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ABSTRACT 

An analysis of inter-station correlation coefficient s for the 
two variables annual precipitation and annual effective precipitation 
i s performed to determine their regional patterns and to re late the 
observed patterns to general hydrologic and meteorologic factors . 
The annual effective precipitation variable as used in this study is 
essentially the observed annual river flow. 

Precipitation and river flow data from the Western United 
States and Southwestern Canada are used as research data. From 
this area. 1141 precipitation stations with an average length of 
r ecord of 54 years and 446 river gaging stations with an average 
length of record of 37 years were selected and used in the analysis. 

The regional variation in inter-station correlation coefficients 
is reasonably e xplained for both variables by the regression function 

where r is the estimat e of the inter-station correlation coefficient, 
d is the lnter -st ation distance, and 9 is the normal trigonometric 
angle to the radial from the block control station to the surrounding 
stations in a limited square area about the control station. The 
above function is fitted by the method of least squares t o the inter ­
station correlation coe ffic ient s computed from the data of the block 
control station and every other station in the square block and plotted 
at each respective station location. 

On the average , approximately 60 percent of the variation in 
inter-station correlation coefficients i.s explained by the selected 
function . Isolines of equal coefficients fo!"' the fitt ed surfaces 
approximate ellipses indicating that th e meteorologic and hydrologiC 
factors affecting the regional correlations in annual effective precipita­
tion and annual precipitation are not isotropic . The orientations of the 
axes of maximal correlations for both variables are found to vary con ­
sider ably over the study region. Effects of topography, gene ral wind 
circulation . and frontal activity upon the axis of maximal correlation 
is noted for the annual precipitation variable . Other factors such as 
evapotranspiration and river basin characteristics tend to cause the 
regional patterns {or the annual effective precipitation variable to 
differ from those observed for the precipitation variable. 

ix 



INTER-STATION CORRELATIONS IN ANNUAL PRECIPITATION 

AND IN ANI\'UAL EFF ECTIVE PRECIPITATION 

By: James E . Caffey 

CHAPTER I 

INTRODUCTION 

1. Significance of This Study . The casual 
observer of fluctuations in precipitation amounts and 
the resulting stream flows obse rves a process in 
nature which is probabilistic rather than det erminis­
tic. A process developing in time in a manner con­
trolled by probabilistic laws is known as a "stochas­
tic process." Suppose X is a variable which can 
take on the values 

with the probabilities of assum ing th ese values 

respectively. Then X is called a stochastic vari­
able [M iller, 1963] . * A stochastic process is best 
defined mathematically as a collection (X(t), t € Tl 
of stochastic variables [Parzen, 1962: ] . The Greek 
letter € is read "belongs to, "and T is the set of 
random variables to which t belongs. There are 
no restrictions placed upon T . The T may be in ­
dex sets such as time or distance . 

The extent to which different parts of the 
world experience Similar deviations from the Jong­
term average experience is quit e important . In 
attemps to control or reduce the effects of such ad­
verse hydrologic phenomena, a detailed knowledge of 
the characteristics of such variables .as temperature, 
precipitation, and stream flow are of paramount 
importance. There is a need for predictive capability 
in the area of water resources because of the chang­
ing availability of adequate supplies of wate r. The 
elUSiveness of predictive capability concerning rain ­
fall and runoff has bee n troubling water technologists 
and scientists for years. 

V . M . Yevdjevich, in a p aper presented 
in August, 1964, at Bangkok, Thailand, before the 
Seminar on Hydrologic Forecasting which was organi­
zed by the United Nations Economic Commission for 
ASia and the Far East and the World Meteorological 
Organi zation, discussed the outlook for long-range 
rai nfall and r unoff forecasting. He concluded that no 
predictions for the future of a deterministic nature 
can be obtained from the extrapolation of past rain­
fall and runoff experie nce. V. M. Yevdjevich fee ls 

* R eferences are designated by a year in brackets 
associated with the author ' s name and may be found 
in the bibliography. The reference in the biblio ­
G"raphy may appear in context as . . . Alexander 
[1 963] or . . . [Alexander, 1963] . 

t hat the only hope for long-range forecas ting of rain­
fall and runoff events is to look t o the main source 
of water vapor of hydrologic or meteorologic 
importance, the oceans. Only the oceans , he adds , 
have such physical phenomena which affect but pre ­
cede sufficiently in time the depOSition of moisture 
over large continental areas from which to draw the 
necessary predictive i nformation. 

Oi more immediate need are means of ac­
quiring hydrologic data for todays water r esource 
projects. A decision must f requently be made wh ether 
or not records of a hydrologic variable taken simul­
t.aneous ly at a number of observing stations for r e­
latively short periods of time can be used to replace 
observations taken a t one Station over a long interval 
of time. This question arises most often in areas 
where usable records are sparse, unavailable, or 
quite short in the time length of observation. In 
other situ ations , hydrologic records may be adequate 
in length and accuracy but quite sparsely di stributed 
areally. Thus, it becomes increas ingly important to 
interpolate for hydrologic variables . 

The statistical concepts of correlation ana­
lysis play an important role in the estimating of 
hydrologic variables. '[he inter-station correlation 
coefficient r equals 

N 
~ X. Y. NX? 
i· 1 

, , 
r -

~~ I Nxf 
N y. I . I 

X'. 1: y~ _ N yZ , 
i-I 1 , 

and is a measure of association between the values 
of the variables, Xi and Y i' taken simultaneously 

in time at two different points. The autocorrelation 
(serial correlation) coefficient is a measure of 
association between successive values of a variable 
measured at the same point. T he autocorrelation 
coefficient rk equals 

~~k X . X' +k _(~N~k X,~N~k X. k) 

l~: ' , ~, (I~I ~l 'I- I ,+ 
1.2 



Both equations are for discrete time series . 

In eq. 1. I , N is the number of simultane ­
ously observed events. and in cq. I. 2, N is the 
number of events forming the time series. The term 
k gives the lag or time units between events. Auto ­
corr elation is used as a measure of dependence or 
nonrandom ness in time, and inter - station correlation 
is used as a measure of dependence or nonrandom­
ness in space . One quite frequently encounters both 
simultaneously In hydrologic and meteorologic varia­
bles . 

The degrees of autocorrelation and inter­
station correlation in a hydr ologic variable carry a 
significant impact when extending records of short 
length or interpolating for values at points where no 
me asurements are available. Using rainfall as an 
example, suppose that the observations at three sta ­
tions were s tatietically independent, then 30 years of 
data at each point will give us much information about 
some rainfall parameter as a re cord of 90 years at 
only one station, it station data describes the same 
rainfall parameter. But, if these three stations exhibit 
inter-station correlation, the information from the 
three stations would not necessarily be equivalent to 
that of 90 years for the one station. The additional 
gain in information resulting from additional s tations 
in the region will be reduced by an amount depending 
upon the degree of inter-station correlations. Inter­
station correlations between variables may be of 
significant magnitu de ove r great distances. Further. 
autocorrelation within the time series observed at 
each station would tend to reduce its e ffective length. 

When data is sparse. one often has to rely 
on various isopleths toestimate a hydrologiC variable 
at a point some what removed from a point having ob­
servations. The accuracy of the estimate must de ­
pend upon the density of the observation points and the 
degree of inter- station corr elation which is the meas­
ure of areal association. Areal association is the de ­
gree to which the same casual factors affect the va.ri ­
able at different points over a wide area. The term 
"degree, " as used here, includes not o nly the actual 
magnitudes (high or low values of inter- station cor ­
relation coefficients) but also their consistency 
(small random variability of values for a givcn inter­
station distance and direction) . Knowi ng the degree 
of ar eal association, one is in a position to design ob ­
servation networks of proper density to attain a cer­
tain degree of accuracy in interpolated estimates. 

Thus, the need for a more ade..quate know­
ledge of the areal distribution of inter-station correla­
tion coefficients in annual precipitation and in annual 
stream now becomes apparent. Beyond this obvious 
immediate need is that of a more precise indication 
of the oceanic sources of atmospheric moisture . This 
may be possible through a trace of the directions of 
maximal inter- station correlations for precipitation 
when related to such things as ge neral circulation, 
moisture flux and precipitation mechanisms, or for 
runoff when the influence of evapotranspiration>!' is 
also considered. 

Z. Objectives. The primary objective of this 
study is to investigate the regional (areal or spatial) 
distri.bution of inter-station correlation coeffiCients 
within the two variables: annual river flow as re­
presented in this study by annual effective precipita -

'" The term "evapotranspiration" desiinates all eva­
poration from a r iver basin. 

z 

tion (EPl . and annual precipitation {Pl . The term 
annual precipitation refers to the accumulated depth 
of precipitation in inches received at the place of 
measurement. Annual effective precipitation is the 
net annual water yield of the atmosphere a s re cognized 
In m easured river flo ws. The annual effective pre ­
cipitation for a drainage area or basin may be ex ­
pressed as : 

Ep: P -E - X 1.3 

where P is t he accumulated volume of water due to 
the precipitation falling upon the drainage area. E is 
the volume of water lost through evapotranspiration. 
and X is the volume lost to all other factors. 

Thc determination of annual effective pre­
cipitation as expressed by eq . 1. 3 is merely a s tate­
ment of continuity. The amounts of precipitation con­
tributing water to a basin may be measured within the 
water year. The evapotranspiration and other factors 
removing water Crom the basin are assumed to be 
measured within the water year. The quantities of E 
and X are not readily determined, so the annual 
e ffective precipitation (EP) may be determined through 
the use of measured runoff. However, all of the water 
which is free to flow from the basin may not be meas­
ured as runoff within the water year in which it feU 
upon the basi n. 

The delayed appearance of a port ion of the 
water as runoff is caused by the sto rage of wat e r in 
the basin. Thus. the observed flows must be correc­
ted for the change in storage from one year to the next. 
This change in storage occurs as change in ground 
water. soil moisture, snow cover . surface reservoir 
water and depression storage, and water temporarily 
existing on the surface as Clowing water. The changes 
in carryover may be either positive or negative and 
in most instances they are quite small in comparison 
to the yearly volume of flow. The annual effective 
precipitation (IS used in this study has been corrected 
for changes in carryover, but essentially it is the 
same as the observed runoff. 

The variation in regional (inter-Station) 
correlations is defined in this paper for a given sta­
tion position by fitting a three -dimensional surface to 
values of the inter-station correlation coefficients. 
The statistical technique of multiple regreSSion is 
employed to determine the form of the fitted surfaces . 

The hypothesis assumed is that the inter ­
station correlation coefficients for like variables be­
tween one point taken as origin and points surround­
ing it can bc related by a simple mathematical rela~ 
tion dependent only upon the distance and direction 
from the point of origin to the surrounding points. 
The parameters evaluated for the selected function 
are expected to vary from region to region as the 
character of the influencing hydrologiC variables 
changes . 

A secondary objective of this study is to 
C\lrnish information to aid hydrologists in relating un ­
gaged to gaged areas for both variables, annual 
effective precipitation and annual precipltation, and 
in estimating missing data as accurately as feaSible. 
This can be accomplished by relating measurements 
at one point to those of surrounding points which con­
tain complete sets of observations . This study should 
definitely aid in selecting the best correlated stations. 
Regional correlations have been used recently to 
determine homogeneous regions for runoff and pre ­
cipitation studies. This study should be of benefit to 
the extension of this approach [Gatewood, et. aI, 1964 J. 



Physical phenomena that affect or explain 
unexpected deviations in the spatical distribution of 
correlation coefficients are considered and evaluated 
i f possible. Particular inte r est is given to relation­
ships between the configuration of regional correla ­
tion coefficients and moisture sources. paths of 
moisture nux, the influence of evapotranspiration, 
and the mechanism of precipitation and runoff. 

3. Delineation or the Study. The study Is re ­
s tricted to that portion of the North American Con­
tinent including the states of the United States west of 
the Missis sippi River and the three Canadian pr ov­
inces. Alberta. Saskatchewan , and British Columbia. 

The research data consists of the annual 
values from the historical records of 446 river gag ­
ing stations. the E P-series. and 114 1 precipitation 
gaging stations, the P - series. The selection of these 
gaging stations ..... as done upon the basis of fixed cri­
teria rather than randomly. The reader is referred 
to the references by Markovic [1 964 ]. Caffey (1965), 
and Yevdjevich [1963a]. 

Each of the abOve gaiing stations will act 
as the control station for a square area of approxi­
mateiy 90.000 - 170,000 square miles dcpending on 
the station density. Each control station is at the co· 
ordinate center of the area and Is the station whose 
data is correlated with the data of all other stations 
in th e block (Fig. 1). 

. , 
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Raw inter-st ation correlation coefficients 
(EP-series) plotted at their respective station 
locations. Each unit of distance (X or YJ is 
approximately equal to 60 nautical miles . 

, 

The matrix o f all possible correlation coefficients be ­
tween all stations within each of the control station 
blocks is not computed. The corre lation coefficient 
fo r the data of the control station correlat ed with it ­
s e lf, of course. is 1. 0 , The correlation coefficients 
from the data of the control station with the data of 
all other stations in the block are the values to be 
plotted at each individual station map location (Fig. 1 ~ 
and it is to t hese values that the surfa ces are fitted. 
Every sample station , where possible. is used as a 
control staUon and, therefore , there is a surface 
fitted to th e inter - station correlation coefficients for 
most stat ions of both annual precipitation (Pl . .... and 
annual e !!ective precipitation (EP). 

