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ABSTRACT

The goal of the research was to investigate both the mathematical
and physical aspects of flow generation processes. The mathematical aspect of
the study indicated that the statistics of annual and monthly flows are intrin-
sically related. Therefore it is desirable that generated monthly flows should '
yield acceptable annual flows. Multiple regression equations incorporating
from 1 through 12 preceding flows as predictor variables were used to generate
monthly flows from which annual flows were derived. The statistics of both
the monthly and annual flows gained by this process were campared to those of
the recorded flows in order to determine the accuracy of flow generation by
these models and to choose the most acceptable model. It was found that
the lag 1 model was the most desirable but that it had deficiencies in some
respects. The physical aspect of flow generation was studied by determining
the physical causes of, and prediction equations for, a poorly understood
camponent of the lag 1 flow generation model, namely, the lag one serial
correlation coefficient. It was found that the influence of climate on the
serial correlation coefficient strongly predaninates over that of basin
characteristics in the region ctudied. It was concluded that groundwater
storage was not of great importance in the variation in the flow serial corre-
lation from basin to basin. It was also found that the prediction equations
for the lag one serial correlation coefficient were deficient in same respects
and could not be used with great confidence. More work is needed in developing
accurate indices of the various physical causes influencing the flow regime.
These results are not necessarily applicable to other regions where climato-

logical and geographic conditions are different from those of Western Washington.

KEY WORDS: Hydrology*, Runoff, Stochastic*, Basin Parameters¥*,

Climatic Factors.



CHAPTER X

INTRODUCTION

Problems in Hydrology

The subspecialty of water resources is the study of the limited
but significant role that water plays in the life of man. In his develop-
ment of water resources, man has often shown a deplorable disregard for
the reactions that must result from continued thoughtless exploitation of
the world around him. Since the world is a kalanced system, unwise
actions inevitably give rise to undesirable results which are becoming
more and more apparent in the deterioration of our enviromment.

As river mollution increases and industries and irrigation systems
are set w which are dependent on water that may or mav not be available
vhen needed, more and more attention is being given to water management.
Not only is a scarcity of water causing concern, but floods are becoming
increasingly damaging as the urban and industrial develorment of flood
plains accelerates without due consideration given bv flood nlain occupants
to the possible sutmersion of facilities beneath the swirling waters of
high river flows. Obviously ruch regrettable dislocation has resulted
from man's rebellious attemots to impose his will on creation rather than
letting his activities be guided by the built-in order of the world. It
is now more necessary than ever before that hydrologists make a careful
study éf the nature of river flows, of factors that influence these flovs,
and of the reaction that can be expected in the drainage system after a
proposed course of action is implemented, sO that distresses may be

ameliorated and future activity wisely planned.



Sare of the major uses of the water are in power generation, irriga-
tion, flood control and the dissipation of particulate, bio}ogical and thermal
pollutants. Some of the problems that occur are caused by conflicts of
interests between these competing users and by the variation of the water
supply in relation to their needs. BAn example is the use of the multi-
purpose dam. The irrigation industry may need the stored water at the same
time that there is a high demand for power generation. However, the optimal
release schedule of the water for the dissipaticn of pollutants may be con-
siderably different than that for irrigation or power. Furthermore, flood
control considerations may dictate an entirely different schedule of releases
than either the power, irrigation, or pollutant dissipation needs would
indicate. These problems become continually more acute since the increasing
rate of growth of agricultural, urban and industrial complexes both on and
off the flood plain land puts higher stress on each of the uses.

The difficulty of wise development of water resources is magnified by
a lack of knowledge about the behavior of river flow. A more canplete know-
ledge about the complex series of circumstances producing river flows would
provide a new stance for accurately formulating deterministic relationships
from which behavior of river flows could be predicted. Eventually the state
of the art in hydrology may reach that point where the cause and effect rela-
tionships within a drainage basin are known in enough detail to enable the
prediction of very short temm, e.g. daily flows. This idealized state is far
from being realized at present, although there are several deterministic models
based upon a knowledge of rainfall and runoff mechanics. However, application
of these deterministic techniques is still limited to small, individual basins

because of the volume and detail of data needed to apply them.



Statistical Arnproach

Tn view of this limitation to the deteministic models, the hydro-
logist is forced into a statistical approach in the planning of water
resources development. Frecuency analysis is often used to describe a series
of flows, such as annual reak flows (instantaneous values), monthly (average)
flows, and annmual (average) flows. This method allows the detemination of
the average frequency of occurrence of a flow of a certain magnitude, but
has limitations in that the occurrence of an extreme flow in a short veriod
of record often will be ascribed a frequency much greater than its true value.
A closer apnroximation of the true freaquency of occurrence could ke obtained
from a longer flow record. Greater accuracy in approximation of flow vari-
ability is necessary if chaotic development of water resources is to ke
avoiced.

Since the creation of historical data is impossible, many hydrologists
are focusing attention on the generation of synthetic data. Historical flow
records belong to a statistical distribution that can be defined bv the mean,
the standard deviation, the coefficient of skew, and the kurtosis. In recent
years the realization has grown that continuously measured flow values form
a time ceries in which there is a relationshio hetween consecutive flows.

This relationship is cuantified by the serial correlation coefficient vhile
the residual variation is exnressed by the standard error of estimate. Given
the flow mean, the standard deviation, and the serial correlation coefficient;
and disregarding skew for the moment, it is possible to set un a statistical
nodel vhich can be used to generate new values of flows that will have the
same statistical distribution as the original flow values. This process which
allows a numerically unlimited extension of the available data and hence

a closer determination of the frequency of unusual flow occurrences, is a
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useful technicue in the hvdrologist's bag of tricks. Other methods of stream-
flow simulation were not studied. Of the three parameters vielding the
generation equation, the serial correlation has been given the least attention;
therefore, the lag one serial correlation coefficient was chosen for detailed
study.

Pesearch Requirements

The research was limited to the study of the characteristics of
monthly and annual flows. Tach of the flows belongs to a different statis-
tical distrilkution since they are the nroduct of physical causes which vary
with time. In light of this reasoning, it was concluded that thirteen
different statistical distrikutions required study. Since annual flows are
mathematically the veighted average of the monthly flows the latter flows
should vield a great deal of information about the former. This condition
can be generalized to armly to all tynes of flows with differing time bases.
Since short term flows contain a great deal of informaticn about longer term
flows, it is desirable that studies be concentrated on flows of the shortest
possible time kase. As the body of hydrologic knowlecge grows, statistical
analysis will concern itself with flows of rrogressively shorter time base.
The ultimate end of this process would be when the instantaneous flow was the
subject of the inquiry. However, this is extremely unlikely since instan-
tancous flows by definition have an infinitesimally small time base. It is
also highly nrokable thrat deterministic models vwill ke develoned to a hicher
Gegree of practicability thus ohviating same of the need for the statistical
approach.

Although both monthly and annual flows are used in water resources
planning the former are of more value since most water resources plannirg

applications require, at the minimm, knowledge of monthly rather than annual
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flow distributions. To satisfv this recuirement the most useful procedure
would be the generation of monthly flows fram which the annual flows could
be derived.

