider values of IOORZ for the target area in Table A-7.

*

Under clagsical assumptions for regression models, F has the Snedecor
variance-ratio distribution. 'hile 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 érecipitation variation explained varies
from a low of 13.87%7 for band 67 to a high of 84.1% attained by bands

11 and 12. There are as many as 32 bands for which the fitted surfaces
did not account for even 407 of the variation in the original observations.
On the other hand, 30 bands had values of 100rRZ 4§n oxcess of 60%Z. The
performance of cubic response surfaces, as judged by the values of IOOR?,
can be considered to be fairly good.

It was conjectured that values of R2 and MSE may be dependent on
the magnitude of average band precipitation. There was no relationship
whatsoever between RZ and the simple average y, but a strong relationship
between y and !/SE was evident.

The values of 100°2 for 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 MSE'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 MSE'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 band
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 with north-south, east-west orientations. Other areas may be
used with only minor complications and may be used later. It is assumed that any
area used 1is completely in either the target or control region and that the appro-

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

5 = 2
Y(xl, xz) = hOO + blO (xl—ul) + hOl (xz—uz) + hZO (xl-ul) +
b (x,-a,)(x,-a,) + b (x,-a )2 + b, .(x, -« )3 + 9)
11 171 2 2 02 2 2 30771 1
b (x,-a )2(x -a,) + b (x,-a,) (x,-a )2 +b (x,-a )3
21 e 2 2 12 i 2 2 03 sATSE L

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,
< < ( - < e - = -
a Xy < by € < X, d or for a < X=ay By ¥ < x, a, <8, a a-a,,

B - b-ul, Y = c-a,, § = d-a,. The precipitation volume is obtained by elemen-

2

tary integration as

vV = boo (B-a) (6~y) + b10 (ez-az)(c—y)/z + h01 (B—a)(&z—yz)/Z (10)

+ byo (B2 (@73 + b (82-a?) (6°vD /4 + b, (8-0) (87-y) /3
+ by (Ba-ab)(é-v)/b + by, (83-03)(62—Y2)/6 +b,, (32‘02)(53-Y3)/6

+ by, (B-a)(Ga-Ya)/é,
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: (1) the complete target area, 34.0 < x. < 35.25, 118.0 < x, < 120.02,

1 2

(11) that portion of the target area in Santa Barbara County, 34.4 < x_ < 35.0,

1
119.51 < x, < 120.02, (111) that portion of the target area which enclosed
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stations in most of Ventura and most of Los Angeles counties with

34.0 < x, < 35.0, 118.0 < x, < 119.51, (iv) the sum of areas defined

1 2
in (11) and (i11i), and (v) the control area, 34.4 < Xy < 35.25,
120.02 < x, < 120.60. The estimated volumes and their variances for

2

the above five areas are prcsented in Table A-11. It should
be pointed out here that tarpcet-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 bands were compared with simple averageslof
raingage measurements from stations in the designated areas of interest.

Table 6 shows values of the correlation

Table 6: CORRELATION COEFFICIENTS BETWEEN VOLUMES
AND SIMPLE AVERAGES OF RAINGAGE MEASUREMENTS.

- T S e R o — o

- o ] No. of Stations “No. of Cases
Geographical Areas in the area Corr. Coeff. (bands)
(i) All Target 34.0 < Xy < 35,25 107 0.9763 106
118.0 < x2 < 120.02
(11) Santa Barbara 34.4 < Xy < 35.0 26 0.9814 107
119.51 < x2 < 120.02
(111) Ventura and LA 34.0 < X, < 35.0 72 0.9915 107
118.0 < X, < 119.51
(iv) Santa Barbara, Ventura, 98 0.9943 107
and LA (11) + (111)
(v) All Control 34.4 < Xy < 35.25 34 0.8865 101
120.02 < X, < 120.60

between volumes and simple averages for each of the five areas. Ideally,
each correlation coefficient in the table should be based on 107 volume-

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

lThesc averages and their variances are given in Table A-12.
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target 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
implication of these high correlations is that the simple average of
raingage measurements may be an adequate summary measure. Further
analysis is likely to involve weighting of summary measures through use
of their variances, whether or not thecre is advantage in use of precipi-
tation volumes over simple averages may depend on the effects of weighting.
Both types of measures will be considered in examination of the effects
of cloud seeding. The investipators 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 SUMMARY AND CONCLUSTONS

This report is on one of a series of investigations on summarization
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 experimental 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 lNorth
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 TT ~nd T11IX.