The litted surfaces are expected to be ellip­
soidal in form. the degrec of ellipticity varymg over 
the study region according to the changing effects of 
meteorologic and hydrologic factors. The orientation 
of the major axis and th e degree of elliptici ty are two 
points of particular interest . More will be said i n 
later sections about the surface fitting procedu re and 
the parameters which describe this surface. 

4. Contributions of This Study . ConSidering 
the previous work in thIS fleld. there arc several 
items of interest pr esented which. to the wntcr 's 
knowledge, are first attempted in this study: 

a, Application of this type of study outSide 
the continent of Australia; 

b. Investigation of such a large area in­
volving different climatic and physiographic conditions; 

c. Application of this form of analysis to 
runoff data a s t!xpressed through the effective pre­
cipitation ; and, 

d. The use of inter - station correlat ion to 
trace the path of atmosph eric mOisture to its Source 
region. 

Another point to note is the va st amount of 
data being utilized through the aid of high-speed digi ­
tal computers. There are 44 6 s tation time series of 
annual runoff values a veraging 37 years in length and 
1141 station time series of annual precipitation 
amounts averaging 54 years In length. No station re­
cord length in either set of data is less than 30 years . 

5. Some Recent Results. A review of recent 
research which is considered to be closely related to 
this study may be found in tht' dissertation by Caffey 
[1965J. 

* Throughout the remainter of the text. for the s ake 
of brevity and readability, annual effective precipita­
tion may be expressed simply as "effective precipita ­
tion" or "EP. " Also. annual precipitation may be 
expressed simply as "precipitation" or "P." 



CHAPTER II 

RESEARCH DAT A ASSEM BLY 

1. Introduction of Available Data. The nature 
of the var iables sam pled, annual r iver how and annual 
precipitation, restricts the research data to the hiS­
torical records obtained at widely distributed geo ­
graphical points . Runoff records integrate the vari ­
ous processes tran6forming the preci p itation falling 
upon a cat chme nt a r ea int o s treamClow. The distribu ­
tion of runoff gaging s ta tions is quite sparse , and only 
a small percentage of the total geographical area us~d 
fo r th is study is sampled. Precipitation gaging sta ­
tions obta in point measurements . 

The sampliug for this study is on a contin ­
ental basis . Gaging stations we r e select ed from th~ 
continental Un ited States west of the Mississ ippi 
River and f rom the pr ovinces of Britis h Columbia, 
Alberta, and Saskatche wan in southwestern Canada 
(Figs. II and l3) . The series of annual eff ective 
pr ec ipit ation (E P) derived f r om the obs fOrved runoff 
serics contains 446 station record series, and the 
series of annual pr~cipitation (P) contalOs 1141 sta­
tion t'ecord scries . The period of record used for 
both variables ends with the year 1960 , No station 
record is included that is shorter than lO years . 
Thus, the inclus!ve period 193 t - 1960 is concurre nt 
to all station records . The longest runoff j'ecord is 
7l years , and the longest precipitation record is 114 
years. Many gaging stations have interruptions in 
their series records prior to 19l1. 

Considering the number of stations with 
each of the annoal precipitation and the annual effec­
tive precipitation data samples a nd the respective 
average le ngths of their station records, one would , 
at first ~Jance, be impressed by the apparent better 
quahty of the annual precipitation sample . There 
will be, on the ave r age, approximately tWO and one ~ 
half times as many Inter - station correl ation coef­
ficients for the precipitation as for the effective prc ­
cipitation within rach block to which thc surface is 
fitted . Remember, however, that each effective pr,, ­
cipitation station record furnishe s i nformation fo r an 
area that may include several precipitation stations 
which provide only point measurements . Therefore, 
the effective precipitation sample m ay poss ibly con­
tain more informat ion than the precipitation sample . 

l . Inaccuracies and Inconsistencies. There 
arc inaccuracies and errors in the data brought about 
by several factors . Some of the factors contributing 
to this are: inaccuracies in the gaging instruments 
and procedures o f measurement, error s in trans­
cription a nd reduction of the data, change s in the ob­
servational instruments and techniques, and finally 
In the theoretical approaches to data reduction over 
the period of observation. Some of the inaccu racies 
are random in nature a nd do not introduce trends and 
Jumps like inconsistencies and nonhomogeneities in 
data. However, changes in techniques and marke d 
mistakes m ay a ffect conclusions drawn. A means of 
removing the latter may be disclosed by a close study 
of the station history. 

Detailed historical studies cannot be ac ­
complished fo r samples as lar ge as those of the EP­
and P-serles . However, a survey was made of each 
station history during the gaging station selectio n 
process. Particular attention was paid to the amount 
of artificial regulation of streamflow, by irrigation 
withdrawal s, s t orage effects a nd diversion from or 
into thc s t ream . Stations having what were consider ­
ed to be significant incorr eetable changes were not 
include d in the E P -series sample . 

P recipitation gaging stations are subjected 
to nonhomogeneltit's principally by moves of the gag ­
ing inst rum"nt or ~hielding of the instrument. Re­
cords included in the P -series Sample are assumed to 
be homogeneous based upon cither double-mass plots 
and statitHical tests or through a study of the Rtation 
history if the formcr is not available . The historical 
study is concerned p r imarily with moves of the gaging 
inStrument, and stations having no moves or moves 
one mile or less horizontally and 100 feel or less 
vertica lly were assum ed 1.0 have a homoge ncous ('C ­

cord. 

l . Sources of Data, Precipitation data uscd 
here was collected from published J'('col'ds uf the 
Uni\('d Statrs Weather BUI'eau and the Canadian De­
partment of Commrrce , Mcteorological Branch . 
Values extracted were thf' calendar year totals or 
precipitation from rain and s now, The values e x­
tracted were observed amounts as reportrd in the 
various publications . 

Obse rved runoff data used hl:! r e was coliec­
ted from data publishcd by the United States GeoioAi ­
cal Survey, Department of the Interior and the Do ­
minion Water P ower and ReclJ.mation Srrvice, De­
partment of the Inte r ior, Canada. Thc observed run ­
off data is repo r ted for the water year which is from 
October 1 through September lO, the ycar being the 
one following that of the beginning date. For example , 
the water year 1960 begins October I , 1050, and ends 
September 30, 1060. 

4. P roc eSSing of the Observed Data to effcc­
tive Precipitation . The observed runoit data was 
processed through two steps prior to its usc in th is 
study. F irst, the mea sured flows were corrected for 
the Change in ca rryover . Then, the correl: ted flows 
were reduced to create a "net station" series from 
the co r rected observed value s at each of the selected 
gaiing stations , The processing applied is explained 
bclo w. 

Pr..:-:ipitation occurring during the water 
year because ot the integrating and lagging effect s of 
the d rainage basin docs not all appea r as measured 
flow in the water year it occu rred. Generally, a 
variable percentage of it is measured as runoff during 
the following water yea r and for larger baSIns wHh 
large storage with in the baSins the carryove r effect 
may be observed for a pt:riod of more than one 
succeeding water year. 



T he change in carryover may influenCe! 
significantly th e correlation coefficients between th e 
runoff variables at different locations . Change in 
carryover causes a s moothing of the runoff ti me 
series. Th e s moothing efl~ct upon the tim e series 
increa ses as the ratio of change in carry over to the 
total annual volume of runoff increases . The cor ­
rela tion coefficient of one runor! time series with 
anothe r having similar carryover characteristics 
would likely be h ighe r than a coefficient from a dif­
ferent time series having dissimilar carryover 
char acteristi cs . The change of ca rryover correction 
is applied to remove the influence of diffe ring carry­
over chara ct eristics upon the inter-station correla­
tions . 

Carryover was approximated by fitting 
mean recession curves to the end of the water year re ­
ceSSion hydrographs . Curves of the form 

and 

Q ~ Q e -ct 
o 

n 
Q • Q e - ct 

o 

2. I 

2.2 

were fitted to recession hydrographs plotted on scmi­
log paper. The computation of the carryover correc­
tion is presented by Ye vdj evich in a previous Hydro ­
logy P aper [ 1963a] . 

If there is more than one gaging station on 
a stream, flow originating upstream may be measured 
several times on its way to tht' sea. T his repeated 
measurement cr eates a built iO correlation between 
the data of gaging stations on the same channel, and 
this will distort regional patternll of inter - station 
correlation coeffiCient s. F lows from mutu ally ex ­
clusive areas will not have the built in inter - station 
correlation. Th e "nct station" data represents the 
flows from mutually exclusive areas . Uppermost 
"aging stations are naturally "net stations." T he 
'net station" data was formed, after correction for 

the change in carryover. by subtracting the corrected 
flows of the upstream stations which pass directly to 
the stalion whose records are being converted. Thus, 
the "net s t ation" data r e presents the "net flows" from 
the "net areas." The data of the EP - series was 
formed in this fashion. 

In Chapler I, Section l, the annual ereec· 
live precipitat ion for a drainage area or basin was de­
fined by the equation 1. 3. The definition becomes 
more precisely defined by inclusion of the "net statiorl ' 
concept of this section. The factor X in eq. I. 3 Is 
not readily evaluated and is usually negligible . Thus, 
eq. 1. 3 becomes 

EP" P -E =V + t;.W , Z.3 

where EP is the effective precipitation , V is the 
m easured flow, and t:.W is the change in carryover. 
The quantities E P, V, and IlW represent the water 
year volumes . The annual effective precipitation 
(EFj is defined as the annual contribution of moisture 
from the atmosphere to a river basin or a portion 
thereof. 

S. Conversion of Data fo r Computations. The 
precipitation data required no proct'ssing of the nature 
required for runoff. The final operation was done a ­
like for both variables . The series mean, X, and 
the standard deviation,s, were computed for each 
station record and then used to form th e series of 

standardized v a riable, x. , with i " t. Z . ... , N. 
T hese values wer e compu1ed by the following e qua­
tions: 

I N 
it N " Xi 

i'" I 
Z.4 

I N .. 
" N- I " (X . - X)l 

'- I 
, 2.5 

, . (X i - X) 
, , 2. 6 

where Xi are annual values and N is the s ample 

size . The standar dized variables were used in all 
comput ations related to thi!:> s tudy. Standardization 
in no way a ffects th e coml>ut ation of correla tion co­
efficients . 

6. Coordinate System. In the study of inter ­
station correlation coefficients about a fixed o bserva ­
tion station, it is necessary to relate the position of 
other stations to the central station of the block (Figs. 
1 and l) . This is done using cartesian coordinates. 
T he maj ority of blocks containing at least the e Stab ­
lished minimum of nine s tation locations w~ re found 
to be only SO wide measured from south t o north along 
a meridian. The spacing of latitud Inal lines is about 
60 nautical m iles per one degree. However. the 
meridional lines rapidly converge northward. To 
utilize a square control block, the longitudinal station 
coordinates have to be corrected for the convergence. 
Since the map portrayal o f latitude lengths is essen ­
t ially constant, th e longitudinal lengthS were convert ­
ed to latitudinal scale . Lat itudinal lines do have cur­
vature, but the correction for curvature was omitted 
s ince the deg-rce of error introduced over such small 
blocks is considered to be mu ch less than i naccuracieS 
in the data utilized. The assumption of a plane sur ­
face is paramount in this discuSSion. 

F ig . Z 
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• 
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Portrayal of the working subdivisional 
element s . 

T he correction for conver~ence is approx­
imated using: data given by Merriman 119ZO] . Lengths 
of one degree are given in meters for the Clarke 
Spheroid as follows; 



On Me r idian On P arallel 
Latitude Leng!h Leng!h 

30 0N 110,850 96, 489 
SOo N 111, 231 7 1, 699 

4 00N( Mean) 111,041(Mean) 85,397 (Mean) 

The rates of change are very nearly linea r, so a 
linear adjust m ent is m ade on the basis of the mean 
values at 40oN, the approximate mid - latitude oC the 
region under study. The approximate- rate of conver­
gence is 12:40 meters per degree latitude . 

The cart esian value oC longitude, x, for 
a station is given by the expression: 

x • 85 ,497'" 1240 (40-Y) (>x) 
c 111 ,041 ... 2. 7 

wh ere xc· ca rtesian coordinate distance, x, from 

the control block cent!:!r line taken as a meridian 
through the control block center, coordinate (0 , 0); 
Ax· control block center longitude minus the longi­
tude of the station; !ind y. latitude of the station. 

The cartesian value of latitude, y, is 
given by subtracting the control block center latitude 
from the station latitude. One unit of x or y is 
equivalent to the distance between two points on a 
meridian separated by one degree of latitude. Thus , 
one unit oC dista nce in the cartesian coordinate sys ­
tem is equivalent to approximately sixty nautical 
miles. 

7. Regional Subdivisions . The number of 
stations selected for each of the t wo variables (P and 
EP) produced a quantity of data too great for storage 
in the Internal memory of the Control Data Corpora­
tion 3600 digital computer which was use d Cor all the 
com putations of this study. The lack of memory 
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capacity required that the study region be subdivided 
into areas containing a number oC s e lected stations 
with a quantity of data small enough for storage . 

Thirty - seven subdivisions of the region 
were required to accommodate the annual precipita­
tion variable , and five were required for the annual 
e fCective precipitation variable (Figs . l, 3 and 4). 
T hese subdivisions were selected to cover the study 
region without overlapping one another and are re ­
ferred to as "net subdiviSions . " 

Each station within the net subdiviSion is 
used as a "block cont r ol station" (BCS). * This 
means that each station becomes the center station 
about which a block (square area) is de Cined . Whe n 
a s tation location falls a t or near the net s ubdivision 
bo r der, no stations are available to complete the 
square block about the BCS. To assure that there is 
data for s tations in all quadrants of the block, it is 
neces sa ry to use dat a from stations not Included in 
the net subdivision. Thi s r e quires the inc lusion of 
data from a band about the net subdivision. The 
band is a t least 3. 5 units in Width. The net sub­
division area plus the band about it make up what is 
called the "gross subdivision. " Each net subdivision 
had to be chosen so that the quantity of data from its 
corresponding gross subdiviSion did not exceed the 
memory capacity of the computer. 