Since flow generation is intended to vield more information about
the variability in flows, a prime recuirement of the generation process is
that the original statistics of both the monthly and the annual flows be
preserved in the gencrated data. The lag orne generation equation is not
the only model available. As is discussed later, the existence of a relation-
shin between two consecutive flows should lead to relationships between
multiple consecutive flows. This leads to different generation equations,
conmonly termed multi-lag models, which incorporate a varying number of
predictor flows. A major goal of the research program was to determine the
relative accuracy of these different mcdels in preoducing flows of the same
statistical characteristics as the original flow data.

A1l generation equations are based on the statistics of the original
flow records which are usually very limited in length. A problem inherent in
the use of a limited flow record is that it mav not accurately reflect the
effects of the causative influences operative on a flow regime over a long
period of time. The a-mlicabhility of generation ecuations derived from a
short length of flow record to long-term generation may therefore ke cuestion-
able. This problem can be reduced somevhat by setting a minimuw usually 30
years,to the nurber of vears of record used to derive the generation equations.
Although this minimum coes not guarantce accurate representation of long term
conditions it does reduce the amount of deviation that could be expected.

The requirement for adecuate flow records curtails the general useful-
ness of flow generation techniques in water resources planning since most

streams have less than 30 vears of flow record available. This problem could
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be circunvented by developing equations to predict the components of the
generation equation from generally available climatological and basin
parameters. A major part of the research was directed towards developing
such equations for the lag one serial correlation coefficient. Another
reason for this phase of the research was that an analysis of the physical
causes of the flow statistics may lead to a greater understanding of hydro—
logic relationships.

Research Cbiectives

The overall purpose of the research was to investigate the nature of
flow generation techniques related to flow serial correlation. The research
was divided into different phases, each dealing with a different aspect of
the total purpose. The first phase was devoted to determining the relation-
ships between the statistics of the annual and monthly flows which derives
froam the relaticnship between the flows therselves. The fact that annual
and monthly flows have a comwmon basis in the instantaneous flows led to the
second phase of the research, namely, the detemmination of which of several
available monthly flow generation models yields the most accurate monthly
and annual flows. The third phase of the research dealt with the development
of prediction egquations for the lag one flow serial correlation. The reasons
for this research included the necessity of explaining the flow serial
correlation in terms of the causative factors within the hydrologic cycle and,
in view of the lack of sufficient flow records on many stfeam, the necessity
of being able to predict this factor from numerical indices of these causes.

Research Viewpoint

It is commonly considered that there are two main approaches to the study
of hydrology, usually termed deterministic and probabilistic. The determin-

istic approach deals with the theoretical relationships between the causative
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factors operative within the hydrologic cycle and the resulting streamflow.
The probabilistic approach studies exclusively the statistical characteristics
of the streamflow. The separation between these two approaches may not be
as absolute as it first appears to be. A study of the relationships between
the csusative physical factors and the resulting flow regime must inevitably
arrive at a point vhere present day knowledge ends such that deterministic
relationships cannot be formulated for the remaining physical phencwena. For
exarple, this point is reached when the physical causes of the precipitation
regime are being considered. The lack of knowledge of the physical regime
beyond this point necessitates the use of statistics to describe the precipi-
tation input. Therefore, in every hydrologic study there must enter same
elexent of the probabilistic approach. In the view of the writer, a proba-
bilistic approach should not be erployed until absolutely necessary and that
basic hydrologic research shouid not be content with merely a statistical
description of the flow regime when it is possible to either develop determin-
istic relationsnips between the flow regime and the statistically described
precipitation input, or else to £find deterministic causes for the statistical
characteristics of the stre:zmflow.

Throughout the research the basic premise has been that all the
relevant statistical parameters of the streamflow are primarily the product
of physical causzs. Errors can occur in the measurement of flows, precipitatioa
and basin characteristics. Although errors in measurement of these various
data may introduce an element of variation, its magnitude is totally unknown.
The approach taken in the research was to assume that both the statistical
values subjected to analysis and those resulting fram the analyses were com-
pletely the result of physical causes, thereby ignoring the variation in
the parameters due to exror in measurement. Ignoring this variation must lead

to a loss of same of the validity and transferability of the results of the
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analyses. However, it can be assumed that the main thrust of the results is
valid whereas this is not true for some of the individual results.

The samples of data studied included both the flow records of individual
strezms, and flow and basin characteristics for a large selection of streams.
The concept of the flow regime utilized in this research included the
assurption that neither the specific characteristics of flow record samples nor
those pertaining to the selection of streams were necessarily transferable to
flow records from a diffevent time period and other streams. The general
conclusions and information gained should be epplicable to other regions
where the came general hydrologic regime exists, and to cther periods of
time.

Specific applications of the general point of view outlined above
existed in different aspscts of both the second and third phases of the
research. The second phase involved the derivation of genzration models
fran the flow records of several strezms. These models were then used to
generate flows whose statistics were then ccmpared to those of the recorded
flows from which the generation ecuations were derived. Model accuracy was
rated on the basis of the divergence of the statistics of the generated flows
from those of the recorded flows. No consideration was given to whether
these divergencics were significant in the traditional statistical sense. The
nurerical valuss were accepted as representing the differing accuracies of
the models even though it was realized that the use of random mmbers in
such a model must give rise to variations in generation accuracy not due to
the nature of the model. However, the number of flows generated was quite
large ard it was assumed that variations due to the use of random numbers was
small.

In that phase of the research concerning itself with the investigation



of the physical causes of the lag one flow serial correlation, the values

of the serial correlations was assumed to be totally the product of physical
causes. That part of these values resulting from errors of measuranent of
the flows was ignored. The analysis of the causes of flow serial correlation
jnvolved the use of statistical analysis techniques closely related to
multiple regression methods of analysis. Indicated associations between the
independent and dependent variables were assuned to reflect the actual
influence of the indexed physical cause on the flow serial correlation.
Strong and weak associations vere assumed to reflect strong and weak influences
respectively, even though tests of significance would probably find the weak
associations to be statistically insignificant.

In suwnary, a deterministic use of statistics involves two problems.
The first is that if variation in statistical parameters is considered to be
primarily the result of physical causes, statictical tests of significance
are not epplicable since they assune that all variation is random unless other-
wise irdicated. Secondly, the component of the variation in the statistical
parameters due to error in reasurarent is not quantifieble in most cases and
rmust be ignored. However, the presence of this component of variation must
reduce the general accuracy of the results. The approzch selected in the
research was to consider all statistical values to be the product of physical
causes vhile at the same time recognizing that the presence of measurement
error reduces the validity of the results.
Format

The format of the report is as follows. Chapter II is a discussion of
the statistical aspects of the study and includes a literature review dealing
with pertinent statistical concepts and the problems involved in statistical

flow generation. An attempt is made to determine the cause of these problams
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and to pose possible directions research should take to solve them. A dis-
cussion of the general climatic and basin conditions of the region studied
serves as an introduction to Chapter III which is a review of literature
dealing with aspects of the hydrologic cycle specific to the region studied.
Chapter IV deals with the selection of the detailed problems to be
studied and the proceduzes used in analysing them. (Most of the computer pro-
grams used in the analysgs were either available from previcus local studies
or else were daveloped by the writer. These progrems are available from
the Department of Civil Engineering, University of Washington). The chapter
is structured such that discussicon deals first with verification of the
derived relationships between the statistics of annuval and monthly flows,
then with the selection of acceptable generation models, and finally with the
analysis of the relationships between basic physical influences ard the
monthly and annual flov sexrial correlations. This order of discussicon is
also followed in the delirsation of the results in Chapter V and in the dis-
cussion of the results and the acoocwpanying primasry conclusions in Chapter
Vi. Chapter VIT attemmpts to integrate the conclusions into the main body of

hydrologic thought and to determine their implications.