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
raingage 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 and 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 original precipitation observations
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and of two transforms of then. The precipitation observations had right-skewed
and leptokurtic distributions. The two transformations used gave only marginal
improvement in the shapes of distributions.

The cubic response surface fitting was extended to all the 107
experimental units and for target and contro! areas separately. These
surfaces were integrated over designated areas of interest to produce
total volumes of rainfall for those areas. The geographical areas consi-
dered were total target area, threce 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 V: tables of results are given in A-7
to A-11.

The percentapes of variation explained by cubic response surfaces
were moderately good in the target area and wvere excellent in the control
area. Estimates of residual variances produced were substantially lower
than the variances in the original data. Fipally, estimates of volumes
for selected geographical areas were found to be highly correlated with
simple averages of raingapge measurements in those areas. Both precipi-
tation volumes and area averages will be used in further investigation.
Primary use will be in association with concomitant variables in the

evaluation of the effects of cloud seeding.
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BAND 96, TARGET AREA,

GRAPH OF LINEAR RESPONSE SURFACE:

FIGURE A-3

URES 2.3 TIMES THE PREDICTED PRECIPITATION IN INCHES).
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(VERTICAL AXIS MEASURES 2.3 TIMES THE PREDICTED PRECIPITATION IN INCHES).

FIGURF A-4: GRAPH UF QUADRATIC RESPONSE SURFACE: BAND 96, TARGET AREA.
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(VERTICAL AXIS MEASURES 2.3 TIMES THE PREDICTED PRECIPITATION IN INCHES) .

FIGURE A-5: GRAPH OF CUBIU RESPONSE SURFACE: BAND 96, TARGET AREA.
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TABLE A-1:

INDEX TC PRECIPITATION STATIONS TN TARGET AREA

Seq. Station
_ﬂoluh_-___i%ggi_ lat, Long Alt ., (m)
1 A ‘1 2L.L5 119.55 7¢,00
2 A &9 ARG R 119,56 579.00
2 A (| 5.1 4 11985 596,40
t A 21 265+11 b > M I ¢ 107.90
2 & F2 $5.,13 113,648 135,00
t N 33 5.. 4 119.20 183.00
7 & B% 0.0~ 119.01 152, ¢0
3 A 35 244,59 119.27 ¢ag9,0¢C
9 A o 35.00 113.56 2393, C00
10 [ Ay, 49 119.74 18390.00
1% A 33 34,28 118.51 1162, 00
12 L& Lo 5.U6 119.44 827. 00
13 A 47 34451 119.13 18729.u40
1+ E 3253 34,25 114,59 Z3R. 00
1% F1682 TWy,14 118.37 276. G0
1€ E 3751 .16 118.24 235. 00
17 £57%0 265,03 i18.10 8%, 710
13 FERD o 36,25 116,96 791.40
19 E?735 24,65 L18.44 1377 +00
<9 €a/52 I5.09 118.28 312.00
<1 FCiuLg 14.23 118,95 1416.0¢0C
e £9233 .51 119.29 ¢3%. 00
23 94519 34,59 113.94 723,00
) LOO%d 24, 5 11827 178,00
&5 LJ011 Ty J7 48 « 25 ¢bu, CO
cF Ldn3s J4.20 118.26 Lt57. 00
r LUl 36,18 118.11 706,00
23 Lans 3 56418 118.397 1104, 00
29 Lulba IG,21 145,03 1716, 00
24 L1123 l4,36 118.34% A23.00
31 LCL73 2«10 118.0¢4 360,00
32 R A 3h4a 0N J18.12 i22.C0
33 L3214 34.11 113:16 381,00
T [ B 1,004 s I 1 e €2,00
3 L0253 4,27 140412 400,40
“ LOeS 9 Shel? 113,36 259, 00
3?7 LRty 2 Tl o L9 YEAwo? 3¢ 85 30
L L1333 "% UD 8 SRS B culag 7N
& LAZEY bt )% I TR aM24 30
Loy | (T3 | 133623 ul 3« 00
5 | LEGZY Bl K 11598 244, 16
L? Lue’® e 93 118,42 183. 00
o | LLo? 3,01 $1R,. 48 35.00
Ll Luo5S 21 b o B | 9626 0C
L5 LJBYL Sheir? 118.17 65,90
L L1914y 34,33 1183.06 52.40
o7 Liuy 7 T4.29 118.01 1700.00
L3 Liu7t 4,23 438409 1707.40
+C Liiny BT % 118.20 354,00
53 Lilv 3 T3S 11817 877.00
51 L1141 ,20 118.27 1495.40
5¢ M 185 36,33 119 .47 olw. 00
r)’ M 12'0 ?‘Oo7s 1160?2 930.\]0

il

el
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TABLE A-1: INDEX T3 PRECLALTATION 3TATICNS T TARGET APE