The relative positions of a net subdivision 
and its corresponding gross subdivisions are shown 
in fig . 2. The net subdivisions are mutually ex­
clusive but the gross subdiviSions are overlapping . 
A block whose cont rol station is situated at the 
boundary of the net subdivision is also shown. 

• The abbreviation " BCS" may often be used in the 
place of the words "block control sta tion, " but it has 
equivalent meaning. 



CHAPTER III 

THEORETICAL CONSIDERAT IONS OF INT ER - STATION 
CORRELATION AND ITS CASUAL FACTORS 

High corre lation coefficients indicate only 
a high degree of linear association and do not neces­
sarily mean that causation is present . One wou ld ex­
pect the temperature of water to be highly correlated 
with the h eat added, a definite causal relation. One 
might find a high corre lation between the temperature 
in Chicago and some phenomenon 10 In dia for a small 
sample of data, but it is doubtful that there 1S any 
causal re lation even though a high assoc iation has been 
shown. Even when two variables have no apparent 
reason to be correlated, a h igh degree of linear cor ­
relation may be found in sample data due to chance or 
be cause both are related to some common causal 
fac tors . 

This study, in one sense , is an attempt to 
evaluat e how a variable measured at different points 
may be affected by the same broad scale causal 
factors . That is, in the case of precipitation, what 
e ffects do the meteorologic factor s producing pre­
cipitation at one station have at another? Inversely, 
one might think of the problem as a way of det ermin ­
ing the amount of change in the causal factors f rom 
one point to another. An analogous sHuaHon can bc 
drawn for runoff, but the factors invo lved become 
much more compli cated than t hose for precipit ation. 

One would expect to find rather high values 
of th e correlation coefficients derived from the data of 
e i ther precipitation or effective precipitation if lh(> 
coefficients are from a reasonably restricted area. 
This is primarily because the causal factors, meteor­
ologic and hydrologic , ttmd to be homogeneous over 
wide ar~as and change only gradually with distance 
except for regions of climatic divides . 

L Inter-station Corr elation and H drolo ic 
Homo ene-itv . Thonl 1 40 postulated that the linear 
corre al ion of rainfall from storms) between stations 
results from t wO ca\.lsal factors : ( 1) "the average 
depths of a se!'ies of storms occurring in a record 
wiD be distributed in a f requency-function with the re­
suI' that storms with greater average depths will, in 
general, produce grtc'ater depths at the several sta­
tions; and, (2) the centers of action of a storm sys ­
te m, although being random in position, have con ­
siderablt' area and a tendency to move in a general 
west-east direction so that stations in the path of a 
center will experience gr eater depths than those not 
in the path . " 

The correlatio n patterns shou ld change from 
region to region, but within a largtc' homogeneous re­
gion. the distribut ion of correlation coefficients about 

F
Oints therein should be basl cally the same . Thom 
1940] defined a meteorologically homogeneous region 

as one i n which a s ingle type of storm produces the 
regional precipitation, in wh ich there are meteorologic 
reasons to assume that all points will be subjected to 
equal f requen cy storm conditions, and in wh ich a 
similar seasonal cycle of precipitation holds through ­
out. In this s t udy. the dominant type of storm is the 
one most lik ely to produce the patterns in the areal 
distribution of correlation coefficients . 
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McDonald [ 1957) discussed the effects of 
non - normality of the distribution of correlation co­
efficients , and he concluded that "the kind of infer ­
ences that geophysicists wish to draw from most 
correlation studies can be entirely adequately drawn 
with the aid of the elementary sampling theory of the 
norm al distribution." One can safely say that t his 
holds also for the hydrologist. McDonald suggested, 
as an example, the use of inter-station correlation 
coefficients in studies of climatic homogeneity . He 
also suggested that a large number of inter-station 
correlation coefficients might be comput ed fo r 
several points and their geographical distribution be 
studied for dominant patterns of similarity and diS­
s imilarity. 

Benson [ 196Z] report ed on a study of the 
fact ors influenc ing the occurrence of floods , The 
many fac tors not ed are not only influential in f lood 
flows but also in the resultant mea n annual runoff as 
well. After discussion of the interactions among 
meteorologic, hydrologic, and hydraulic factors, 
Benson stat ed that the topographic and m eteorologic 
variables are not independent of each other. 

The conclUSion of Benson is supported in a 
comprehensive stu dy of droughts in the Southwestern 
United States conducted in the offices of the United 
States Geological Survey _ Thomas [1 96Z] r e p orting 
on the study delineated, indepe ndently of other work, 
four meteor ologic zones. Gatewood and others [1964 J 
using inter - station correlation coefficients of runoff 
as a means of determining hom ogeneity found that t he 
Southwest was not one homogeneous region as far as 
runoff patterns were concerned. 

Z. Meteorologic F actors Affecting Inter· station 
Corre lation. Met eorologic factors may be divided 
into the two groups: climatic and synoptic. T he 
climatic factors depend upon the major climatic con­
t rols: th at i s, the global location, the general cir­
culation of th e atmosphere, the proximity to g eo ­
graphi cal prominences such as oceans and orographic 
barriers, and other such elements . Visher [1944J 
indicat ed a similar division of factors when he wrote 
that the factors responsible for regional differences 
in the major precipitation r egions of the United States 
were due to: (1) the pos iti on of the U niied States in 
rtllation to the belt of wes t erly winds; (2) the 
position of topography, especially th e western moun­
tains and the Mississippi River Basin; and, (3) th e 
number of occurrences of cyclonic disturbances. 
Dorroh (1946 J also concurred whe n he pointed out 
that the total annual precipitation at a given place 
comes about because of these dominating faGtors: its 
elevation, its loc at ion with r e spect to th e source, and 
the normal direct ional movements of moist air 
masses . Runoff, since it is dtc'rived from precipita­
tion, is affected by the meteorologic factors p lus 
others that complicate the rainfall - runoff relation ­
ship. 

The synoptic factors a re those which change 
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Fig. 3 Delineation of the net subdivisions and the averagc value of the variation in the cOl'Tclation 
coeffi cients explained by regression for precipitation. 

F ig. 4 Delineation of the net subdi visions and the average value of the variation in the correlation 
coeffi cients explained by regr ession for effec tive precipitation. 
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from day to day and season to season. The correla ­
tion between variables at different points tend to de­
crease as the time i nterval of observation decreases. 
Also, basically due to synoptic factors. corrolation 
decreases with an increase of distance between points . 
Precipitation inter - station correlation coefficients are 
generally higher when produced by broad scale atmos­
pheric disturbances rather than localized convective 
phenomena, and this is indirectly reflected in runoff. 

For shorter periods such as a day. a week. 
or maybe a m onth , the synoptic facto r s may be the 
dominant cal.lsal factors of high or low inter-station 
correlation coefficients. depending on the type of dis­
turbances. Recent integratious of the dynamic equa ­
tions of the movement of an atmospheric ai r mass 
show that after a short tinle the state of the air mass 
changes and the new state becomes independent of the 
initial conditions. The new state may develop in a 
short period of time while the air mas!:! is either 
stationary or in motion . If the rur mass is moving 
while' changing to a new statt' wh ich is independent of 
initial condi t ions , thcn the intcr-station correlation 
coefficients for the precipitation variablc, for exam ­
ple. will become less significant as t he di!:ltancl' in­
creases between points wherc the variables are meas­
urp,d. The ratc> of decrease of inter-station correla­
tion coeftic lenu; would b ~' dependent upon the rate of 
movement and th!' rate of change to the new independ­
ent state. However, when the interval of observation 
is a year as in this study, the dominant calJsal factors 
arc likely to be the climatic element s . One would ex­
pect many of the synoptic factors contributing to 
lower correlations to be masked and/ or smoothed for 
larger time intervals of observation and the resultant 
correlation cocfficients between variables at different 
points to be much higher than for coefficients from I 
shorter intervals of observation. 

The studies by St enhouse and Cornish [ 1958]1 
and Cornish, Hill and E vans [1 96 1] have indicated lor , 
6-day and monthly totals of precipitation that the de - 'I 
gree of correlation shows a definitely great~r perSis ­
tenc e in one direction . T hey found that the lsoplethS 
of equal correlation coefficients were generally ellip­
tic in shape. The same form of results are expected 
for annual precipitation and annual effective precipita­
ti on. In the cited studies , the authors worked with 
Fisher ' s z-transform, Z "' tanh- I r, where r is 
the inter-station correlation coeffic ient. They used 
the z-transform because it is normally distributed. 
No transformation is used in this study. and the sur­
face is fitted to the computed values of the inter - Sla­
tion correlation coefficient, r. 

In the region covered by this study , various 
factorl:i act to produce precipitation in its several 
forms . Five primary factors arc: (1) source­
moisture paths, ( l) topography, (3) convergence, 
(4) fromal activity, and (5) convection. T he general 
effects these factors have upon areal patterns of 
correlation coefficients arc considered further in the 
order listed. 

Source of Moisture Paths. -- The principal 
sources of mOisture that is eventually precipitated 
over t he continents are the oceans and the seas. How ­
ever, this fact was not fully accepted as late as 194 3 
when Horton [ I 943 J stated that little or no vapor of 
truly oceanic origin may ever find its way to the 
small feeder streams at the headwaters of the larger 
rivers such as the Columbia, the Colorado. and the 
Mississippi. Through the analysis of the information 
from upper air soundings, meteorologists concluded 
that great amounts of water vapor move across the 
continents from the oceans and that vapor supplied to 
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the atmosphere by evapotranspir atlOn from the con· 
tinent is quite small in comparison. 

From a study of the MissiSsippi R iver 
BasIn, Benton, Blackburn and Snead [1950] co ncluded 
that 100 inches of the 146 inches of water that flow 
over the basin as vapor can be attributed to maritime 
air masses. They further state lhat about 85 percent 
of a U precipitation is derived from water vapor of 
direct oceanic origin. Bannon, Matthewman and 
Murray [196!] indicated that the direction of flux of 
water vapor over the United States and Southwestern 
Canada varies through the year. The winter flux is 
generally west to east over the entire area, but in the 
summer the west to east flux stagnates over the United 
States and gives way to a vapor flux from the Gulf of 
Mexico which flows northward into the midwest and 
then turns northeastward to flow over the Atlantic 
Ocean. Benton and Estoque (1954] summarized the 
situation by pointing out that there are two well de ­
fi ned paths of moist ure inflow over North America: 
( I ) a strong south to nor th to northeast from the Gulf 
of Mexico and (l) a quite dICfu8e westerly flow from 
the Pacific Ocean which is centered at approximately 
SOON. 

By schematically representing the Sources 
either as point or infinite line sources in the general 
circulation, one can reason about the effects upon the 
areal patterns of correlation coefficients. The gener­
al circulation will tend to form moist ure !lux lines 
from the point source in the fas hion shown in fig. 5. 

.~".""" 

Fii. 5 P oint moisture source. 

The flux lines will tend to vary in direction as the 
ieneral circulation shifts its direction. Furthermore . 
the moisture will diffu6C laterally from the flux paths 
a s the distance from the source increases . Precipita · 
tion will generally be expected to be produced over 
limited areas by small disturbances in the main flow 
of moisture, moving with the general circulation. 
Thus, one would expect the correlation to be greatest 
along a line parallel to the general circulation for two 
reasons: ( 1) the moisture available for precipitation 
decreases laterally to the circulation; and (l) the 
precipitation becomes more erratic toward the fringes 
of storm cells . The stations in the path of the storm 
cell will receive the benefit s of s torm center passage . 

The pattern of inte r-station correlation 
changes in the case of a line source which schema­
tically represents the ocean. If one considers the 
source infinite in length and of constant streniflh, the 
correlation would be expected to be strongest lateral · 
ly to the flux of moisture (Fig . 6). This is based on 
the assumption that storms over the period occur 
uniformly in the lateral direction. Correlations 
along the path of the flux would be less because the 



availability of moistur e varies more with the circula­
tion than laterally. This results from moisture being 
depleted irregularly by precipitation along the path of 
th e circulation. The schematic line sou r ce comes 
nearest to depicting the actual situation, but the 
assumption of a constant line strength does not actu ­
ally occur because of continental int errupt ions and 
circulation intensity variations. The strength of the 
circu lation and the moisture conte nt of the atmo sphere 
in motion a re constantly changing along the line. The 
lateral variability of this strength and moisture con­
tent, changes in the direction of the circulation, and 
the areal variability of storm occurrences may shift 
the higher correlations parallel to the moisture flux 
once again as in the schematic point source. 

t I 
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F ig . 6 Line moisture source . 

TopographiC Effects . -- The r emaining 
four factors will tend to change the orlentatlOn of the 
axis of maximal correlations from its parallel orien ­
tation to") the path of the general moisture flux . Topo­
graphy will likely have a large influ ence upon the 
direction of maximum correlation. A high mountain 
r idge perpendicular to the general flow o f water vapor 
presents a barrier 'Which will lift and c ool the moist 
air. This may result in precipitation which is quite 
uniform along the barrier, but less uniform as the 
distance from the barrier increases . Thus, oro­
graphic effects may tend to rotate the a xis of strong ­
est correlation 900 to the gene r al moisture path . 