CHAPTER II

CONSIDFRATIONS OF FILCW STATISTICS

A. General Consideraticns
Sample Size

The use of a small sample to represent the long term regime is the under-
lying foundation of a ststistical study of physical relationships. The degree
of accuracy of sample representation depends on the size of the sample since
large sarples tend to include a greater selection of causal interactions than
do small cnes. The sample size reguired for adeguate represcntation of the
phencmena studied is cammonly considered to bz 30. It is not true that smaller
samples are completely reaningless nor that larger samples are absolutely
trustworthy. Zny sanple can be a poor representation of the long teim regime,
Tn this sense the savple size ninimum is scmewhat of an artificiality: however,
it serves as a convenient criterion of sample value.

The size of a stmple of measured flows equals the murber of years of
record, vhich for most strezms in the Pacific Northwest is less than 50 and
in yuony cases less than 306. The widespread lack of adeguate flow records puts
a sawvere crimp on the use 6f statistical methods in hydrologic analysis.

Statistical Farsmoters

Description of a statistical samle is accoamplished by the derivation
of values for the mean, the standard deviation, the coefficient of skew and
the kurtosis. The mean is merely the average of the observed values vwhile
the standard deviation is a measure of variability about the mean. The
coefficient of skew is a measure of the asymmetry of the distribution curve,
while the kurtosis is an expression of its peakedness. The mean is the

simplest of these terms while the kurtosis is the most camplex. Usually, the

mean and the standard deviation are the most important termms; they are the
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easiest to work with and represent the basic information required about the
distribution. The skewness and the kurtosis are refinements designed to better
define the distribution but can be very difficult to work with. Matalas and
Benson (1968) derived a simple test of the significance of the skewness coaffi-
cient which depended only on sample size but Fiering (1967) states that skew-
ness is difficult to handle mathematically and is unimportant in some cases.
Martig (1968) in his study of the mean anmual flows of the Columbia River
found that the flow data was skewed, but that the deletion of a randcmly
selected small bit of data caused the values of skew to change markedly. Fram
this he concluded that tests for skewness of annual flows are very unstable.
Therefore considerations of skewness in anmual flows were not included in
the research.

Annual flows form one population of data whereas changes in the flow
regine from month to menth result in 12 ronthly flow distributions, each with
its own statistical paraveters. This is affirmed by Benson and Matalas (1567)
and Roesner and Yevdjevich (1966). These auvthors brirg out the point that the
skewness of monthly flows is quite marked which must then affect the validity
of monthly flow generation models not altercd to account for skewness. The
skewness is mainly the result of the truncating effect of the lower limit of
the flow. Harms and Carpbell (1967) suggest the use of a log transformation
of the monthly flows prior to the derivation of the generation equation and
discuss its effect cn the results of sarwe experimental work. They conclude
from a caeparison between actual and generated flow data that the log trans-
formation model is operationally valid.

The logs of monthly flows are nearer to a normal distribution than the
actual flow values because the log transformation reduces the truncating

effect of the lower flow limit. However, this transformation is strictly
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empirical in nature since exronentiation of the logarithmic equation yields

a multiplicative equation which is devoid of physical meaning. Varying skew-
ness from month to month will prevent the log transformation fram normalizing
all monthly flow populations. What anproach to take towards the remaining
lack of nomaley in the transformed data is samevhat unclear. Hamms and
Carpbell did not deal with this problem, and the attempts of Roesner and
Yevdjevich (1966) to deal with variation in moments did not include skevness
considerations. The scone of the research did not allow an investigation of
this problem. It was therefore assumed that the log transformation of the
monthly flows sufficed to eliminate any gross reduction in the validity of the
generated monthly flows cCuz to skewness.

The higher the order of the statistical parameter the more difficult it
is to determine its effects and to compensate for them. If the skewness of
flow is found to ke rather unwieldly, then it is to be expected that the kur-
tosis of the flow will be even more difficult to incorporate into the
structure of the generaticn models. For this reason, the effects of kurtosis

on flow generation procedures have been disrecarded.

B. Serial Correlation

Introductory Description of Generation Models

along with the well known statistical parameters discussed above, the
property of flow persistence is also an immortant part of flow generation
techniques. TFlow persistence is the property of relatedness between successive
flows. The strength of the relationship is measured by the serial correlation
coefficient. The relationship can be expressed by an equation derived from
linear regression. The scatter of values about the resulting regression line
is measured by the standard error of estimate which is the square root of the

amount of variance in the original data not explained by the relationship.
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The equation both describes the actual flow sequence and also can ke used

to generate synthetic data which is statistically the same as the original
data.

Specific Aoplications of Generation Techniques

Some of the potential uses of generation technicues have been discussed
already. One of the major ones is in the study of the reservoir storage
Qemands under the adverse conditions caused by extreme flows., In this appli-
cation the generation process was found by Yevdjevich (1967) and Fiering
(1967) to produce realistic data and valuable results. Chow and Ramaseshan
(1565) used serial correlation generation methods to generate rainfall which
was then routsd throwgh the drainage basin. Reascnable correspondence was
found betwesn actual data and the results of this approach. These specific
applications indicate that generation techniques are a valuable aid in water
resources planning.

Model Ceneraticn Limitations

The two nost significont and far-resching limitations of flow generation
techniques are a result of the derivation of the generation eguation fram
limited records. The first limitation stems from the fact that the magnitude
of the deviation of the simple fyam the long term regime cannot be determined.
Since the generation ecuations ave derived from a sarple, the generated flows
will have statistical parameters centering on those of the sample rather than
of the long term regime. TFPurthermore the statistics of the generated and actual
flow data will never fully coincide becauvse of the limited length of the
generated flow, Therefore the divergence of both the generated from the sample
data and the sample data from the long term regime will be possible sources
of error. This limitation must be kept in mind when using generated flows for

water resources analysis because it is inpossille o make corrections for it.
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At best a partial solution is to strive for a large sample to serve as a basis
for as much generated flow data as possible.