(Continucc)

Seq. Statlon

No. Code Lat, _Loag. _Aic. (m)
54 M 225 3025 12901 2.00
55 M 226 Q4,27 118,57 ko 00
56 M 228 4427 119, 4% 262.00
57 M 234 36,314 115,41 473,01
58 N 03 3He53 11%,42 304.09
59 N 11 34l 119.95 Q27,00
610 N 13 34,32 119,57 1220.00
ol L I S 2%.328 119.52 3u8. 00
62 N 15 $hetH 1i9,.,52 282.0C
62 N 47 Th 38 tA3.45 1187.00
64 M A e 32 120.01 105740
6¢ N 3| 34,26 119.548 3.00
ns S 208 Ih.cn 149.%1 3,30
67 S 230 Ihe27 £ 49539 260,30
63 S 211 24,27 119,47 122.00
69 8 2172 e 125,49 762.010
70 S 22¢ Ihe89 119.40 z22.00
i S 231 24,27 159.34 Lbe7,00
72 € &332 'hH,.23 119,586 T o
Bt S 234 Tyerd 112,462 2L, U0
76 R2355 Th.h{ 141949 12245.,010
75 C 2«2 2422 1537 3154u0
7¢ % 25 360310 21G.0 1 1¢R7:.90
77 v G835 SHa23 B S PR 33%. 30
743 V 123 T, () 112.5% 303,00
79 vV 133 b, 30 119.26 1.79,.0¢
o0 v 165 34.28 149.465 4576 00
Lp} v 166 4.25 11G6.21 229. 00
82 vV 167 The 17 $319:186 9i.4¢C
o3 vV 168 3Hhal2 1i8.28 15.00
0% vV 169 35,10 148.50 276,400
8¢ v 170 48425 118.45 224,400
86 vV 171 St 118.%3 137.00
a? vV 172 T4a3d 118446 751.00
38 v 1738 ook 11$.95 305.00
83 g 174 Jee1 118,2 ;09,00
S V 475 TGed 115,46 “he GO
91 Vv 187 Bhve T 11ideL b iTleNO
92 vV 169 34.47 $119:.04 238, 0¢
93 vV 124 KL 119.08 166. 00
94 ¥ 191 Shael¥ L1U~53 ifue 00
95 v 192 el 1i8s51 1684030
96 vV 193 Jaadl 1:23.403 ¢22.00
{‘,7 V 1~6 J"\'Z 7".‘0!.l‘. 37.“11
92 v 19¢ bl 113,42 w5700
99 v 133 2, Th 132,36 195,00
100 v 206 19 113.58 123.00
ir vV 267 Shedti 1i9.23 5GG. 00
102 vV 2039 Sbkaols’y e 2573.00
103 ' Z?I ,’". Zi '-‘\‘.,0.’ 5 3.\"’
104 vV 22« .29 1.18.538 il 20
10¢ v 225 ShaZ 3 +59.09 213.00
106 v 227 T4 .15 HE RN 314,04
167 v 23c 2h.0' 1i¢."3 1230.00
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TABLE A-Z: INDEX TO PRECUP'ITATION STATIONS IN CONTROL AREA