Convergence Effect. -- When convergence 
results in the lifting of ai r maSses on broad scales , 
general precipitation m ay fall over a large region . 
For convergence precipitation to occur, la t eral 
movem e nt of air masses need not occu r as requ ired 
for orographic or frontal precipitation. Convergence 
precipitat ion te nds to sustain higher correlation in 
prec ipitation in all directions for long distances . 
Dominance of convergence storm s would override the 
orienting effects of the other elements • . 

Frontal Effects. -- Frontal activity will 
tend to have a s trong innuence on the urientation of 
the major axis of corr elation. A front will act 
similarly to an orographic harrier. The effects are 
complicated s ince the barrier is moving and chang­
ing its orientation, and storm cells tend to be 
carried along the front by the i"eneral circulation. 
Fronts of West ern North America are oriented gen­
erally in a southwes t- northeast direction. Storm 
cells traverse generally f rom the southwest to 
northeast along the front . The resultant storm path 
is approximately e asterly (F ig. 7) . Stenhouse and 
Cornish [1958) have pointed out that "t he two main 
features of re levance in this case are as follows : 
( 1) slope of the frontal surface which depends upon 

the temperature diffe r ence at the interface of the two 
air masses, slope varying inve rsely as the tempera­
tur e difference, and rainfall varying as the slope; 
(2) volume of ai r uplifted, which varies as the 
pressure gradient, the resultant rainfall varying as 
the volume of air." The slope of the fr ontal surface 
and the pressure gradient decrease s SOuthward a long 
the front (Fig. 7). The assumption is th a t the proper­
ties of the air mass remain constant ahead of the 
front. 

Thus, correlations in the amounts of pre­
cipit ation will tend to be stronge r along the front than 
perpendicular to it. Stenhouse and Cornish [19581 
point out, however, that the temperature differences 
between the ai r mass es and the slope of the front 
varies irregularly along the front as it moves over 
land, and that t his tends to reduce the cor relations 
along the front. The addition of the storm ce ll move­
ment strengthens ocorrelations along the front , but 
r otates the axis c lockwise from the front al dirt'ction. 

Fig. 7 Resultant frontal storm path. 

Convection Effects. -- Convection storms 
are usually s mall and very localized . Their occu r­
r ence tends to be random in time and space . Thus, 
their general effect is to reduce the correlations in 
all directions. 

process as "an important 
quantity r ather simply as the percent age of 
pr ec ipit ation fa lling within a basin that actually runs 
ofr. tI This runoff effici(:ncy will vary with climate, 
the major parameter of climate being the temperature . 
Julian concluded that evapotranspiration processes 
are more efficient at higher temperatures , therefore, 
runoff efficiency is lower at higher temperatures . 
Schleusenerand C row [ 196 11 presented some rough 
approximations for that portion of (he observed pre ­
cipitation which is lost to evapotranspi r ation in the 
Colorado River Basin. The e nti r e watershed loses 
over 80 percent, the area below 5000 feet loses over 
90 percent , and the are a above 11,000 feet loses less 
than 2:0 percent . Other basins show similar results . 
Note that the percentage is les s for higher e levations 
where the evapotranspiration processes are not RO 

active, whe re the total precipitation is increased, 
and where the infiltration capacity it; usually smaller 
and the basin s lopes much steeper. 

Some insights regarding the r egional dis­
t ribution of inter - station cor relation coefficients 
about a point may be gained from a conSideration of 
eq. 2: . 3, EP " P - E . Evapotranspiration has a 
varying influence upon the amount and timing of run ­
off. The effective precipitation represents the dif­
ference between the large amounts of precipitation 
and evapotranspiration. For the whole Color ado 
River Basin, the effective precipitation is relatively 
small , 20 percent of the total precipitation. The dif ­
ference, (P - E), may be quite small in arid o r 



semi-arid a nd large for humid areas . 

The variance of effective precipitation is 
dependent upon the variances of P and E and their 
covariance, 

varEP • varP + varE - Z covP E 3. I 

Since 

'PE 
covPE eq. 3. 1 may be 

(varP varE)'h 

written as 
. lV, 

varEP " va r P + varE - Z l{varP) (varE) ~PE ' 3. Z 

The cross-correlation r p E is generally positive but 

les s than unity. The r el ationship of variations of EP 
and P is greatly dependent on the variation of E 
and the corre lat ion coefficient between P and 1::. 
Therefore, the evapotranspirat ion factor may make 
the difference between the patterns in the spacial 
cor r elation coeffic ie nt of precipitation and effective 
precipit ation to be significant. 

Julian wrote [ 1961] that "the temporal 
variability of runoff exceeds eithe r that of precipita ­
tion or evapotranspiration because it represents the 
relatively small differences bet ween the latter much 
larger quasi-independe nt quant it ies." In this study, 
e,Iiectivp precipitation is essentially equivalent to 
runoff as used by Julian Since, for most basins, the 
change in carryover IS sma ll. Thus~ 1t is concluded 
that , generally, the tcmporal variability of annual 
runoff is gl"eater than that of annual prec ipitation. 

Assuming that the evapotranspiration rate 
is esse ntially homogeneous over areas the size of the 
fitting blocks of this study. the axis of maximal <':01"­
relation of e ffective precipitation should be influenced 
by evapotranspiration in a way similar to the influ ­
ence of the mOistu r e flux upon precIpitation. Evapo ­
t ranspiration contributes moisture t() the atmosphere 
wh ich augments the source moisture present and 
should bt' concentrated downwind . Evapotranspira­
tion r atte'S are inversely proportional to the m oisture 
prese nt in the atmosphere. and the losses of water 
should be reduced downWind. P reclpitation should be 
augmentcd downwind by moisture from evapotrans ­
piration, but only to a small degree. T he aX1S of 
m inimal correlation should be transve rs e to the 
winds since tht' intensity of the winds will vary later­
ally and evaporated moi stu rt' wi ll be diffused laterally . 
The evapotranspiration processes Will generally tte'nd 
to change the inter-s tation correlation coeff icients of 
effec tive p recipitation in comparison with those of 
precipitation, 

<I. Combined Effects of the Causal Factors. 
Many factors discussed in this chapter arp. operating 
simultaneously . When using a long period variable 
such as the annual values in this study, the various 
effects tend to offset or add together either to pro­
duce isotropic effects or to accentuate the ellipticity I 
of the isohnes of inter-statIOn corre latlon coeffiClent s ' l 

As seen in Section 3, the axis of maximal 
correlation for the EP variable should be downwind. 
Evapotranspiration moisture is more closely tied to 
surface winds than to the general circulation. This 
should creat e some difference in the orientation of 
th e maximal axes of correlation in precipitation and 
effective precipitation. 
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Ce rtain sections of the study r egion r e ­
ceive moisture from predominantly one source the 
whole year . The Pacific Northwest receives most of 
its m oisture from the North Pacific Ocean, and the 
Gulf Coast area and the lower MissisSippi River 
Basin receive their moisture mainly from the Gulf of 
Mexico. However, the a r eas in Ari~ona, New Mexico, 
Utah, and Colorado west of the Continental Divide re­
ceive large portions of moisture from three sources 
(dir ections) : the North Pacific Ocean , the Sout h 
P acif ic Ocean. and the Gulf of Mexico. The area in 
the northeast section east of the Continental Divide 
receives significa nt moisture from the North P acific 
Ocean and the Gulf of Mexico . 

The moisture flux f rom these differ ent 
s our ces arrive over the various regions at different 
times of the year. Marlatt and Ri ehl [ 1963J stressed 
that the period of maximum p r ecipitation for San 
Francisco, California, in the P acific Coast is in the 
winter month s, that Denver, Colorado, east of the 
Rocky Mountains receives its maximum precipitation 
in the spring and su m mer, a nd that the Upper Colo ­
rado River basin which lies betwecn the above cities 
receives its precipit ation rather uniformly throughout 
the year . The axis of maxim al correlation for the 
precipitation variable would tend to align itself with 
the seasonal flux of moisture. Equally influential 
moisture sources arc likely to create a near iso­
tropic situation. The further investigation of i nter­
station correlation coefficients using the sem i-annual 
variable s (or other diviS ions of the year) of effe ctive 
precipitation and precipitation should indicate the 
re la tive influence of the different moisture sources 
and give further insight into the varying effect s of t he 
factors discussed earlier in this chapter. 

Should studies s imilar to this study be con ­
ducted using shorter period variables, it is suggested 
that the yearly period be first divided on the basiS of 
the periods influ e nced by different moi s tu re sources . 
The periods do not have to bl:"of equal length but should 
begin and end with the change of moisture source. For 
example , the area of Arizona, Southern Utah, New 
Mte'xico, and Southern Colorado west of the Continental 
Divide receives near equal amounts of precipitat ion 
from the Gulf of Mexico in the summer and the North 
Pacific Octe'an in the winter. The period of intense 
flow of Gulf moisture is fairly well lim ited to the 
period June through September. Each y ear might be 
divided into two periods with June through Sept ember 
for one and the remainder of th e year ' s precipitation 
for the other . Although it would require more work, 
each year could be subdivided individually considering 
the period actually known to receive dominant mois­
ture amounts from the different sources, or a statis­
tically det ermined mean date for the change from one 
source to the other cou ld be used to facilitate research 
data collection. 

The shortening of the period of observation 
could show a closer relationship between the a xis of 
maximal correlation and the path of moisture flux in 
t he case where the region has two or more primary 
sources of m oisture. 



CHAPTER IV 

The surface fitting of the type utilized i n 
this study is a standard technique. The surlaces are 
fitted to the computed inter - station correlation co­
efficients by the method of least squares. The teeh­
niques employed are analogous to approaches used i n 
the investigatiOns of chemical processes and in the 
analysis of geophysical and meteorologic data. There 
is extensive lite rature on the subject in the s e areas, 
and the general approach seems quite adaptable to 
hydrologic studies . 

1. The Math ematical Model. This section is 
devoted t o a discussion of the ge neral theory of "re­
sponse su r faces," th e use of the method of lea st 
squares , and the tests for goodness of fit. The dis ­
cuss ion follows closely that given by Box [1954] . 

An investigator is concerned with the deter­
mination of several aspects of a functional r elation­
ship 

4 . 1 

which connects the "response" Y with n other 
quantitative variables or fac tors . For two factors , 
the response function i8 three-dimensional, and th e 
term "response surlace" is applied. T he response 
surface is generally assumed to be some sort of 
mound or depression 80 that the response levels can 
be represented by contours as in fig. 8 . 

• x 

• 

Contours o. 
Respon!.e 

Value at X. 

Fig. 8 Response for two factors . 

In hydrologic investigations, the response 
may be explored by fitting som e preselected function 
suffiCiently flexible to describe a set of selected data 
points and the observed r esponse values a t those 
points. T he indepe ndent factors wi ll often be the map 
coordi nates, and the dependent variab le will be the 
response being studied . 

A form of the response funct ion found gen­
erally suitable in geophySical "trend surfa ce" analy-
8is is 

4. ' 

1Z 

T his form may be fitted by the method of least s quares . 
USing this techniqu e, the est imates ao ' at, a Z' a 3, 

a4 and a
5 

of 0- 1, o-z' OJ' 0-4 and 0-
5 

are deter­

mined in such a way that the sum of the squared dif­
ferences between the observed values and those pr '!­
dicted by the fitted equation is the m inimum . 

The sampling error variance 5/. is given 
by the equation 

, ' . • 

N 
E 

i= 1 
\N-q 4. 3 

whcre Yi is the observed va lue , Yl is the predicted 

value , (N - L) is the number of degrees of freedom. 
and L is the number of parameters in eq . 4 . Z. If an 
"a priori" value of s/ is known. the sample esti­

mate from eq. 4. 3 allows the analyst to obtain some 
kno wledge of the goodness of fit of th c postulated 
equat ion. 

In the C3J:le where there is no "a priori" 
knowledge of the sampling error variance, the percen­
tage of the total variation explained by the regression 
function may be utilized in conjunction with observed 
deviations from the regreSSion function to evaluate the 
goodness of fit; 

where 

N 
1: (Y . _ y)l 

Ci~OI'---' ________ x 100 4.4 

1: (y . _ y")l 
i = 1 1 

Evar is the value in percent, y is th e mean 

and the other terms are the s am e as defined 

above. An explanation of 50 percent of the variation 
(a coeffic ient of determination of O. 5) seems a rea­
sonable a cceptance level for a regreSSion m odel. The 
corresponding correlation coefficient is 0. 707 . How­
eve r , this alone should not be used for final accept­
ance. The deviations from the regression function 
should be studied for systematic patte rns or features 
not explainable by natural processes . 

The tot al rc.sponse must also be considered . 
Regressions approximating small por t ions of a l arger 
medium may give very Iligh coeffi cients of determi­
natio n, but when the continuous mediu m beyond the 
bounds of the fitted region are considered, the result ­
ing regression becomes completely unrealistic. 
F igure Il is an example of this, and fig. 18 shows the 
surface produced by the selected function of this 
study. 

Z. The Selection of the RegreSSion Function. 
Ver y lit tle is known abou t the areal or r egional varia­
tion of the inter -station correlation coefficients with­
in the variables of annual precipitation and annual 



effective precipitation . E xper ience has shown that 
values of correlation coefficients generally diminish 
with distances IGate wood a nd other s , 1964 ; J ulian, 
196 11. However, nothing was found in the literature 
about the physical pr ocesses of precipitation and run­
off that pointed to a mathematical function which e x­
plains the regional variation of inter- station corr ela­
tion coefficients about a central station. F ur ther 
studies of the factors discllssed in Cha pt er III which 
act to vary the degree of the correlation in the va ria ­
bles studied might lead to the determination of a phys­
ical mathematical model, but that wa s beyond the 
scope of this study . The physical mathematical func ­
tion should be used when a vailable . although a n 
empirical function might explain a great er percentage 
()f tht' regional variation . Not having the phySical 
mode l in this case' meant that a s uitable em pirical 
function hat! to be selected . 