The second significant limitation stems from the variation in the flow
regime with time. These changes, usually referred to as nonstationarity in the
flow regime, result from changes in the irportance of the underlying causes
of the flow regimz. They could be preduced by either the activities of man
as in logging operations, land clearing programs, and soil conservation efforts;
or else by unpredictable changes in rainfall patterns. Howe, Slaymaker and
Harding (1966) investigated a case in Wales whare floods were becoming increas-
ingly more severe and frequent, a condition comronly attrilbuted to man-wade
changes in the basins. Although man-made changes were partially responsiblie,
they wore quite secondary to the changes in the rainfall regime of the arvea
which vere causing wore freguent end severe storms that produced the undesir-
able charges in flow. The s onstationarity of the flcw regime caused by man-
made changes in the basin  could possibly be predicted. On the cther hand,
if there is a change in the precipitation regime, dus either to hman activity
or to unknowm causes, it would be very difficult to rredict either the time of
occurrence, or the direction of the resulting variation in the runoff regiwe.

This discussion of the limitations of the generation process noints out
some of the difficulties that can arise in the use of generated data. It must
be appreciated that the results of generating techniques cannot be trusted
imolicitly and must be handled with proper circunspection even though they
can be a great help in water resources development.

Single Lag Ceneration Model

The single lag generation model, or the lag one model, is based on the

assunption that any given flow is related to the single previous flow
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only. The corresponding regression eguation representing the single annual

flow distribution is

= 0 * -
O 41 Q + B* (0, 0) + R*S (1)
where Qi +1 is the flow for vear i + 1, 0 is the average of the lagged flows,

Q. is the flow for year i, B is the regression coefficient, R is a randon
deviate franm a population with mean 0 and standard deviation of 1, and S is
the standard error of estimste. In the generation process Qi will be the

previcusly generated flow or some assuned beginning value and 0 41 the
flow generated by the eguation. The corresponding equation for the monthly

flow is

(2)

= 5 o . TR
Ay 41 T 341t Py I PRIy

vhere for month j + 1, qj + 1 is the flecw, aj 1 and bj 4 are the regression
constant and cozfficient, and Sj + 1 ig the standard error of estimate. qj

is the flew for the preceding menth j.  Since qj and qj +1 do not belong

to the same distribution the regression constant and coefficient and the

standard error of estimate vary from month to month and therefore must be
subscripted.

Multilag Considerations

Specific references to a particular model have so far been limited to
the lag one model, mainly because of its simplicity. However, according to
the traditional Markov chain any flow is related to an infinite number of
preceding flows. If the relationship between two oonsecutive flows of the
same population is measured by the correlation coefficient "p", then mathe-
matically the relationship between single flows two periods removed is measured

by a correlation coefficient of "p2", or in general, the relationship between
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single flows "n" periods ramved is measured by a correlation coefficient of
"oTn “The relaticnship between flows infinitely removed is based on the
relationship between immediately consecutive flows., In reality the
relationships between flows removed by several periods are not such simple
functions of the lag one serial correlation coefficient. However it still
remains that single flows arc related to several preceding flows. This is
the justification of the multilag model in which several predictor flows are
used in the generation rwdel.

Although there is little literature dealing specifically with multi-
lag generation nodels, there is some discussion of closely rclated concepts.
Matalas (1963) suggests that the annual runoff can be expressed as a
function of the rainfall of preceding years. If all flows are a function of
the preceding rainfall, then each flowr must also be related to the preceding
flows, Another related study is by Chow and Ranaseshan (1965) who used a ralti-
lag modzsl to generate rainfall vhich was then used to determins the resulting
runoff. However, ncither of these studies deals directly with the nature of
the multilag model. Possible reasons mentioned by Matalas (1967) are that
usuzlly there is not encugh data to warrant a highor order flow generation
chain and also that the mathomatics involved in the relationship beoomes
excessively corplicated.

In specific application to flow generation, Yevdjevich (1967) used
the two degree nultilag model in a study of the mean range of flow. Fiering
(1967} acknowledges the possible value of multilag models when he mentions
that higher order chains may be useful. Le Feuvre (1965) also discussed the
validity of multilag concepts. The approaches of these authors is mainly
mathematical. Using an empirical approach, Martig (1968) studied the use of
the multilag model in the generation of annual flows for 25 streams and found

a tendency for equations with five, six, or seven "independent" flows to
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provide the most esplanation of the veriation in the "dependent" flow.
Although the physical cause of this result was not determined, it does
provide sane justification for considering multilag models as possible
alternatives to the single lag model.

In light of the results obtained from the studies mentionad it is
evident that it might be profitable to investigate the nature of the multi-
lag model. The authors cited dealt mostly with anmual flows whereas the
reseaych program was mainly concerned with the relationship between monthly
and annual flows. Relating multileg annval flow generation models to multilag
monthly flow generation models was much bevend the scooe of the research, but
a stwdy of models for generating monthly flows froun vhich annval flows could
be Cerived was quite feasible.

Statistical regression technigues were used to detemmine both the
lzg one and the multilag menthly flow generation models. For the lag one mode
simple linear resression analysis was used and for the multilag models maltiple
regression technicues were evploved. Thess standard least squares techniques
have long been used for many types of analyses. For a full discussion of
the matnematics involved see Ford (1953) or any standard introductory statis-
tics textbook. In the multiple regression equation, the unbroken sequence
of preceding flows bzcumes the series of predictor varizbles in the regression
equation. The interdependence of these "predictor variables" is undesirable
from the viewpoint of linear regression but its effect was ignored since this
intexdzpendence is the very essence of the multilag model.

Hamms and Campbell Monthly Model

The study by Hams and Campbell (1967) discussed earlier illustrates

the need for an investigation into the relationship between annual and monthly

flow statistics. In their model the generated monthly flows were adjusted so
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that the weighted average of the 12 monthly flows would equal a simultane-
cusly generated annual flewr, The purpose of this adjustment was to guarantee
the accuracy of the statistics of the annual flows resulting from the
generated monthly flows. Fewever, they did not fully investigate the effect
of this adjustment on the statistics of the monthly flows. There is no
quarantee that the generated monthly flows have statistics approximating
those of the actual flow data. It could not be exrected that the serial
correlation betweszn the flows of the last month of onz yesr and the first
month of the succeeding year would egual that of the recorded flows since
each of these flows would have a different adjustmont. More importantly
variation in monthly flows could be distorted by the adjustment. BAs an
exzmple, a very infrequent lorge monthly flow in conjunction with low flows
for the other months and a laags generatad annual flow could cause the lavge
monthly flow to ke adjusted uoward appreciably. The freguency of such large
flows would be misrevresented. Generally the adjustment process could dis-
tort generated ficw data. 2An investigation is reguired into the relationship
between annual and monthly flows to determine thet monthly model, either
single lag or multilag, vhich can be used to generate acceptable monthly
flows from which equally acceptable annual flows can be derived. This would
eliminate the need for annusl flow gencration. A large part of the research
was directed toward eliminating the artificial separation between monthly
and annual flows when the two flows are so intrinsically related.