Seq. Station
_No. _Code Lat. Long. Alt. (m)
1 s 35405 3 - RN 595, 39
¢ A 42 Th.lE 120.26 95.00
3 A LG 26,01 120.12 305.300
4 ELilew 2E 06 12023 218.00
> E7345 .l 12d.27 72. 00
6 E8&697 Theb 12034 34.00
/ e 5 24,38 12021 39. 00
8 Mo1dh 35414 120.29 1654 un
g N 0t 34.50 120.32 31,00
10 NNg2 24 .37 120.28 98.00
) o | N 3 Ty b5 12G.17 177.00
e Mo Ch KOS 122.12 104,00
18 N 05 3.9 120.07 ?33.00
14 N us 4,44 12005 375, 00
15 | S Thebu 12nN.02 13700
2 o318 34.29 12d.12 53.00
17 N 19 3b.37 120.2¢0 67.00
13 N <9 %53 120.08 252,00
s L B | 4,39 120.30% 67. 00
21 S 20y b7 12n,26 195. 00
21 o eue RN 120.14 220. 40
Et e ) bty 120.22 305+ 400
23 S 204 4445 120.17 172.30
24 s 2@> b4 120.27 91.4¢C
25 S 206 4.2 1201 4 9.30
?b i R W o 7Y 128.¢8 29,40
27 S 217 3. 3" 120.29 .00
29 S %233 o3/ 12012 116,00
23 ® 235 et ¥ 1206427 61.00
31 S 230 h,32 12d.11 201.00
31 S 2uL9 O 12704 953.0C
dé S 251 The 3D 120,340 Jhl.d0
33 S 56 352 12817 134,00
Ty 5 *Br SLTI 12328 195.00 -,

S —

ol o




TABLE A-3:

IN THE STUDY

INDEX TO PRECIPITATION STATIONS NOT INCLUDED

Seq. Station
Nc. Code Lat. __Long Alt. (m)
1 A 23 35.%8 118.4%38 213. 910
2 A 24 29+37 11322 101.00
3 M 2a 35« 2% 115,30 ¢1.00
4 /- N A 35.24 s L2 8 (U 107.00
5 A 45 S4.53 119.43 1752.00
9 Fgub? 15,25 113.03 145. 030
Z Flus7 13«53 127<5b 257 ul
o Eflke 25.47 121,305 282.00
9 El1763 3954 53 120.15 934,40
10 £ 34565 I5.44 118.40 1067.uN
11 EQIAT 39 .27 120.14 473.47
1 ES098 s ! 113.26 629.00
13 ES114 $3:56 1158.2 4 10%. 00
14 EStS L o 1149 .41 87.00
p & cS51idy 5% 45 & 1281 27 18.00
16 FRONkh $he1 b 113. 04 1741. 00
17 Ferdn 35suwl 123 .45 R 7. D
18 E7773 el 2 11752 14821.109
y 60 = 17926 $7.07 11758 427.00
eb £ 92340 d33«bo 1ERs 10 109,40
| C3430 h.00 117.49 ©76, 90
£e Ects? desl1 8 118:20 1207.40
23 Fjyee? X <50 12denu? 2504 1N
2 €9s12 25«6 0 11818 8317 3 0
25 LCOub 14,95 1132.36 227. 00
26 .C0738 Skel? $17 .50 1070.4d0
27 L71%6 135 ¢ 114.100 2h, 00
2R L 20 L 359 11749 258 s L0
23 L2291 % i L 113.15 STe 38
30 Lei?y Tha1 4 117.5¢ 7¢01.00
31 LuLs? I4.19 114.00 1610, 40
$2 L0117 344,25 117:53 1tud7,9n
L, LI03H 33.604 118:18 4oedl
2y L100? 1352 118.20 €5. 00
3 M 18k % g iy 12110 wu?2,00
h M 102 35.20 12u.4€ 427,00
27 i € ? 12d.34d 320.00

LB




TABLE A-4: VARIANCE AND SHAPE STATISTICS FOR PRECIPITATIONS
FROM SELECTED BANDS

Target Area Control Area
Band No.| Variance Skewness Kurtosis Variance Skewness _ Kurtosis
1 .005 1.850 4.458 .011 0.801 -0.913
2 .008 1.912 4.779 . 008 C.043 -0.992
3 .010 2.251 7.125 .003 0.621 -0.250
4 .001 1.362 2.563 3 . 001 -0.171 -0.685
5 .008 0.350 0.768 | .008 0.108 -0.720
7 .003 2.048 4.845 . 005 0.818 0.675
94 .001 1.472 1.25%0 . 003 0.420 -0.834
95 .013 0.715 0.047 .013 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 7.678 .002 .32] -0.807
99 .180 0.770 1.163 { .032 1.483 3.466
1

~49=




TABLE A-5:

ro

N v s W

94
95
96
97
98
99

FOR SELECTED BANDS

.003

Variance

Targe: Areux

Skewness
1.387 oy
1.362 y 38
1.482
1.12¢ 1
-0.093 -0.
1.7225 .
1.396 0.6
0.358 -0

-0.664 -0.
0.150 = I
1. 302 )

-0.421 0.