P r evious stu dies us ing correlation coe ffi ­
cients of rUlloff and precipitation data have shown 
eO llsid(:ruIJic: variation in coefficient values caused by 
localiz(>d hydrologic factors and inaccuracie s and in ­
cO ll sistellcies in the' data. The need o f a s im ple 
function to act as a smoothing function more repre ­
scntativ(~ of the gradual ever- changing atmospheric 
anti hydrologic processes is assumed . ExceRSive de ­
viatiurts from th~ smoothing function s hould b~ ex ­
plainabl(> by localizer.! phenomena. T his is not always 
I}()ssibl(·. Furthermore, ont: should not try for an 
accuracy that cannOl be achieved or JUStified consider­
ing the accuracy of his r~search data. 

Some preliminary studies of correlation 
co('fficients from station data along selected m e rid ­
ianl:i and parallels of latitude were particularl,Y help­
ful in giving clues to the form of the function (Figs . 
!J and 10) . Thr~e or lour stations which a r c indicated 
by the double circles were sdected along each line, 
and the inter-station correlation coefficients were 
computer.! from thl' data 01 each of the four stations 
with the dato of all other stations along the line . T ht' 
sta1ions did not fa ll ('xaetly upon the line, but the 
largest portion fell within a distance of ±" 0. 5° of 
latitude or longitude f rom the line . Wh~re the sta ­
tions are sparse. some selections were m a de th a t 
fe ll as far as ±" 1. 0 from the line . The r esulting 
set l> of coefficients wert~ plotted at thei r respective 
s t at ion locations on each line. In addition, the pro ­
file of the topography was plotted for each line . 
These plots indicate th at the coefficie nt s dec r ease 
with distance and approach ze r o, fluctu at ing r a ndom ly 
about ze r o beyond some distance. Some exceptions 
arc noted, but when they are related to the 1-opography , 
most of the exceptions can be explained. T he line 
plots definitely show the same fo rm of change in both 
the west - east and the south - north di r ections . The 
form of the change appear s to be e ssentially sym­
metric in opposite directions f ro m a station. 

lsolines of inter- station co r relation coef­
fic i ents about a station s how a defi nite e lliptic form 
in m ost cursory plots . Therefor e , ther e are indica ­
tions that the r ate of decrease of the cor r elation coef ­
fi cients with distance from the st ation varie s with the 
-di r ection a nd that this variation changes ac r oss the 
study r egion. T hus , a function is needed whose slope 
cha nges with di r ection and which is a pproxim ately 
symmetrical about the cent r al station on a given a xiS. 
A c om par ison of the rat es of de crease of the coeffici ­
ents along the pe r pe ndicular parallels of la titude and 
m e ridians s ho ws pronounced diff erences i n the r ates . 
Thi s contrast i n the rates of decr e a se and a considera­
tion of the factor s discus s ed in Chapter III indi cate 
that the axes of t he maximal and minimal correlations 
are like ly orthogonal. 
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In sum mary the surface should : 

a . Be simple to e ffe ct a s m oothing 
ore ration; 

b. Be symmetric about its origin on any 
axil>; 

c. Have orthogonal major and minor axes; 
and; 

d. Produce surface contour lines that may 
va ry from circular t o e lliptic a nd even 
to a ridge form if the local surface fit 
requires it. 

From the line studies alone, it is not pos ­
sible to determine whether a section th r ough the sur­
face looks bell - shaped (norm a l curve), triangu lar 
(linear change with dis t ance), or cusp al (negativ(> 
exponential) . but the additional more s pecific c r iteria 
must be added at this point : 

a , The maximum respo nse s hould be a t 
Y (0 . 0) . Y (x. y) '5 11.0 1 ; 

b. Within the limits of the control b lock, 
the function should b e positive a nd de ­
creasing; and, 

c. Y (0, ! co) • Y h co. 0) • O. 

T hat the response be zero at its infinite bounds is not 
out of order if the small positive and negat ive correla ­
tions (not significant) at e xt reme dista nces are due to 
chance . 

F unctions sim ilar to th e be ll- shap ed nor­
ma} curve exhibiting the general and s peCific criteria 
outlined are: 

. - (azxZ + a3yZ + a4 x y) 
4. 5 " ' 1' 

" (a l + " Xl+ a
3

y1+ a
4 

x y) - I 4 . 6 

whcre ur I.''' is the r esponse or the est im at e o f the 

inter - station correlat ion coeffi cient for a given dis ­
t ance and di r ection and where x a nd yare t he ca r­
tesian distan ces for the control b lock a s defined in 
Chapter II, Section 6 (Fig. I I ). T he term s a i ' a Z' 

a
3

, a nd a4 are the estimates of the regr ession co ­

efficients . The specific criu:ri:J.an:' satisfie:d ifa l • I ; 

a Z' a 3 > 0; and a4
1 - a 2 a 3 < o. 

Prelimi nary fittings of variOUS fu nctions to 
the inter - sta tion correlation coefficients within the 
blocks about the block control stations indicated that 
the specific criterion that a l a~ unity causes very 

poor explanations of the variation in the correlation 
coeffi cients . By allowing a l to differ Irom u nity , a 

greater per centage of t he variation was e xpl a ined. 
Ho wever, the average pp.rcentages of the var iation 
explained in test fittings for both var iable s in this 
study were less than o r very ne ar th e 50 percent 
minim um de si r ed for both of the eqs . 4. 5 and 4. 6. 
As ide fr om t he Cact that the s peCific crite r ia are not 
s ati s fi ed, in clusion of highe r de gree t e rm s in x and 
y and linear term s through the absolute values of x 
and y did g ive an increase in the va riat ion expla ined. 
but many o f the re sult ing fitted s ur face s as sum ed un­
reali s tic shapes (F ig . 1 Z). 
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lsolincs of inter - station coefficients for an 
irratj(lr1ai fit (EP- series, NS" 153) 
y " (1. 04- 0 , id + 0, 19dz - 0. 0 1 cos ZO + 
O. OJ sin Z8)-I, 75 . Z5 pcrC l'nt of the varia ­
tion explained by regression (fitted to the 
data of fig . I) . 

Since the trial results using eqs. 4. 5 and 
.. I. 6 wcre not as good as hoped, the investigation was 
focused to other forms for the surface function. 
Three-dimensional polar coordinates are found ap­
propriate for use whcn dircction and distance arc 
prime varlabJl's, and functions investigated were in 
the form: 

4. 7 

· .... hel·(' I' IS the l'eliponse value (z - a:'(is); d is t he • radial dis tance from the control block cent er; and, 
8 is the nOrmal triijOmetric angle (angle from due 
cast line, fig . 11) . Til" ('quaUon 

" 

I' e " a 1 + ald + a 3dz + a4 d cos Z8 + 3
S

d Sin Z8 4 .. 8 

was found 10 be suitable by Stenhouse and Cornish 
( 1958) and Cornish , Hill and Evans [ 1961] in th eir 
work simUar to this study . 

Se ... eral ... arlations of eq, 4 .8 were applied 
to twe nty test blocks sele cted from each oC the P and 
EP variables, since it showed great promise DC 
meeting the objectives. Some of the variations tested 
are: 

Co 

Co 

Co 

c. . 

30 1 + aZd+ a
3
d1 + a4d'+ a 5d cos Z9+ a

6
dsin Z8 

4. 9 

(', + ' -, azd + a
3
d cos Z8+ a4d sin Z8) 4. 13 

(a1 + aZd + a 3d cos z •• a4d sin ZO) 
-, 

4 .. 14 

- (aZd + a
3
d COS z. + 3 4d sin Z9) 

" 0 4 .. 15 

l::quations 4. 9 through 4 . IZ were rejected because the 
shapes oC the surfaces near a nd outside the bounds of 
the control block were often unrealistic even though 
thpy explained more of the variation in the correlation 
coefficients. Equation 4 . 13 showed a smaller per ­
centage of e:-.:plained variation than eqs . 4 . 14 and 
4 . 15 • 

Equations 4. 6 , 4 .. 14, and 4 .. 15 showed 
Similar applicability . Comparative figu r es are gi ... en 
in Table I. Overall, it is apparent that eqs. 4. 14 and 
4 .1 5 are better suited than eq . 4. 6 . The e:-.:plained 
variation is lowe s t for e q. 4. S, and its maximum 
values do nut approach the theoretical value of unity 
within reasonable limits. In the case of effective 
preCipitation, eq . 4 . 15 seems better than eq . 4 . 14 . 
This choice for the pr eCipita tion variable is not that 
:l.pparent . The explained variation of eq . 4 .. 14 Is 0. 89 
percentage points g reater. The num ber of maxi mum 
values greater than 1. 0 fa vors 4. 15 three to one. 
But , eq. 4. IS thereby sacrifices a higher average 
maximum va lue. 

The choice of either eq. 4 . 14 or eq. 4.15 
would serve the purpose of the inqui ry concerni ng th e 
correlation coefficients of precipitation. Equation 
4.1 5 was chosen for the study DC precipitation correla­
tion coefficients because of easier direct comparison 
between the two variables, P and EP, and because 
of its mathematical simplicity, 

3. Selected Function and Its Characteristicl>, 
The fUllction uuhzed IS eq. 4 . 15. T his function is 
linear in d, symml::tric about its major and minor 
axes , and alwlLys poSitive for any va lues of a z, a

J
, 

and a4 if 30 1 > O. The major axis may be found by 

maxim izing the r ight hand sIde of the equation in 9. 
F irst , by conve rting to logarithmi c form, eq . 4. 15 
becomes 



In r e • ln a l ~ (a Z + a 3 cos Z6 + a4 sin Z6)d 

which r e duces to 

lnal-lnr 
d e = a Z + a

3 
cos Z6 + a

4 
sin Z6 . 

4.1 6 

4.17 

The maximization of the right hand side of eq. 4.1 7 
glves 

d t,n., ~ 'n r e 
de 

,. -Za
3 

sin Z6+ Za
4

cos Z6: 0 , 
4 . 18 

Solving for 6, one obtains 

• • , 
2 arctan 4. 19 

Because of the selection of terms and the manner of 
fitting, t he axes of maximal and mini mal correlation 
will be at right angles . 

The a ngle 6 is measured from the east 
r adial and may be readily convert ed to an azimuth 
angle,~, The rate of change of the correlation coef~ 
fic ie nt with distance at any point on t.he su rface is 

- "d 
- lJ e ,.. 4. ZO 

where IJ '" a Z + a 3 cos ZB + a4 sin ZB . The term 

IJ evaluated for 6· Bmax and B" (Bmax + 'fr/Z) 
wi ll g ive the coefficients C I and C z which are con ~ 

stant for the cross - sections a long the major and minor 
axes. T he coefficient s eland C Z serve as su rface 
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paramet ers showing th e rates of change of the correla~ 

tion coefficients along the major and minor a x es , 
r e s pectively . T he ratio of C t divided by C z serves 

to show the degree of ellipticity . The correla tion 
along the maximal axis increases with distance rather 
than decreases if C t < 0, and the isolines of cor -

relation coeffi cients are no longer closed contours . 
When both C I and C z are negative , the s urface 

becomes a closed depression wh ich will have closed 
contours . The equations for C 1 and C z are 

The four r egression coeffiCients , at, a z ' 

a 3, and a
4 

are determ ined by the method of least 

squares and from these the four descriptive para­
meters of the surface are obtained. T he parameters 
are: 

a . ~,the azimuth to the major axis; 

b . C I ' parameter for the rat e of decrease 

for the major axis; 

c . C Z' parameter for the rate of decrease 

for the minor axis; and, 

d. Rc"' C I/ C Z' parameter for the degree 

of ellipticity . 



CHA PTE R V 

COMPUTATIONS AND PRESE NTATION OF RE SULTS 

The pr ocedure a nd te chnique s use d in 
com pu ti ng the various coefficie nts and surface pa r a · 
m et e r s are det ailed in thiS chapte r . The m a nner of 
thei r presentation in the several figu res is also in­
dicat ed. 

1. Control Block Inter- station Corr elation 
Coeffi cie nts . Each station in both sets of var iables, 
annual precipitation (P ) and annual effective precipita­
tion (E P ), is used a s a ' 'block control s tation" (BCS) , 
whi ch i s at the cente r of the square area su r rounding 
it . T he int e r- s t ation correlation coeffic ients arc 
computed between the data of the BCS a nd t he data of 
all s t ations within the bounds of the cont rol station 
block using eq . 1. 1. T he variables used for these 
com putations are more specifically defi ned here than 
was done in Chapter I , Section t : 

N 

represent s the observed a nnu al values 
at the SCSi 

repr esent s the observed annual values 
at the other stations as their station 
series are correlated one a t a time; 

is the number o f paired observations 
(N is less than or equal to th e minimum 
lengt h of the tim e series r ecords of Xi 

and Y i depending on the chronological 

coincidence s of annual observations); 

is summed over the N numbe r of 
chronologically matched pairs of 
Xi and Yi· 

T he BCS correlated wi th itself gives an inter - station 
corr elation coefficient of 1. O. The number of coef­
ficients in a block is equal to the total number of sta ­
tions in the block . 