Bnnual to Monthly Flow Relationship

The relationship botween annual and monthly flows derives from the
fact that the instantaneous flows are the common source. The relationship
between the amual and monthly flows leads to a relationship between their

statistics. Iet Qi be the annual flows and qij be the monthly flows where
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i designates the year and j the month. Then the mean of the annual flows is:

= N
= X .
Q LIy G (3)
N
but 0. = LIm g, .
;i I %5 (4)

where mj equals the mmber of days in month j  divided by the number of

days in the year. Therefore,
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where 55 is the average flow of month j. The variance of the annual flow
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related to each other the variance of the annual

flow would be a simple additive function of variances of the monthly flow, but

this is not the case; the variance of annual flows is a function of both the

variance and the covariance of the monthly flows. The lag one serial corre-

lation coefficient “p* is a function of the mean, the standard deviation and
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the cross product of the annual flows as shown by:

(10)

The product Of‘ is a function of the means while the

1

dencrninator is a function of the variances. Since both the mean and the
variance have already been shown to be functions of monthly statistical
parareters, it only remains to prove that the same condition applied to

the initial factor in Eguation 10.

N-1 N-112 12
Q..4%Q = I (! nmnm a, Yy O moq. L) 11)
=1 i+l " i=11~1 L i+l L 5 =1 3 i,3
N lQ ‘o N 12 12
itl ML = z pX z m, q. q. . (12)
i=1 i=lj=1L=1 ] L +L,L 71,)

All the symbols have been previously defincd except for L, which indicates
the month for year i + 1. FEguation 12 shows that the cross-product of the
annual flows is a function of the cross-products between the monthly flows
of two consecutive years. Since all the comonents of Eguation 10 are
functions of monthly statistics, it can be concluded that the serial
correlation in annual flow is also a function of monthly flow statistics,

Tt has just been demonstrated that the pertinent statistics of
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the annual flows are a function of the statistics of the monthly flows. The
purpose of the derivations was to demonstrate that there is a functional
mathematical relationship between the statistics of annual and monthly flows.
This condition is a strong motivation for research into the use of ronthly
generation models which will also produce acceptable annual flows since it
indicates the need for an integral approach toward generation of flows of
differing tire bases.

In light of the scarcity of flow records on many streams, it is
desirable to be able to predict corponents of the generation equations from
basic physical basin data. It was assumad that research would provide a clear
indieation of which monthly rodel would produce accertable arnual and monthly
ficws. TFinding both the physical factors affecting the lag one wonthly
serial corvelstion and the resulting nradiction ecquations would contribute
to the prediction of the entire cereration equation. Chapter ITT will ceal
with the physical factors which can be expected to influence the flow regime
and therefore the serisl correlaticn. HMethods of adequately quantifying

these phenerenz for purposes of mmrerical analysis will also be discussed.



CHAPIER III

PHYSTCAL PHENOMENA AFFECTING STREAMFLOW

Nature of the Study

There are two main approaches to the study of the physical causes of
the characteristics of the flow regime. The first commonly uses statistical
analysis technigues to gain a microscopic overview of the main factors
affecting many basins, while the second is more nacroscopic, concentrating
on the relatiocnships existing within a small individual basin. The former
approach utilizes the gross variations existing between basins as indicators
of the nature of the factors affecting the flow regime. The latter approach
attempts to correlate theoretically predicted flow regime behaviour to that
actually observed within a small basin. The theoretical nature of the
deterministic formulations representing the flow regime require much detailed
data to describe the hydrologic interactions. This is illustrated by the
theoretic formulations, derived by Fiering (1967) describing the relation-
ships between flow serial correlation and groundwater storage and carryover
in precipitation. Operational use of these derivations is impossible at
present. Comparison of the actual flow regime behaviour with that predicted
allows successive modifications to be made to the theory and thus the
formulation.

The statistical approach is entirely esmoirical. Statistical
regression technicues are used to detcct the cause of the cbserved variations
in the flow regime from stream to stream. Numerical indices of the pertinent
physical causes are derived and then regressed against the desired charac-
teristics of the flow regime. On a regional hasis wide variations exist in
the wnderlying physical causes of the flow regime resulting in wide

variations in its characteristics. Wide variation tends to nullify the
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cffects of errors in the mrerical indices of the phvsical causes and there-
fore these indices do not have to be highly refined. Hence requirements in
terms of efforts and rcsources ave considerably less for the empirical
approach than for the theoretical approach. Tt was decided that in view of
the limited resources availsble for this study, the empirical approach was
rore approoriate than the theoretic approach.

The rost well-¥nown exanoles of the emoirical approach to the study
of.:' the regional variations in flow regime characteri stics are the studies
done by the United States Geological Survey on flood frequencies. The publi-
cations in this series include Bodhaine and Thomas (1964), and Bulsing and
Fallio (1964), whose efforts were concentrated on streams in Washington and
Oregon. The basic purrose of these studies was to facilitate the prediction
of flood frequencies without the need to rely on flow records. The method
included the determination of a regional dimensienless flood frequency
relationship acplicable to all streans in the region and the development of
an equation relating the mean annval flood to the characteristics of the
climate and the basin., The product of the predicted mean annual flood and
the ordinates of the dimznsionless flood fregquency relationship yields the
predicted flood frequency relationshin for the rarticular basin of interest.
The basic difference between the work done by the USGS and the research
program undertaken is that the forwer is concerned with peak flows while the
latter is concerned with monthly and ammual flow serial correlations.

A comentary on the value of the United States Geological Survey
work is given by Benson (1962) who discusses the validity of the assumptions
wderlying a regional approach to studying flow characteristics, Althcugh
his discussion is in terms of floods, it has general application to all

regionalized studies of flow characteristics. Bn important conclusion of
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this article is that the results of the regionalized arproach mav be used in
preference to those obtained from actual flow records because the regionali-
zation process averages out the random variations inherent in the flow record.
Obliteration of these random variations allows a more reliable estimate of
the true state of affairs. According to the point of view taken in the
research, the concept of random variation must be rejected since any statis-
tical parameter is the product solely of physical causes and is not subject
to random variation. However, it is possible that limited flow records may
less accurately reflect the results of long term physical processes than
would a regionalized approach. On the other hand, individual basin records
may give information about characteristics unique to that particular basinnot
available from the regionalized approach. Therefore either limited flow
records or regiocnalized results may yield valuable information depending on
the specific circumstances.

Matalas and Gilroy (1968) developed detailed mathematical relation-
ships which facilitate the decision as tc whether regionalized estimates of
the characteristics of *he flow generation equation or the characteristics ob-
tained from limited flow records should be used. No specific component of
the equation was investigated and the results are generally applicable to
all flow regime characteristics. The basic criterion they used was the
relative magnitudes of the variances in the values obtained by either source.
Although the mathematics are quite involved, the results could be useful
when equations have been developed for the prediction of the components of
the generation ecquation. Since the research was only a preliminary step
towards this goal it was felt that considerations of the relative value of
predicted flow serial correlations versus those obtained from flow records

were not required.
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Geogranhic Area Stried

The streams studied were in the area of Washington State bounded on
the west by the Pacific Ocean and on the east by the Columbia River. The
climate of the area is mainly dominated by the Pacific Ocean and variations
are due mostly to the topography. The majority of the precipitation-producing
storms come from the southwest. The coastal regions receive from 50 to 100
inches of rainfall per year. Both the Olympic and the Cascade mountain
rangeé cause high precipitations to the windward sides and rainshadow effects
to their leeward sides. Maximum precipitations reach 200 inches per year
in the Olympic range and 150 inches per year in the Cascade range. In the
Olympic rainshadow, precipitations reach a minimum of 20 inches per year or
less. Precipitation in the Puget Sound lowlands averages approximately 40
inches per year. That part of the region in the Cascade rainshadow receives
approximately 60 inches per year. Iocalized areas receiving high precipita-
tions include Mount Rainier. The southeast part of the region may receive
as little as 20 inches per year. In general, precipitation varies widely
throughout the region studied.