9.5

Kurtosis

243

VARTANCE AND SHAPE STATISTICS FOR Z = log[l + log(l+Y)])

Control Area

Variance Skewness  Kurtosis
.G07 0.690 -1.083
. 003 -0.147 -0.938
.002 0.431 -0.531
.001 -0.287 -0.716
. 005 -0.163 -0.772
.003 0.480 0. 232
. 003 0. 277 -1.042
006 1.459 2.316
.018 0.454 -0.330
.012 0.864 1.027
.001 0.203 -0.852
.004 0.794 1.145

-50-




TABLE A-6: VARTANCE 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
v .001 1.619 6.898 .001 -0.312 -0.713
%4 .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: PRECIPITATION AND CUBIC RESPONSE SURFACE STATISTICS,
TARGET AREA

No. of Mean Precip. 2 1
Band No. Stations,n Precip.y Var. s? 100R MSE F
1 75 «0h37 e 0GB 45,2 +NOS 02 53054
2 75 +1028 Q078 493.3 .0CLS1 7.0246
3 75 « 16265 « 009G 15:5 .020949 1.3210
ly 75 «u376 «0012 27t .00036 2.6787
5 84 «1527 s UyBR 57.0 «00397 10,8877
€ 84 «0332 . 0627 L1.2 .00181% S.7678
7 68 «N352 s 0026 50.9 <001 42 8.9703
<) 83 .0022 «N001 36.7 00004 L.7014
9 &3 «3075 . 8003 636 .000 14 14.1623
10 82 «Ulbb «ulud S54e S .00017 9.6416
5 83 «11 34 «3130 84,1 .00231 42.96381
1¢ 33 1482 « 0103 34,1 «00291 L2,.,78867
13 83 o 5.3 58 . 0018 bh.0 00074 14,6431
14 82 +0299 « 002¢% 68.7 «0N091 17.5228
15 82 « 602 «0%LY 23846 NGE3I71 3.1974
ie 82 N8S7 «unN88 Jhe k 0652 4,1959
86 « 2433 .N5%068 73.9 «01334 31.2433
13 9 « 2506 e CCou3 55.7 00016 9.6238
19 81 «fby?2 <1054 3541 U7703 4.2697
20 81 « 0336 <0023 51.6 00123 8.4164
21 31 .N8068 «Ou71 14.2 «00637 1.3060
22 81 «N3E7 « 0016 40.8 .001190 S.4312
Z9 69 . 0959 « Oubt 72+ % «0L 32 16.9629
24 €9 L1094 « 0048 66.1 .00178 12.7843
25 v? « (547 sLU17 57.1 .0008% 8.5667
2h 69 0577 «J031 36.7 00223 3.8057
ar 75 « 0051 «0002 27.8 .00019 = 2.7760
25 79 1267 PUlub 50.6 NdS36 7.L4044
29 79 « vtk « 0607 65. 2 00026 18,3437
30 81 «1625 «0C9 3 5645 +004L56 10.2636