A minimum number of nine stations per 
block was established to assure an adequate number 
of values to maintain a smoothing effe ct. The width 
of the block was allowed to increase until this number 
was included . Block s izes range from 5 to 7 uni ts 
(a unit e quals 60 nautica l m iles) fo r effective pre ­
cipitation and from 5 to 6 units Cor precipitation. 
Only It 39 out of the 114 t precipitation station control 
blocks included enough stations for a su r face fiu ine. 
All 446 of the effective precipitation station control 
blocks contained the minimum number of stations . 
The com putations of the inter - s tation corre lat ion 
coefficients for each selected SCS were done by digi ­
tal computer and stored on magnetic tape for use by 
t he su rface fitting program wh ich was ut ilized in the 
next stage of the computations . 

2. Subdivision Inter-station Correlation Co · 
effic:ients. A secondary computation. performed at 
the time the BCS coefficients were dete r mined: eval ­
uated all possible inter - station correlation coeffiCients 
for certain gross subdivisions . At the same time , 
the dist r ibution (and its par a meters) wer e calculat ed 
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for the coefficients of e ach subdi viSion. 

Precipitation Gross Subdi visions . -- T he 
g ross subdivisions for which these computa tions 
we re performed are shown in fig. 13 Cor precipita ­
tion. The statistics for the resu lting f requency dis ­
t r ibutions of the coeffi cientS a r e also given on these 
figures . Two other samples of precipitation data 
wer e also used: ( 1) the set of 235 stations that was 
s elected fo r us e in the line studies of inte r - station 
cor relation cOefficients (Ch ap. IV, Sect . 2); and 
( 2) a group of 4 72 precipit a tion s tations for which 
da ta was collected but whose stations we re not in­
cluded in the study sample. The two latter samples 
are f rom the study region. The 235 · station set is a 
subsample of the pr ecipitation sample selected lor 
this study . The 472 - station sample represents those 
stations meeting all the selection cr it eria imposed 
upon the preCipitation s t ations selecte d fo r this s tudy 
except that t heir recorus were considt:red to be incon­
sistent . The stations of the 235 · 5tat lon subsample 
wer e selected f rom a band along the parallels of 
latitude and meridians o f the line study, and th ere · 
fore, the stations are not uniformly distributed over 
th e r egion. Ho wever, the 47Z-station sample has its 
stations reasonably uniformly distributed over the 
study region. 

E ffective Preci it alion Subdivisions. ·- The 
matrices 0 lOter - station corre ation coe cents are 
computed for all the gross subdivisions and the total 
sample for the etfective precipitation variable. T he 
gross subdiviSions are shown in fig. 16 . The statis· 
tics of the frequency distributions of the coefficients 
from each subdivision are also shown on these fivur('s. 

Dist ribut ion of the Inter - station Correl a tion 
Coeffi cients . -- The f requency diStributions or the co· 
efficients resulting from th e computations for each 
subdivisions and the other s amples are given in figs. 
14 and I ~ Cor the precipitatiOn variable and in f ig. 17 
for the effective precipitation variable . The 472 - sta · 
t ion sample distribution is referred to as " Pl" in fig . 
15. The statistics oC the frequency distributions for 
the 235- station and the '; 72.-station p recipitation sam · 
pIes and the total effective precipitation sample are 
also given 1n these figures . 

3. Surface F itting Procedure. The basic 
program used to lit the selected function to the pre · 
viously computed coeffiCients of each BCS in the IBM 
1620 Users Group Library Proeram , N"umber 6. 0.134, 
entitled "Non-linear Least Squares Curve Fitting 
P rogram , " by Geo r ge Struble . The program fi ts a 
finite number of pOints with a function of arbitrary 
non- linear form in the least squares sense . The 
num erical met hod used is that of Ne wton iteration 
from a first guess at the coeffiCients in the function. 
Each iteration linearizes the function at the current 
e stimate of the coefficients. The progr am is capable 
of handling an unlimited number of observations Cor up 
to eight independe nt variables and one depende nt 
variable . Functions may be used With. at most, six 
coefficients. The Newton i teration method does not 
a lways conve r ge for all func tions and all initial guesses . 



According to the IBM library write -up of the program, 
the accuracy of the surface fit is highly data-depe nd­
ent, and an "a priori" analysis of errors would be 
quite diCCicult . However, a round- off errors will, in 
general , be mu ch less than the err ors in the raw data. 
Deviations f rom a perfect fit of the function will like ­
wise be much less than the deviations of the fitted 
data. This program was utilized throughout the ex­
plor atory and final fittings because of its generalized 
nature. The exact solutions fo r the selected function 
would have r equi r ed the writing of a new program. 

A complete fitting of the s urface fun ction is 
made to the points of each BCS of both variable s (P 
and EP). The independent variables of the fitted 
function (Eq. 4.15) are d and 6 as defined in Chap­
ter IV, Section 3. T he depe ndent vari able is the in­
ter-st ation correlation coefCicient. T he following in­
formation is also produced by the basic program for 
the function fitted: 

a. T he inverse of the matri x of the 
function coefficients; 

b. The variance of the deviat ions from 
the fitted function; 

c . T he final estimate s of t he coefficients 
of the fitted func tion (a

1
. a z• a 3 and 

a4). and 

d. The standard err or of estimat e of 
each of the coeCricients of the fitt ed 
function. 

A typical example of the r esulting f itted su rface is 
shown in fig . 18. 

The coeffi cient s and paramete r s ~, a i' 

al • C 1. C Z' and Rc were summarized for display 

of their regional variation. The first step was to 
find the average values of the estimated regression 
coefficients, a i' aZ' a 3, and a4 , for block control 

st ations falling in the non-overlapping areas having 
dimens ions of ZO latitude by ZO longitude. The sum ­
marized coe fficie nts a nd parameter s were then com­
puted by equations 

6 ' • .!. arctan a '. ,. '3 max L 
5. I 

C ' · ' , , , 1 a z + a 3 cos Z6 max + a 4 sin Z6max 5. Z 
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, , , , 
C Z' ·Z+ a 3 cos Z( 6max + ./ Z) + 

+ a~ sin Z(6~ ax + 'ltf Z) 5.3 

, , 
Rc C~/CZ 5. ' 

whe r e the prime ( ' ) denot es the average value of each 
coefficient and the pararp eters computed fr om them . 
Tpe average azimuth, 0, is readily converted from 
6m ax' 

Maps were drawn for the study region with 
the summarized values placed at the center of each 
ZO by ZO area . Some plotting point s fall outs ide the 
r egion bounds. If summary areas did not include 
BCS locations , no values wer e p lotted at those points. 
The r esu ltin,lZ isolines were drawn to depict the 
regional vari ation of those coefficients a nd para­
meters displayed except fo r 0' and R '. The , c 
azimuth, ~ , is shown by a line throu!l'h the plotting 
point, and the degree of ellipticity, Rc • is written 