Since a marine climate predaminates, the greatest proportion of the
precipitation occurs in the winter. The relative warmth of the ocean com-
pared to that of the air causes high evaporation rates and consequently makes
available a great volume of precipitable water vapor. Even though moderate
temperatures prevail throughout the region, the freezing level is quite low
much of the winter, leading to great amounts of snow at elevations of 3,000
feet or more. This sr‘bwpack has a profound effect on the flow regime since it
tends to reduce the maximum flows at the time of precipitation but causes
subsequent increases in flow rates during the snowmelt period of May, June,

and July. The high amounts of snowfall in the Cascade range result in a



27

significant amount of glacation in some of the basins. Glaciers store
moisture for several years and also increase the flow during July and August.
Apart from the Cascade glaciers there are a few glaciers in the Olympic
range and at high elevation on Mount Adams and Mount St. Helens. The glaciers
on Mount Rainier strongly affect the runoff regimes of the streams draining
its slopes.

Forests are quite dense throughout much of the region except for
thé southeastern section which has sparse vegetation. Dense forestation is
associated with a soil mantle of high permeability and moisture-holding
capacity. At the higher elevations of most of the streams studied the soil
mantle is the main water-bearing material because of the dense impermeable
underlying bedrock. Bare rock out-croppings are fairly common at the
highest elevations. In the Puget Sound lowlands and other low elevation areas,
ice age glaciation has left scme deep deposits of material ranging from
permeable sands and gravels to dense impermeable tills. Scme of these
deposits store substantial amounts of water, but the general importance of
this storage is secondary to that of the storage capacity of the soil mantle.

The streams included in the study were chosen from all varts of the
region in order to provide a representative sample. These drainage basins
tend to be small, averaging about 250 square miles in area, because drainage
of the mountainous regions directly into the ocean allows little opportunity
for small streams to join to form large ones. Since the streams drain mainly
mountainous regions they tend to have steep slopes and rocky beds.

A general conclusion gained from this discussion is that conditions
vary greatly throughout the region. The climate varies from hunid to semiarid.
Density of vegetation for that reason also has a wide range. The presence

of both mountains and lowlands causes variations in basin moisture storage
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characteristics. The literature will be reviewed with specific application
to the effect the conditions within the region would have on the flow regime.
A drainage basin is a camplex system which converts precipitation
input into the river flow output. The characteristics of both the input and
the conversion system will have an effect on the nature of the flow output.
The characteristics of the conversion system are a function of the physical
features of the drainage basin. The large amounts of precipitation common
within the region likely have a more important effect on the characteristics

of the flow than would the characteristics of the basin.

A. Climatological Characteristics

Significance

The general importance of precipitation as a factor in the flow
regime is illustrated by Howe, Slaymaker, and Harding (1966) who analyzed
the reasons for an increasing frequency of occurrence of extreme floods in
Wales. They concluded that although changes in land use practices had led
to an increase in runoff rates, the increasingly severe flooding conditions
were due to changes in the precipitation regime. The precipitation regime
is probably just as influential in the marine climate of Western Washington.
If precipitation has such a strong effect on peak instantaneous flows, a
similar influence will be exerted on the monthly and annual flows studied.
Tt is therefore imperative that the general influence of precipitation on
the flow regime be adequately indexed by precipitation data.

Precipitation Distribution

The factors influencing changes in the distribution and amounts of
precipitation are discussed by Caffey (1965). These included the primary

source of moisture, orographic and rainshadow effects resulting from
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topography, converaence, convection, frontal activities, and evapotrans-
piration. His attempts to study each factor separately did not meet with
great success. Precipitation is the result of many very camplex interactions
which are hard to quantify. It is to be expected that this will result in
difficulties in developing suitable precipitation indices but even partial
success could provide a great deal of information on the effect of precipi-
tation on flow serial correlation.

The effect of topography on the spatial distribution of precipi-
tation in the Western Oregon and Washington has been investigated by
Schermerhorn (1967). He found that much of the regional variation in pre-
cipitation was due to the main storm direction, topographic barriers in
relation to this storm direction and the latitude. The discussion of the
precipitation regime at the beginning of this chapter confim his conclusions
regarding the effects of storm direction and topography. The region studied
does not include a wide range in latitude and so its effect is not likely to
be strong compared to that of stomm direction and topography.

Most studies dealing with the effect of the precipitation on the
flow regime are not concerned with the serial correlation in the flow so
naturally the serial correlation in the precipitation is of no concern. Given
the problem of determining the causes of variation in flow serial correlation
and the fact that precipitation is a predominant influence on the flow regime,
it follows that the precipitation serial correlation should be considered a
possible influence on the flow serial correlation and included as a factor
in the research.

Snow Accumilation and Snovmelt

The previous discussion has dealt with precipitation in general; pre-

cipitation in the form of snow exerts a different influence than that of rain.
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Punoff resulting from rain€all jis affected mainly by tasin characteristics,
to be discussed later, while runoff from snowmelt is controlled mainly by
climate and climate-related factors, and affected secondarily by basin
characteristics.

Storage by snow accumulation reduces the effective drainage area
at the time of precipitation. The main bulk of the snow pack melts during
the spring season. The snowline fluctuates considerably throughout the
winter which means that there is a continuous cycle of snow accumulation
and melting. Extreme floods may occur when high rainfall occurs in con-
junction with snowmelt. However, this short-term cycle of accumulation and
melting has little effect on the monthly flow regime. Snowmelt has a pre-
dominant influence on the flow regime and therefore the flow serial correlation,
when the major part of the snow pack melts during the months of May, June and
July.

The factors affecting snovmelt and resulting floods as discussed by
OQuick (1965) are also likely to be very relevant to the influence of snowmelt
on flow serial correlation. The high albedo of the snowpack minimizes the
amount of thermal energy entering it from solar radiation, and the low temper-
ature of the rain falling on the snovpack prevent much snovmelt from the
thermal energy of the rain. The main sources of energy are conduction of
heat from the air into the snovmack and the release of the latent heat of
vaporization resulting from condensaticn of water vapor on the snowpack.
Wind induced turbulence plays a large role in the effectiveness of both of
these sources of energy, as does air temperature. The condition of the snow-
pack also has a strong influence on snow melt rates. Macroscopically,
maximum flood-producing conditions occur when an extensive snowpack at near

melting temperatures is subjected to a prolonged sharp rise in air temperature.
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The internal mechanics are complex due in part to the many variations in
governing conditions which can be expected. There is a dearth of
quantitative data which necessitated the use of very crude and simplistic
indices of factors such as snowfall and air temperature. Blodgett (1967)
found that the annual average number of degree days below freezing was
associated with the variation in the serial correlation from month to month
and with location. The nature of his analysis did not allow the detemmina-
tion of whether this factor was most closely associated with snowmelt or
snow accumilation. In either case, these results do point out that air
temperature may be a valuable index of snow conditions within a basin.