Footnote: lSignificance probabilities 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 SURFACE STATISTICS,
TARGET AREA (CONTINUED)
No. of Mean Precip. 2 1
Band No. Stations,n Precip.y Var. s 2 __100K MSE F
31 84 « 0127 . 0005 17.8 00043 1.7341
32 B4 0224 «Qutt 35.8 .0an77 4.5846
33 88 . 0522 « 00346 2.5 00142 14,6743
34 69 <3091 « 0235 E4.b .00928 1/.0160
35 29 . <360 0172 Lbb.8 .01059 7.1154
3e 89 . 0040 «0ub0 “9.7 .00225 8.6699
37 92 «2126 itk 556 .008¢C8 11.4235
38 93 «17 35 . 0575 L8.5 «03276 8.721C
33 92 2402 « 0952 5.8 «05720 7.7047
40 89 4562 »1587 “b.7 «03705 7.08238
L1 au .1968 sU273 2.4 01642 9.8040
Lz 90 <5890 «2224 67.6 .0R023 18.5242
43 91 4393 1469 Lb.2 0”730 747163
bl ag 0224 4163 33.¢ 28611 5.4932
45 91 « 5955 <1310 43,1 11446 6.8103
4o 93 «1911 . 0099 50,2 «00372 18.0922
u7 ge . U637 e G522 e .0C1€1 4.7029
bo 92 .1911 +018€2 59.0 .007 29 13.0961
L9 Yge « 1736 « 0084 Lit,6 «00%19 743425
SC 862 0372 +0uto 50.4 .00079 12.1920
51 87 - 039y . 002e 63.7 00105 15.0222
52 88 2257 +3390 72.5 «01197 22.8657
53 be 1972 20124 32.9 «00330 4.2557
54 87 4887 L 65. 6 .01639 16.34b6
55 68 «119? « 0080 3.2 <005 44 6.6033
56 68 1.¢929 o411 47.¢c «25397 7T.7429
57 87 «2910 +1093 30.3 + 085065 J.7241
58 87 «212® « 0419 22.8 02611 249327
59 87 9720 ¢ 3135 20t 27857 2.1978
€0 B¢ +U900 « 0009 28,0 .0N718 Je2774
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TABLE A-7: PRECIPITATION AND CUBIC RESPONSE SURFACE STATISTICS,
TARGET AREA (CONTINUED)
No. of Mean Precig. 5 1
Band No. Stations,n Precip. y Var.S 100R™ MSE F
b1 91 781 0088 67.7 «0N317 12.8738
62 91 4371 » 1036 66.6 L4026 17.9673
63 91 « 2502 SQunig 60.0 «01758 13.8214
6L 80 «1807 « 0754 64.8 .02997 14,2912
65 81 «1702 +0263 58.6 .0122¢ 11.1783
66 94 «0161 .0009 76.5 «004d 24 304569
6/ 87 20272 0010 13.8 ~0003¢ 1.3667
68 8¢ «cC1id4 e 3949 56,3 02135 10.3236
62 o7 «1323 «0135 27k «010 21 3.2239
79 91 «U1A47 « 0304 25.5 «000 36 3.1326
71 ce 0932 « 0048 43d.1 .00275S 8,2315
7¢ S0 0622 «0u27 65.8 «001uU4 17.1197
3 91 «UD29 «Nu24 53,1 «CN1 1010 15,4035
(45 91 «11/79 «00% 1 J8.9 «00230 5.7201
75 96 «5473 « 0335 55.5 .02532 11.90C3
7¢ 93 «N19k bl 56.8 .00053 12.12138
77 93 L7737 " &k Wy d 51,8 .355 06 3.3062
75 Q3 « 317K » 0448 33.0 332N L5472
7Q 95 » 34406 0778 533 «s0L0O1B 10.7997
80 96 1193 « 0295 L4, 8 02780 1.6643
81 96 «?278 e N224 203 QL7722 4eln3Y
87 SL . (588 «0Us7 Vs (e | .00L38 2.4GL5 |
83 a4y «12U5 » U297 23.0 «02%533 2.79106
2y 943 « 2709 « 03508 Lig, 7 +.01338 74540
85 ;"0 3‘30‘1’1 -1‘406 57‘5 ‘qu?’. 12.623‘0
86 86 <1006 « U059 bbe2 D234 15.1757
87 €0 « 1579 . 0038 B3k «00238 68253
83 90 <2801 . 0126 2h.0 «010 306 3.1275
89 96 « 1316 » 0074 33¢1 «00252 Le7333
90 g€ w2310 <0236 vd.0 «uNd 38 20,2723
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TABLE A-7: PRECIPITATION AND CUBIC RESPONSE SURFACE STATISTICS,
TARGET AREA (CONTINUED)

No. of Mean _ Precip. 2 1

Band No. Stations,n Precip. y Var. g2 100R MSE F
91 94 1.008% « 3EE6 41.5 e23737 6€.6270
92 92 « 6692 «2032 58.7 «0930% 12.973¢
93 91 «2N63 «0284 LS. 4 «01723 7.4734
4 91 «C170 - «0ulbd 57.6 « 00029 12,2083
95 G4 «1328. «012¢ 59.3 .00580 13.61738
96 93 «€634 ‘e1783 7546 «048 25 28.5423
97 93 4362 «1367 b4e2 «05536 16.5645
98 93 « 1940 s N077 36. 4 00542 5.2837
1040 89 .1082 .00{9 22. 4 .00685 2.523%8
101 88 I «0542 .0C20 © 29.8 «0N160 3.6767
102 89 « 0562 « 0017 £ 49,2 L0uU097 8.4993
ins g5 , +1838 « 02506 42.7 «01632 7.0416
10« 94 <0783 .C077 . 5544 .00332 11.6147
1ns 89 ' 4610 .N693 52,2 .03689 9.597%
100 8% <1824 . 0166 5.0 .00650 15.4504
147 85 e CTH1 « 0396 77.7 «N0387 29.0768

i
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TABLE A-8:

PRECIPITATICN AND CUBIC RESPONSE SURFACE STATISTICS,
CONTROL AREA

No. of Mean  Precip, 2 1
Band No. Stations,n Precip. y Var.s 100R MSE F
1 15 «1013 .C10Y 74.7 «00771 1.6435
2 15 « 2540 .0nz8 70,2 «00A 47 1.31CS
3 16 -u3u0 <0033 91.4 06071 7 40345
4 16 . 0563 0012 88.6 000 24 5.2018
5 16 <1450 »0C34 932.3 «00141 T.2256
€ 16 «0975 . 0039 85.9 «00136 4.0593
7 16 1125 . (0L3 8€.0 .001c8 &%.0977
8 19 « 00548 +0uC1 57¢5 ~00006 13520
9 19 « 5105 0002 69.8 07011 2.3136
10 19 <342 . 0005 8541 .C001S . 5.68"71
11 16 « 1830 « 0029 737 00112 3.92LE
12 19 « 2795 03l 9i.9 00285 11.2849
13 19 «0784 « U045 84+ 5 «0Jibi 5.6436
14 19 1000 .N0LO 55¢3 «0r357 1.2377
1€ 17 «1594 +0073 Tl 00377 2.6850
16 17 «1229 +00TY 62.8 +Un288 163135
17 20 .892¢C «03640 53.8 03162 1.2940
13 10 22383 « 0057 75.5 .0N295 2.73206
19 1‘ 05‘081 -0371 78.6 501767 20‘05’2
20 16 «0375 «Nu21 Bl .00189 1.2074
21 17 «NBGL7 «U103 76l .00556 2.5167
ez 17 1059 «0C24 1.0 «00NnS67 7TBB4G
23 23 2365 o DUl g €0.5 «00352 1.472:
b 23 .1387% . 0028 2%:.7 «0U213 1.8159
25 &3 tbd?O 00015 B:o" .0'11"65 6.5233
26 23 0394 « Udh O Dbl 002463 245735
27 23 «1009 ~ 0057 G1. 4 «00282 15.61364
28 24 «1570C 0066 77.2 00255 L.8916
29 23 s 1330 « (059 75,1 07250 4e3528
3n 22 2582 e 01472 88.1 « 00297 Y.844d2

—— ——

Footnote: lSignificance probabilities of F-ratios can be approximated

-$6-

from the standard F-table with 9 and (n-10) degrees of frecedom.




TABLE A-8: PRECIPITATION AND CUBIC RESPONSE SURFACE STATISTICS,
CONTROL AREA (CONTINUED)

No. of Mean Precip.

Band No. Stations,n Precip. y _ Var.s? 100R° MSE gl
3 23 1100 . 0046 82.0  .00141 6.5955
3z 23 . 0326 <6003 47.7  .00025 1.3152
33 23 1217 L0130 72.5  .00606 3.8162
I 23 2743 0048 70,3 .00239 3.4250
35 23 .1709 .0028 70.7  .00138 3.4938
3¢ 23 .1083 . 0022 32.7 00231 8733
W 2 .2364 0 062 71.0  L00317 3.2635
38 22 .2355 674 32.6  .00873 16,6731
39 e2 L4236 . 0869 65.6 05234 2.5410
Y BT .3338 L0618 67.9  .00919 8.3902
“1 21 <1433 .0108 69.0  .0U6U8 2.7156
02 21 L3100 L0166 76.3  .00637 4,072
bs 20 6240 NTRE 63.2  .02686 1.9122
6h 19 <4463 0272 54.2 402432 1.1527
45 19 .1779 <0130 74.8  .00653 2,977
we 23 1035 0992 78.4  .00335 5.2523
w7 24 0317 . 0018 88.3  .00034 11.7032
48 23 1430 . U025 611 00164 2.2673
“9 23 L2017 0125 90,7  .00196 14,1442
50 22 1495 . 0045 86.3  .00109 8.3912
51 20 1635 . 0016 BbeB 00047 6.2201
52 20 .36 35 0927 75.1 04382 3.3559
53 22 1352 L0057 94,2  .00060 19.7731
54 22 4660 . 6170 66.6  .00993 2.6623
55 22 1155 0647 42.0  .00472 <96EN
S56 22 2710 <1203 46s6 41275 . 1.1556
s7 22 361t . 0621 78.5  .02335 °  4.8723
58 22 1873 .0119 90.3  .00203 12.3431
sa 22 6955 . 0L8Y 62.9  .0T141 2.2654
60 22 .0927 0018 83.0  ,00049 645150
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TABLE A-8:

CONTROIL. AREA (CONTINUED)

PRECIPITATION AND CUBIC RESPONSE SURFACE STATISTICS,

No. of Mean Precip. 2
Band No. Stations,n Precip. y  Var. s? 100R MSE g
61 1 « 1704 « 0145 7The 7 «00772 2.9430
b2 22 4745 « 0738 62.2 +0L378 22,1352
b7 22 «4313 « 0186 Ske0 01426 1.5643
64 23 <4591 0472 73.1 «02150 3.9192
05 25 « 3496 « 0238 i7.7 .01063 5.815%
66 25 .0872 « 0070 3743 «00154 11.5002
o7 25 « 0356 <0013 79.5 «00042 664707
68 2% 28210 « 1165 81.1 .00498 Telb?77
69 2k « 2096 «0u87 53.3 .006¢c6 1.777¢
74 <5 « 0452 .000¢9 27.7 .001199 «5331
71 25 «23392 «ul32 51.7 .00812 2.6861
72 24 »1538 « 0025 75. 4 .00100 Le7507
73 2h <1400 «uN3¢ 60.1 .00208 2033388
£ 24 1667 . 0112 79. 1 «00383 58933
75 &% « 0744 <070 87.7 00137 11933731
(o 2h .0865 « 00«1 32.9 «0lU428 8722
77 28 + 2834 <0273 gu.0 00308 19.5118
748 28 LA +0730 BL4.o .01828 10,2585
79 28 « 4246 « U153 33.8 01522 1.021¢C
80 28 «191y «0282 [0 50 .00791 4.9429
81 26 «1039 « UNSZ 79.0 «00163 T4
82 26 «130¢ . J120 534 .00872 2.03n8
83 206 e1115 « 0130 Bh7eh 01070 1.502v¢
84 26 «1412 « QLB L 69.1 .20309 349759
85 27 «52438 « 1497 52,8 +0358% 2.4108
86 24 «2329 0224 93.0 «0C2586 2N.€e2
87 26 «1254 « 0169 84Le2 «00617 - 9.462¢
88 26 «1155 « 0051 £2.8 00374 1.94874
8o 28 « 0925 .0110 551 00579 347233
90 26 « 0473 « 0048 7T4eb 00192 5.2506
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TABLE A-8:

CONTROL AREA (CONTINUED)

PRECIPITATION AND CUBIC RESPONSE SURFACE STATISTICS,

No. of Mean _ Precip. , > - .
Band No. Stations,n Precip. y Var.s 100R MSE Fl
91 4 «3821 « 0556 60.7 03530 2.4058
92 24 «1550 «3150 T4a 0 00642 Lk,u179
93 28 2636 « 0415 38.2 03843 1.23€0
94 28 « 0593 « 0034 35.5 «00321 1.1017
9% 33 «1133 .0125 60.5 .00686 3.9 3%k
96 33 « 3024 + 0553 79.6 01572 9.9459
97 33 « 280D « 0609 56.8 02458 3.3640
38 33 « 0652 .0018 16. 4 00187 «5019
39 32 «082%8 . 0305 25.8 03190 «8510
100 33 .10 39 .0030 81.2 00379 11.0036
101 33 1252 0023 53.2 00150 2.9058
102 34 « 06934 «0N12 S04 .00085 2.7086
1032 29 « 1455 « 0160 55.6 «010 44 2.6425
1ub é9 «0714 « 0097 51.9 « 00545 J.4274
135 31 «5019 .0321 45,3 «02502 1.9335
10k 25 2232 +UC88 638.5 «00428 3.7919
107 24 .3438 . 0153 45.3 .01376 1.2857
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