at the point and visually displayed by a shaded ellipse 
whose ratio o f minor to major axes approximates the 
~~~~~e':!. R~. These maps are found in the followi ng 

, 
The s ummariz ed values of a 3 and a4 

a re given in tables Z thfough 5. Thes e values along 
with values a '\ and a z taken from the appropriate 

maps m ay be utilized to compute the surface for any 
summary area. The su mmary area plotting points 
are listed by rows and columns as shown on fi gs. Z5 
a nd Z6 . 

F igure 19 shows the distributions of the 
computed reg r ession coefficients a i' 8 Z' a 3 and 

a4 for the precipitation variable. Figure ZO shows 

the corresponding distributions for the effecti ve 
precipitation variable. Fieure ZI shows the distribu ­
tions of the com puted rate of dec rease parameters 
C I (major axis) and C z (minor axis) for both the 

precipitation variable and the effective precip itation 
variable. 
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N 
~ 

QUANTITY 

A. PRECIPITATION 

Mean of the percentage of the total 
variation explained 

Mean maximum value 

Number of Maximum Values> 1. 0 

G"eatest variation explained (%) 

Least variation explained (%) 

B. EFFECTIVE PRECI PIT ATION 

Mean of the percentage o f the total 
variation explained 

Mean maximum value 

Number of maximum vollies> 1. 0 

Greatest va dation explained (%) 

Least variation C'xplained (%) 

I 

48 . 41 

O. 763 

0 

7 1. 08 

24 . 23 

48 . 39 

0 . 88 1 

0 

74 . 19 

14 . 13 

TABLE 1 

COMPARISON OF FUNCTIONS 

4.6 
Both 

2 Sets I 

5t . 58 5 0 . 00 54 . 08 

0.770 O. 766 0 . 912 

0 0 2 

82.05 82. as 76 . 47 

3. 03 3. 03 24 . 00 

45 , 98 47 . 18 51. 53 

0 , 8 91 0 . 886 O. 961 

0 0 3 

82. t 2 82 . 12 13. 99 

7.85 7 . 85 18 . 78 

F UNCTl N 
4. 14 4. 15 

Both Bo' h 
2 Sets I 2 Sets 

56. 41 55.25 53. 12 55.60 54. 36 

0.902 O. 907 0.875 0.859 0 . 867 

I 3 0 I , 
84 . 74 84 . 74 76. 2 1 85. 0 2 85.02 

10. 16 10 . 16 24 . 25 8.53 8 . 53 

48. 22 49. 87 52. 04 49. 65 50 . 8 4 

0.996 0 . 977 0.94 6 0.972 0.959 

5 8 2 2 4 

15 . 90 75 . 90 75. 2 1 79. 67 19. 67 

11.69 1 1. 69 18 . 02 t 1. 03 1 1. (/3 
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CHAPTER VI 

DISCUSSION AND SUMMATION OF RESULTS 

1. Variation Due to Regression. The selected 
function which wasusedtoexplain the variation of inter­
station correlation coefficient s within the area about 
each block control station has the form (Eq. 4.15) 

-(a
2 

+ a 3 cos 28 + a
4 

sin 28)d 
real e 

where 8 and d are expressions of direction and dis ­
tance, respectively. This function was utilized for 
both study variables , annual precipitation (P) and 
annual effective preCipitation (EP). The average value 
of the variation explained in 1139 fittings of the func ­
tion for precipitation was 57 .4 0 percent. The aver ­
age value of the variation explained in 446 fittings of 
the function for effective precipitation was 59.83 per­
cent. 

The fit seems to be better around the edge 
of the region. This is caused by the lack of pOints to 
one side of the block control station. This increase, 
however, is not of a magnitude to overshadow the de ­
finite trend to better fittings east of the Rocky Moun­
tains . 

The regional distributions of the percen­
tages of variation explained by regression analysis 
(E ) are presented in fig . 22 for precipitatlon and vac 
in fig. 23 for effective precipitation . The percentage 
of th e variation explained in inter-station correlation 
coefficients appears to be more randomly distributed 
over the study region for effective precipitation than 
for precipitation. A continuous expanse of the 
mountainous western United Stat es from central 
California across Idaho and sout hward along the Rocky 
Mountains has less than 50 percent of the variation in 
the coefficients explained by the fitted function. The 
areas for effective precipitation where the variation 
explained is less than 50 percent also li e in very 
mountainous terrain but fall in separated areas . The 
selected function provides a reasonable explanation 
of the regional pattern in inter-station correlation 
coefficients except for the mountainou s areas outlined 
above . 

The frequency distributions of the percent ­
ages of the variation explained by eaeh fitted surface 
are shown in fig . 24. The distribution for effective 
precipitation has a larger standard deviation. Great­
er proportions of the percentages for effeetiye pre­
cipitation are less than 40 percent and greater than 
80 percent than those for precipitation. Apparently 
the several factors influencing inter - station correla­
tions of effective precipitation have greatly diverslty 
of effects over the region. The factors operating to 
reduce correlation coefficients are varying contin­
uously and excentricities favor reductions in correla­
tion rather than increases. Significant changes III 
evapotranspiration and river basin characteristics 
affecting effective precipitation can be greatly local­
ized. Thu s , the tendency for more smaller percem­
ages of explained variations in effective precipitation 
may be explainable by localized extreme deviations 
from the fitted surfaces . 
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The ensemble f requency dis t ributions for 
the deviations from the fitted surfaces for both varia­
bles a re given in fig. 24. Approximately 75 percent 
of thc deviations for P and EP fall within one 
standard deviation of the m ean, but the distribution of 
the deviations for EP has a higher negative skew. The 
greater proportion of coefficients falling much below 
the fitted surface support s the likelihood of more ex­
centricities in th e inte r-station correlation coefficients 
of effective precipitation and supports t he point con­
cerning the smaller percent ages of the variat ion ex­
plained. 

2.. Orientation of the Inter - s tation Correlation 
Surface and It s Elongation. The orientation a nd con-
figuration of the three-dimensional surfaces fitted to 
values of inter - station correlation coefficients are 
best presented by drawing isolines of equal coefficients 
as shown in fig. 18. However, this could not be done 
for every station. Ins tead, the axis of maximal 
corre1ation was determined, and the ellipticity para­
meter (Rc = C 1!C2) was used to indicate the approxi-

mate ellipticity of the isolines . The orientation ofthe 
axis of maximal correlation and the appr oximat e 
ellipticity of the isoline$ are shown in summarb:ed 
form in figs . 25 and 26. The area averaging of the 
parameters (summarized form) is presented in 
Chapter V, Section 3. 

A value of Rc approaching 1. 0 indicates 

that th@ factors a ffecting the regional variation of the 
inter -station correlation coefficient s are nearly iso­
tropic in character. As Rc approaches zero, the 

isolines close and elongate; that is, the difference i n 
the rates of decrease of the correlation coefficients 
with distance along the major and minor axes become 
greater. 

PreCipitation. - - The orientation of the 
major axes vary over the study region, but there are 
some patterns (Fig. 25). The orientations of t h e 
major axes do not COincide generally with the flux of 
moisture. On the Pacific Coast where the flux of 
moisture is from west to east off the Pacific Ocean, 
the general orientation i s orthogonal to t he flux and 
paralle l to the alignment of the t opographic barriers. 
The over - ridi ng effects of orograrhic uplift seems to 
rotate t he expected major axe s 90° . Where the 
mountain chains are broken and over high unbroken 
plateaus, there is a tendency for the axes to align 
with the wcst to east upper wind pattern. 

T opographic barriers tend to control the 
orientations of the major axes i nland until the eastern 
slopes of the Rocky Mountains are reached. Then, 
over the plains cast of the Rocky Mountains the major 
axes assume east or northeast orientations. Three 
factors likely contribute to the east or northeast 
orientations in the southeastern part of th e area; the 
general west to east wind pattern at highe r leve ls , 
the general sout hwest to northeast orientation of 
f ronts, and the northern to northeaste r n flux of 
moisture from the Gulf of Mexico . The fronts t('nt! 
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Fig . 23 Regional dist r ibution of the percentage of the variation in the inter-st ation cor relation 
coefficients e xpla ined by r egression for the annual effective precipitation variable . 
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Fig. 25 Regional distribut ion of the azimuths of the axes of the maximal corre lation coefficients and 
the values of the ratio (e 'l' ezl for the annual precipitation variable . 
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to act as orogr aphic ba r riers which m ove f rom north 
to south lifting the Gull moisture. T he upper circula ­
tion carriers convective cells eastwar d along the 
f ront , adding to them any Pacific moistu r e spilling 
over the Rocky Mou ntains. 

From South Dakota northwar d, except near 
t he edge of the investigated area . the r e i s a consistent 
west t o east orientation. This area lies along the 
favored tracks of low cells wh ich move from west to 
east . In this r egion, the dom inant source of moisture 
is th e North P acific, and the moisture is diffused in 
passing ove r the mountains. 

T he degree of ellipticity portrayed by the 
shapes of the ellipses drawn at each summary point 
shows some irregularity over the study r egion. The 
greatest elongation of the ellipses appear s to be 
associated with areas of greatest orographic influence, 
particular ly a long the P acific Coast . Ho weve r . the 
ratio, R

c
' become s smaller again as t he distance 

east of the Rocky Mountains increases . This may be 
caused by increased f rontal activity and t he availabil ­
ity of undiffused moisture from the Gulf of Mexico . 

Effective P recipitation. -- The orientations 
of the major axes of the annual effective precipitation 
inter-station correlation coefficients are much more 
diverse than ar e those of annual precipita tion . Where 
there are pronounced orographic effects upon precipi ­
tation, one finds that effective precipit ation axes of 
maximal corr elation tend to parallel those of precipi ­
tation. However , over much of the map there is con­
siderable dissimilarity between r e sults for th e two 
variables . Much of this dissimilarity may be expla in ­
able by the distribution of the effective pr ecipitation 
station locations which is quite sparse and irregular, 
especially in the northeast and southwest sections of 
the study region. 

Howevt'r, a survey of the total map indi­
cates a more general orientation of the major axes 
perpendicular to the slope of the topography and con ­
sequently perpendicular to the channels of the stream 
net work . This Indicates that the meteorologic factors 
arc likely masked by the effects of evapotranspiration 
and river baSin charactel'istics, The gr eatest rat es 
of decrease of thc inte r - station correlation coefficients , 
are parallel to the slope of the land. Both evapotrans­
piration and rive r basin characteristics vary most in 
the samc direction. The result is that evapotrans ­
piration effe cts are more closely relat ed acroSS the 
slope than down it. As pointed out in Chapter 111, 
Section 3, dissimilar smoothing effects contribute to 
lower inter - station correlations, In areas where the 
surface slopes have multiple orientations and expo­
sures, the contrast in the rates of decrease along the 
major and minor axes are diminished. This does not 
necessarily mean that the coefficients are of larger 
magnitude but only that there is less absolute differ ­
ence bet we e n the highest and lowest coefficients in 
the surface control block. 

3. Si nificance of the Re ression Coefficient, 
a!. Theoretica y t e inter - station correlation co-

eJfic:ient at the block control station is L O. However, 
with a

1 
fixed at 1. 0, the explained variation was very 

low. Allowing a 1 to vary gave an additional degree 

of freedom in the surface fitting . The explained vari­
ation increased as a result. The regional distribu ­
tions of a ~ a re shown in figs . 27 and 28 for pre-

cipit ation and eff ective precipitatiOn, respectively . 
The values of a 1 r epr esent the maximum value for 

each fitted su r face and is a multiplying factor befor e 
the e xponential term (Eq. 4 .1 5) , The mean values of 
a 1 are 0. 875 for precipitation and 0. 955 for effective 

pr ecipitation. 

The larger the values of a 1 the g r eater 

the initia l inter -st a t ion correlation coe ffi cients . The 
rate of decrease also depends on the magnitudes of 
the coefficients of a 2, a 3, and a4 (Eq. 4. 15) . The 

frequency distribution of a 1 are given ill figs . 19 and 

20 for the P and EP variables, respectively. The 
standard devia tions of the two distributions are essen­
tiallyequal. but the EP distribution of a, has a 

much greater number of values larger than 1. O. For 
the EP variable, 25 . 3 percent of the values of a , 

exceeded 1. 00 but only 5. 6 percent exceeded 1. 05 . 
F or the precipit ation variables , 4 . 1 pe r cent of the 
values of a 1 exceeded 1. 00 and only 1. 5 per cent ex -

ceeded 1. 025 . The mean value of a
1 

for effective 

precipitation, 0. 955, is not an unreasonable valut' . 

The negative exponential function is a 
continuously decreaSing function of constantly decreas­
ing slope. It is, therefore, incapable of changes of 
slope to accolllmodate reduced rates of change of 
slope at short distances and larger rates of decrease 
at greater distances . Thus , for effective precipita­
tion whe n correlations are very high a t short dis ­
tances , the computed intercept value , a t , often is 

gr eat er t ha n 1. O. P recipi t ation coefficients seem to 
drop off r apidly at the shorter distances and the n per ­
sist at the greater distances. This would force the 
intercept t o fall below 1. O. T hc higher values of 
inter - station co r relation coefficients at the shorter 
distances com e about through the smoothing e ffects 
of the evapotranspiration process which may give way 
to changes in topographic factors at intermediate dis­
tances (75 m iles or 80) . 

The rate 01 decrease in the imer - station 
correlation coefficients for precipitation is so great 
at very sh or t distances as to almost appear as a dis ­
continuity though from phYSical conSiderations none 
Is expected. Mar wih P965] points out in his dis­
CLlssion of th e accuracy and representativeness of 
standard rain gages that they exhibit catch deficienCies 
that increase with concurrent wind speed and are 
greater for snow than for rain. Shielding of gage 
sites vary the concurrent wind speeds for different 
proximities of shielding and wind directions . Mc­
Guiness [1963] concluded that the average error of 
determining the mean rainfall on small waterSheds 
was related to the amount of rainfall and to the den­
Sity of the rain gage network. This point s to the in­
tegrating and smoothing factors at work to produce 
similar ity in effective precipitation measur ements at 
different points, and to the unr e liability of the point 
rainfall measurement s to represent the experience of 
the area about it or at other pOints . 

These and other factors tend to support the 
idea of a discontinuity in the inter-station correlation 
coefficients of precipitation around the BCS. Since 
precipitation measurements are not integrated 
measurements in the sense of effective precipitation, 
but are point measurements subject io error and 
greater variability, this inconsistency may be aSS ign ­
ed to sampling techniques and measur em ent err ors. 
This could pOSSibly produce a built in reduction factor 
for the inter - station cor relation coeffi cients . 



Fig. Z7 R egional distr ibution o f the regression coefficient a l for the annual precipit ation var i .. bl~' . 
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F ig _ l 8 Regional distribution of the regression coefficient a 1 for th e annual effective pl-ecil'itation 
variable- _ 



4. Significance of the Regression Coeffici ents I 
8Z' 8 3, and 34 " The regression coeff icient a z 15 

the basic coeffi Cient that indicates the rate of decrease 
of co r relation with distance. The coeffi cients 3 3 
and 84 coupled with the sine and cosine terms alter 

the basic rate, a Z' according to the influence of direc ­

tion. 

If a Z for precipitation is equal to or 

slightly less tha n a z for eIfe ctive precipit ation, then 

one m ay conclude that generally the regional inter­
station correlation coefficients of effective precipita­
tion are higher and more persistant with distance than 
the coefficients fo r precipitation. 

The regional distributions of the coefficient 
8 Z a r e shown in figs. 29 and 30 for precipitation and 

effective precipi tation, respectively. The regression 
coefficient s are much more uniformly distributed for 
precipitation than for e ffective precipitation . The 
values o f a~ (or th e P variable are smallest in the 

southern and southeastern portions of the area gen­
e rally incr easing northward and northw estward. This 
contrasts sharply to the patterns in a~ for the E P 

variable , The lowest valu es are found on the western 
th ird of the area with a zone of very lar ge and highly 
var iable values running from Arizona northward into 
the no rtheast quarter of the s tudy region. This ZOne 
encom passes some very mountainous terrain, and 
the area also has a very sparse and irregu lar distri ­
bution of runoff station locations . 

The r egional distributions seem to indicate 
a large area for EP that has coeffi cient s of a Z 
higher than those for P . This is opposite to' the con ­
clusion one would draw from the compari son of the 
frequency dist ributions in figs. 19 and ZO. The dis­
tributions are the ens embles of all computed coef­
fic ients a z' The disparity in station densities ac-

count s (or the s eeming contradiction. I! interpola­
tions between points on the map are reasonable , then 
one would conclude that a Z is ge nerally large r for 

effective precipitat ion than for preC ipitation over the 
easte rn two-thirds of the study r egion. 

The coefficients a 3 a nd a4 not only alter 

the basic. rate o( decrease as s ho wn by a Z but also 

determine the orientation of the axis of maximal 
correlation, The angle 9max is given by eq, 4,1 9, 

and e qs , 4. ZI and 4. 2Z evaluated for Bmax give the 

rate of decrease par ameters , C I and C Z' 