The exrected effect of snowmelt on the flow serial correlation
would be a reduction in the flow serial correlation. The large volumes
of water added to the flow in an inconsistent manner from month to month can
only serve to decrease the relationship between the monthly flows affected.
As snowmelt proceeds, the snowpack will decrease in size. The accompanying
reduction in resulting runoff will have a smaller effect on the flow serial
correlation.

Glacial Melt

During the summer months of July, August, and September, melting of
the glaciers and high elevation snowpack occurs. A camparison of Figures 1
and 2, obtained from the United States Geological Survey in Tacoma, Washington
shows the difference between the monthly flow hydrograph for streams with
and without glaciers and permanent snowpacks. Figure 1 is the hydrograph
of the South Fork Nooksack River and Figure 2 is the hydrograph of Thunder
Creck. These two streams are almost adjacent but the South Fork Nooksack
River has no glaciers or perennial snowfields while Thunder Creek does.

The difference between the two hydrographs should be due mainly to the effect
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of glaciers and perennial snowfields on the flow regime, The flow of the
South Fork Nocksack River is high during May and June but decreases consi-
derably in July, while Thunder Creek flows continue high through July
followed by relatively small decreases to August and September flows. The
continuing high Thunder Creek flows through July, August and September are
due to glacial melt including melting of perennial snowfields since the
flows of the South Fork Nooksack indicate that during this time the melting
of lower elevation snowpacks is minimal. Glacial melting is controlled by
the same factors as snowmelt and its effect on the flow regime will probably
be similar to that of snowmelt. Therefore it is to be expected that glacial
melting will cause a decrease in the flow serial correlation. The areal
extent of a glacial mass is readily definable so it may be possible to

index glacial volume rather than climate as was the case for the snowmelt

occurring earlier in the year.

B. Drainage Basin Characteristics

In traditional hydrologic thought a simplified view of the effect
of the drainage basin on rainfall input includes the concept of overland
flow, interflow and groundwater flow. As is commonly known, overland flow
is that part of the runoff which flows over the surface of the land; ground-
water flow is a result of the depletion of aguifer storage; and interflow
is that part of the infiltrated rainfall which travels to the streams by
way of the zone above the water table. Although these are oversimplified
concepts, it may be beneficial to discuss flow serial correlation in their
context.

Overland flow is the most rapid form of runoff and would not be

expected to be a factor in the carryover in streamflow fram cne month to the
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next. Groundwater storage depletion provides the slowest form of runoff
since generally the infiltrated rainfall must traverse both the unsaturated
zone and the saturated acuifer. Because of this factor, groundwater flow
is not subject to rapid variation unless both the saturated and unsaturated
zones form a continuous system in tension. In this case, precipitation may
release the tension and thus allow discharge from the aquifer. Generally
speaking however, groundwater flow provides a consistency in the flow which
ocould be expected to contribute to the flow serial correlation. The runoff
from interflow probably has sufficient consistency to provide a contribution
to the flow serial correlation. Interflow requires a longer period of time
to reach the stream than does overland flow but a shorter period of time than
groundwater flow. Although separation of total flow into phases is some-
what of an artificiality, a literature review following these divisions
would be useful.

Overland Flow

According to Reich (1965), Reich and Hiemstra (1965), Kinnison and
Colby (1945), and Benson (1962b), the main factors affecting overland flow
include drainage density and basin gecmetry. The drainage density is an
index of runoff conveyance efficiency of the basin. The gecmetry of the
basin includes land and stream slopes which affect rate of mmoff, and the
length of the main channel which affects the time of concentration.
Depression Storage in the form of lakes and ponds serves to delay the flow
in opposition to the effect of the slope. The shape of the basin will have
a strong ihfluence on the form of the overland flow hydrograph. Blodgett
(1967) found both channel slope and depression storage to have same effect
on the monthly variation in flow serial correlation.

Inclusion of easily obtainable indices of these factors provides
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a check on the assumption that overland flow is of little significance in
the problem studied. Both stream slope and depression storage surface
area are easily obtained from topographic maps. On the other hand, data
on the basin shape and drainage density is not readily available which
puts it beyond the scope of the present study. Stream length is probably .
adequately indexed by basin area in the fairly homogeneous geographic area
studied.
Interflow

Since interflow is that portion of the infiltrated precipitation
that is not incorporated into groundwater storage, it must be a function of
both the capacity of the soil mantle to absorb the precipitation and that
of the bedrock to absorb the infiltrated moisture. In the region studied,
the soil mantle is very permeable and has a high storage capacity. The
soil mantle acts as a storage reservoir, recharging during the high precipi-
tation periods and depleting during tie dry seascn. Thus this depletion has
some of the characteristics of groundwater flow. The factors governing the
recharge and depletion of the soil moisture storage are the infiltration
capacity of the soil and the soil storage capacity which in turn are governed
by the vegetative cover and the soil type. Although Reich (1965) and Reich
and Hiemstra (1965) show that infiltration capacity can be quantified by
classification of these two factors, the data required is prohibitive in scope.
Several attempts were made to index vegetative cover but were discontinued
because too much time would be required to develop an indéx sensitive to the
relatively small variation in vegetative conditions throughout the regions
studied. Similar problems were encountered in indexing soil types. The

importance of indexing infiltration rates is reduced by the fact that the
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permeable soil in densely forested areas is carable of absorbing all but
the most intense rainfalls. The inclusion of a few lightly-forested basins
in the research makes an index of infiltration capacity and soil storage
capacity desirable and therefore it was unfortunate that none could be
developed. The capacity of the bedrock to absorb moisture is a function
of the rock type which will be discussed later in reference to groundwater
storage.,

Groundwater Flow

Generally there are three factors which affect the proportion of
the stream flow originating from groundwater storage: the rate of recharge
of the aquifer, the storage capacity of the aquifer, and the availability
of storage. The recharge rate of the acuifer is dependent on rainfall, infil-
tration, and percolation rates. Infiltration rates have just been discussed
in reference to interflow and soil moisture storage.

The groundwater storage cavacity of an acuifer is partly a function
of its pemmeability -- a property that was indexed by Blodgett (1967) for
some of the streams studied. The index was derived from a map of the
geologic structures of the region., By and large the basins of the area are
underlain by impermeable bedrock and there is little variation in aguifer
permeability. Blodgett's results indicated however, that this index of
aquifer storage did associate to some degree with the variability in the
monthly flow serial correlations.