5 , Significance of the P arameters, C I and 

C
2

. T he parameters c
i 

and C
z 

determine the rate 

Oide crease of inte r - s tation correlation coefficients 
with distance a long the major and minor axes , re­
spectively. The larger the values of C I and C 2 the 

greate r the r ate o f decrease of the int er - station co r­
relation coe ffic ients. Hence , the var iability of the 
coefficients within areas of higher parameters is a lso 
larger . Greater differences between C 1 and C z 
also indicate a larger degrt;e of variability in the re­
g ional correlation c oefficient s , The degree of ellip­
tic i ty paramett;r (Rc : CI/C Z) indicates the contrast 
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in the rates of de crease with distance along the major 
and minor axes , The smaller the value Re the 

greater the contrast in the rates of decrease along 
the orthogonal axes , 

, , 
The regional distributions of C I and C z 

are shown on figs , 31 and 3Z for precipitat ion and 
e ffe ct ive precipitation, respectively, There is co n­
siderably more variability in both these par ameters 
for effective precipitation than for precipitation, The 
greatest variability occurS in a na r row zone extendi tlg 
f rom Arizona a cross the Rocky Mountains into the 
northeast Section of the study region. This narrow 
-zone contains several isolated extrt; me ly high values 
of C~ and C~ , The parameters are more Uniform -

ly distributed for pr ecipitation with an area of h igh 
values occurring in the e xtreme northwest section of 
the study region, There is little coincidence of high 
values observed for the twO variables , a nd a tendency 
for low values for precipitation to occur with high 
values for effective precipitation and vice ve rsa. 
River basin characteristics and evapotranspiration 
processes apparently contribute greatly to the in­
creased variability in the parameter C~ and C~ for 

effective precipitation, 

The frequency distribu tions of C 1 a nd C z 
a re given in fig . ZI for pr ec ipitation and effective 
pre Cipitation, respectively , The respective mean 

.values are 0.165 and 0. 137 for C I and O, Z94 and 

O. 3ZZ for C
z

, The mean values indicatethatt:eneral ­

ly the correlations a long the maximal a xes persist 
more for runoff than for precipitation , but that the 
opposite is tru e concerning the minim al axes, The 
mean value of C z for effecti ve precipitation is some -

what increased by a few exceptionally h igh values of 
C 2' but a comparison of figs, 25 and 26 confi r ms 

that there is a much greater cont rast bet,yeen the 
r ate s of decrease for the major and m inor axes of 
effective precipitation than for precipitation. 

6. Comparison of F itted Surfaces . A com ­
par ison of the fitt ed surfaces at different pOint s can­
not readily be made from the values of th tc' coeffi c ients 
and paramete rs a lone, The rates of decrease of in ­
ter - station correlation coeff icie nts at a given distance 
from the block cont rol station along the major and 
minor axes are given, respectively, by the fo llowing 
equations: 

, 1 
'"e -a l C 1 e 

-Cl d 
6 . 1 -;;a 

" . '"e -CZd 
6.' --..r -al C z e 

The product of thre e term s is involved in each of the 
above equations makin" direct comparison difficult 
without evaluating the equations . The coefIic ient a 1 
is the value of the zero intercept and is a multiply ­
ing factor that may alter the effects of the rate of de ­
crease par ameters C

t 
and C Z' 

Ho wever, compar isons of any twO fitted 
surfaces may be made by the use of the coefficie nt 
ai' the a z imuth, and the follo wing two computed 

quantities for each surface: 



6 . 3 

6 .4 

where r 1 and T Z are the values of the inter·station 
correlation coefficients at a distance Z.5 units (150 
nau tical mUes) fl"om the BCS along the major and 
minor axes, respect\vciy. As an example, the values 
of ~ ', a:, C~ and C~ were taken from figs . 25,27, 
and 31 for two locations and the results are presented in T able 6. Rows 5 and 6 indicate that the lntel"-8ta­
tion correlation coeCHcients of the surface fitted at 
1l30W are higher than those a t I030W. The max\­
mum value (at the BC S) and the values 1" 1 and r z were all higher at IZ 30w than at to)oW. Values of 

R 
o 
w 

I 

2 

3 

4 

5 

6 

7 

8 

TABLE 6 
Detailed Comparison of Surface Fits 

POINT LOCATIONS 

Quantity I Z30W, 41 0 N I 030W. 41° N , 
I 13. 13° 160.96° , 

a I 0, 91 0,85 , 
C I 0. 09 O. 19 , 
C Z O. 2:0 0 , 24 , 

1"1 (Eq. 6 .1 ) 0,73 O. 53 , 
r z (Eq. 6. Z) O. 55 0 .47 , , 

(a t - ' I ) O. 18 O. 3Z 

(a~ 
, - 'z) 0.36 O. 38 

, , 
C

1 and C
z in rows 3 and 4 mdicate greater rates 

of decrease at 1030W than at I Z30W. T he absolute 
changes along the maj?r and minor axes are given in rows 7 and 8. If C 2 for the point at 123° W had 
been only slightly larger, than a portion of the sur­
face at 12 3° would havi; had values lower than a por ­
tion of the surface at 103° W. 

Generally, the inter-station correlation 
coefficients for effective precipitation are higher 
near the BCS than those of precipitation and about 4 0 
percent of the surfaces are everywhere greater than 
the corresponding fitted surface for precipitation. 
Approximately 55 percent of th e fitted surfaces for 
effective precipitation have minimum values greater 
than the corresponding surfaces for precipitation . 
An even great e r percentage of r 1 values are higher 
for effective precipitation pomting out again the 
greater ellipticity of the fitted surfaces for effective 
precipitation. 

7. Wave Effect in Precinitation O ccurr ences . 
P recipitation events 0 ten are stated to occur in the 
manner of waves along the s torm path . The theor y 
is that precipitation will occur at a point with a given 
intenSity and then diminish In intensity as the storm 
moves along only to build again to a somewhat lower 
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intensity. The decaying and r ebuilding'of the pre­
cipit ation prodUCing s torms could occur more than once . If this occurs with constant wave lengths for 
similar storms, stations in the storm path should 
produce inter-st ation cor relation coefficients having 
a damped cyclic oscillation similar to that of a 
damped cosine function. The re does not appear to be 
any evidence supporting the hypothesis of constant 
wave s in this study. 

The distributions of the precipitation cor­
relation coeffi cients (FiiS. 14 and 15) are all very 
similar in form except l or those of gross subdivisions 'z, 4, and 35. T hose of the gross subdiviSions Z and 
4 have significantly greatcr portions of the higher 
values and the gross subdivision 35 has a greater 
proportion of the lower values compared to the other 
distributions. Examinat ion of station locations in 
gross subdiviSions Z and 4 show high densities of sta­
lions in one section of the subdiviSion and larger sections of very low densities. The density of the 
stations is least for the gross subdivision 35, but 
r easonably well distributed. Thus, an absence of 
smaller inter - station distances (higher correlation 
values) and a relatively greater proportion of longer 
inte r- station distances result. The distribution of 
coefficients for the gross subdiviSion 35 has a skew­
ness oppoSite to those of the gross subdivisions Z and 4 . 

The stations of the line study matrix sub ­
sample (Fig. t 5) were sele cted along four parallels of latitude and Six meridians with no stations within the 
areas between the lines . The 4 7Z -statlon sample 
with inconsistent precipitation records (PZ Matrix on 
Fig. 15) is more uniformly distributed. Both thesf: 
samples (Chapt. 5, Sect. Z) are from the total study region except the portion in Cana da. Inter - stat ion 
distances for the line study sample should be general ­
ly grcater t.han those of the 472:-station sample . 
Hence, one would expect the line study distributions 
to exhibit lower inter - station corre lation coefficients . Figure 15 shows this to be the case. 

The f requency distributions from the matri­ces for effective precipitation exhibit essentially the 
same characteristics as those of precipitation (Fig. 
t 7) . The frequency distribution of subdivisions 1 and 
Z graphically portray the effects of higher station 
densities when com pared to the other distributions 
from areas of lower station densities. The distribu­
tion for the whole region shows the influence of the 
great preponde r ance of ver y large inter - station dis­tances. 

T he number of negative cor relation coef­
ficients observed in both the line studies and the 
matrix computations is small in proportion to the total 
number of c.oefficients, and the line studies show that 
the neiatlve coefficients occur only at extreme dis· 
tances. If the damped cosi ne oscillat ion we re a p proxi­mated, a greater number of negative values with mag ­nitudes significant at the 95 percent level would be 
expected. All the freque ncy distributions >;how very 
low percentages of negative correlation coeffiCients 
significantly different from zero at the 95 percent 
level. 

The frequency distributions and their r ela ­
tion to int er-station di stances and the lack of a high 
percentage of negative correlation coefficients do not 
admit the hypothesis of a damped oscillat ory pattern. 
These point s do, however, support the theory that the 
variation of inter - station correlation coefficients with distance is continuously decreaSing asymptotically to 
zero. 



8. Miscellaneous Comments . Gatewood and 
others {19M] describe a use of inter - station correla­
tion coefficients to determine the extent of regional 
homogeneity in runoff. They were testini to see if 
the entire southwest area of the study region was 
homogeneous . A correlation coefficient of r" 0.7 
was adopted by them as the minimum required to in­
dicate homogeneity between two stations . The whole 
of the southwest was found not to be homogeneous, 
but subareas were delineated that were considered 
homogeneous. 

This study certainly shows that areas 
about a given point of interest, based o n the above 
criter ia, are not homogeneous for extensive distances 
and not uniformly about the point. Using the mean 
values of a

1 
and C I' values greater than r ,. 0. 7 

can only be expected up to distances of approximately 
41 mi les and 67 miles for precipitation and effective 
precipitation, respectively . The distanc es quoted 
arc along the axes of maximal correlat ions and trans· 
verse distances are usually much less . 

One of the baSic problems in defining a 
homoicneous area is to preserve only the essential 
statistical features of the area . The a pproach often 
used is to classify a homogeneous region as one in 
WhICh the probability of occurrence of an event (in 
time) is constant for all stations within t he region 
[Thorn , 1940; Alexander, 196 3] . In hydrologic varia­
bles, a spatial trend Is generally recognized. Hence, 
there is a need to establish boundaries for homo­
geneous regions for a given hydrologic variable. 
Alexander [1963 J has pointed out that "the only 
feaSible way to define such boundarie s is to assume 
II. (cumulative) probability of the event occurring wUh­
in the region." In order to prevent the overlapping of 
homoieneous regions, the probability for division of 
the regions will have to be set at 50 percent [Alexan ­
der, 196]]. 

Gatewood and others [1964] based their 
division upon the Similarity of variation of the runoff 
variable as measured by the linear inter-station cor ­
relation coeffiCients . Correlation coe Hicients of 
r • 0.7 may be found for each of two stat ions in 
common with a station between the m . However, the 
same two statio ns may not have a coeff icient of that 
magnitude when they are correlated with each other. 
All stations in a region do not correlate with each 
other at or above r. 0. 7. Furthermore, homo­
geneous areas based upon r = O. 7 are not mutually 
exclusive and depend upon the chOice of stations to be 
correlated. It is further questionable that a region 
which does not exhibit isotropic cha racter istics (has 
elliptical isolines of mter·station correlation coef­
ficients) should be conSidered homogeneous . 
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Double - mass plots and other statistical 
tests are often used to test the consistency of observ­
ed data. In Chapter II, Section 2:, some comm ents 
we re made about inaccu racies and inconSistencies in 
research data. It appears that the described surface 
fi tting technique may point out inconSistent s tation 
records . Two approaches could be utilized. Th e re­
gression equations cou ld be fitted as in this s tudy . 
Any great decrease in the per centage of variation ex ­
plained by regression analysis from the regional 
mean m ight indicate inconsistent data, and could 
warrant further detailed study if there is no special 
physical reason for the discrepancy . A second 
approach could be to scrutinize the deviations from 
the fitted regreSSion surface. Any excessive devia­
tions might point to inconsistent data at that station. 

Foster [1944] described what he con­
side r ed to be a climatic discontinuity in the vicinity 
of Omaha, Nebraska, based on finding of an east ­
west axis of maximal inter-station corre lation co­
e fficients for precipitation. This study has shown 
that maximal east -west axes are found at other s t a ­
tions in all directions from Omaha (Fig. 2:5). If 
there had been such a "climatic discontinuity," It 
would seem that such a consistency in the patterns 
of inter-station correlation coefficie nts would not 
exIst ove r such a broad area. Apparently, other 
more general factors are operating to create maxi­
mal and minimal axes of correlation. 

Corr elation coefficients computed for this 
study are based on the tot al record of each station. 
Therefore, each coefficient is ccmputed with a maxi­
mum number of pairs. None are computed with Jess 
than thi r ty pairs . The use of different lengths should 
have no seriouS effect on the comparability of the co ­
efficients [Foster, 1944 ; McDonald and Green, 1960J . 

On the average, approximately 40 percent 
of the variation remains unexplained. A ce rtain 
amount of this can be attributed to random fluctuations 
and inconsistent data. The higher amounts of unex­
plained variation are found generally in the mountain­
ous regions. Many studies have indicated definite 
im provements in the results of regression analysis 
from the inclusion of an elevation variable. Further 
study might be done incorporating into the regression 
model a var iable based upon elevation. 



, 
F ig . ZO Regional distribution of the regression coeff icient 3Z for the annual precipll3tion vadable . 

41 



Fig. 30 Regional distribution of the regression coefficient a Z for the annual effective precipitation 
variable. 

4' 



, , 
Fig. 31 Regional distributions of the param eters C

1 
(solid line) and C z (dashed line) for the annual 

precipit a t ion variable. 



Fig. 3Z Reiional distributions of the parameters C~ (solid line) and c~ (dashed line) for the 

annual effect ive precipita tion variable . 



CHAPTER VII 

CONCLUSIONS 

AND 

RECOMMENDATIONS FOR FURTHER STUDY 

This has been an exploratory study and 
in some aspects more qualitative than quantitative . 
However, cer tain conclusions may be drawn. 

1. The selected regression model describes 
adequately the regional patterns of i nter-statiOn cor ­
relation coefficients in both variables: annual pre ­
cipitation and annual effective precipitation. 

Z. Meteo rologic and hydrologic factors 
causing inter - s tation correla t ions in the variables 
s tudied a re not isotropic , and, therefore, isoline s of 
equal inter - s tation correlation coefficients about a 
given point may be generally approximated by ellipses . 

3. The inter - station correlation coefficients 
in annual effective precipitation are generally greater 
than those for precipitation. 

4. Although the degree of association with ­
in annual efiective precipitation is generally greater 
tha n in annual precipitat ion, there is more variability 
in the correlation coefficients of annua l effective pre ­
cipitation than in thos e of precipitation. 

5. The orientations of the axes of maximal 
correlations do not afford a ready means of tracing 
the flu x of moisture or a means of ide ntifying its 
source. 

6, Patterns of inter - station correlation 
coefficients in annual effective precipitation do not 
generally follow those of precipit ation except in a r eas 
with unbroken orographic barr ierS transver se to the 
fl ux of moisture. 

7. No damped I·elationship of constant 
cycles was found to exist between inter -station cor­
relation coefficients and distance for variables on an 
annual basiS . Thus, the hypothesis of a const ant 
wave pattern of s t orm regeneration is not supported 
by the re sults of this study. 

8. Th ere is strong e vidence that inter ­
stati{)ll correlation coefficient s of the s tudy variables 
decrease constantly with distance to approach asymp ­
totic ally the value of zero. 

F urther i nvestigations warrant being made 
in the following areas : 

1. Study the dis tribution of the deviations 
from the regression surfaces to determ ine the zone 
of best fit for the function utilized; 

Z. Investigate further the variation of values 
of the coefficients about the correct valu e of 1. 0 at 
the block cont r ol station and at very short distances 
therefrom t 

3. Increa se the size of the control blocks to 
test the applicability of the r egression model over 
larger areas; 

4, Make more detailed studies of the regres­
sion model applied to selected blocks having more 
uniformly spaced and densely distributed observation 
stations in order to relate the model more specifical­
ly to hydrologic factors; 

5, Reduce the length of the observation inter­
val (seasonal or source moisture division) and in­
vestigate the changes in the coeffi Cient s and the 
orientation of the axes of the regreSSion model ; 

6. Further explore the applicability of t he 
t echnique to the testing of the consistency of observed 
dat a and to the delineat ion of homogeneou s sub ­
regions; 

7. Incorporate an elevation variable in the 
r eg r eSSion model and explor e its implications ; and, 

8. P erform theoretical studies of the physical 
processes produ cing precipitation and runoff to 
formulate stochastic models for the regional varia­
t iOnS of inter - station correlation coeffi cient s . 
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