The availability of groundwater storage to the stream is related
to the degree of incision of the stream into the aquifer. The relationship
of groundwater flow to basin area is discussed by McGuiness, Harrold, and
Amerman (1961), McGuiness and Harrold (1962), and Hely (1964), who found

that in many regions in the eastern and midwestern United States, stream
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incision is generally a function of the drainage area. Since groundwater
flow could contribute to the carryover in monthly flow, it is possible that
basin area as an index of stream incision could be associated with flow
serial correlations even though the region being studied is much different
in some respects than that studied by the above authors.

Baseflow Recession

The cumlative effect of the infiltration capacity of the basin,
the storage capacity of the aquifer, and the accessibility of aquifer
storage is expressed in the characteristics of the resulting styreamflow
which follows an exponential decay law and is called baseflow recession.
Baseflow recession forms a time series and as such could be exrected to
have same effect on the carryover in monthly flows. A cammon expression
of this time series is

X1 T R (1)

where x is the daily flow, t designates the day, and k 1is a factor con-
stant with time for a particular basin. Since baseflow recession is an

exponential decay function, the term "k" can be replaced by ewt where o

is a constant. Although the term "k" is used more camonly than eat, the

latter expresses more clearly the exponential decay nature of the relation-

ship. If the flow is x, for day 0, then the flow x, t days later is e ot
Xqr i.e.

x, =e % xg (2)
vwhere t is in days.
But

Ln(xt) = -ot + In(x) (3)

is a linear equation in t with coefficient -a and constant Ln(xo) , both
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of which can be derived kv plotting In(x) versus time, The groundwater
storage at time 0 can be found by integrating all succeeding flows occurring

to time infinity. Thus STORAGE

¢

= (4)
xt dt
‘=0
=1 g, (5)
)
t=
-at
e 6)
= q, ’ e (
=0
] 7

The above discussion is predicted cn the premise that the portion
of the flow due to groundwater inflow may be isolated from the total hydro~
graph. This may be difficult because, accoerding to Hall (1968), there are
many sources producing flows with exponential decay characteristics. These
sources include lakes and ponds, snowmelt and glacial melt, and channel,
bank and soil moisture storage. In the region studied the runoff from
glaciers, the snowpack, and the soil mantle undoubtedly affect the nature of
what appears to be baseflow recession.

Although the separation of flow into phases facilitates a discussion
of the effects of the basin on the flow, too rigid an adherence to this

format can lead to a distorted view of the interactions which exist within

a basin. Any one particle of water may exist in anv of the phases at

different stages in its transport. For example, the water may initially



38

flow over the surface of the land but if surface deoressions cause a
sufficient loss in velocity, the water may infiltrate and travel same
distance in the interflow phase., The particle may then either reappear
upon the surface as overland flow or else may reach the groundwater table.
Intersection of the water table with the ground surface may again cause
the water to travel in either the interflow or overland phase. It is
obvious that these phases may be a result of definition more than of
physical conditions.

In the area studied the phase distinctions become unimportant
because the main bulk of storage may not be in the rather impermeable bed-
rock but in the highly permeable soil mantle. Throughout most of the
region studied, few storms produced rainfall intensities greater than the
infiltration capacity of the soil mantle. This is especially true for the
densely forested areas.

Methods of Analvsis

Investigation of the influence of the various physical factors dis-
cussed requires adequate indices of these factors and also suitable methods
of analysis. The standard multiple regression analysis is a camonly used
technique but it has disadvantages when used to analyse interrelated
variapbles. Interpretation of its results is confused by strong inter-
dependencies among the variables, a hallmark of many of the available
jndices of mhysical influences on the flow regime. For example, elevation
indexes almost all basin and climatological conditions in the region studied.
Basin slope varies with elevation and is therefore likely to be associated
with indices of either snowmelt or glacial melt. Another index associated
with elevation is aquifer permeability since rock Qutcroppings are common

at higher elevations. Precipitation increases markedly with elevation due
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to topographic effocts. The strength of these interrelationships will vary
considerably. Determining the true importance of each physical factor is
extremely difficult when its index is related to other factors.

In addition to causing confusion in the interpretation of results,
the interdependence of the indices also leads to other deficiencies in the
results of multiple regression analysis. As demonstrated by Wallis (1965)
interdependence of the predictor variables leads to considerable instability
in the derived regression equation, resulting in a loss of validity and
significance.

These difficulties can be circumvented to an appreciable degree by
the use of scme modification of basic multiple regression, as shown bv Wallis
(1965). The technique most applicable to the research program was principle
cormonents analysis in corbination with varimax rotation. In the princivle
components analysis orthogonal, or indepencent, camponents are derived fram
the original variables. In the varimax rotation these caomonents are rotated,
with little loss in orthogonality, so that each is maximally associated with
one original variable. A full description of these procedures is included
in Harman (1960). Wallis found that this procedure alleviated many of the
problems associated with the use of multiple regression techniques.

The value of the basic princinle coamponents approach has been
established in practice. Gladwell and Hastay (1°967) investigated the effect
of a cloud-seeding program on the flows of the Skagit River in Washington
State. A prime requirement of such a study is that there must be scanme way
to evaluate the significance of resulting changes, if any, in the runoff.
This requires dependable control variables which in the study mentioned
included the runoff of several adjacent streams, and precipitations at

several locations. A regression equation using these control variables was
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develored to rredict the flow on the treated stream under original conditions.
It was found that these control variables were highly interrelated and that
the ordinary multiple regression analysis techniques were unsuitable. Instead,
principle components analysis was used and found to produce satisfactory
results.

Pelated Studies

A study of the physical factors affecting the statistics of monthly
and annval flows in the Potamac River basin has been done by Benson and
Matalas (1967). In many respects their work is very similar to that done in
this program. Included among the statistics studies vere the serial corre-
lations of monthly and annual flows. The purpose of their study was to
develop equations to predict flow characteristics for streams having inadequate
records.

The indices the authors used to explain the variation in the flow
statistics were the drainage area, the percentage of forested area, the mean
annual precipitation, the annual snowfall, the slope of the main channel, and
the surface storage provided by the lakes and ponds within the basin. The
authors found that the annual flow serial correlations were very nearly zero,
so that attempts to explain the variation in this factor were of no value.
Their analysis showed that the relationships between the monthly serial corre-
lation coefficients and the basin factors did not vary consistently from
month to month and therefore they concluded that the relationships indicated
were questionable. It can be assumed that relationships which contradicted
the expected physical processes were rejected as unsatisfactory. This apparent
lack of success may be due to the nature of the region studies and is not
necessarily the result of all such studies. The authors' rejection of unsatis-

factory relationships is in agreement with the point of view taken in this
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research that the variation in a statistic is totally due to physical causes
and not the result of chance.

Tt can be concluded from the discussion of this chapter that
climatological characteristics of the region dominate the flow regime to a
large degree and that the characteristics of the basin are somewhat secondary.
The climatological characteristics relevant to the variation in flow serial
correlation are the precipitation amounts, the precipitation serial corre-
lation, the snowfall, and glacial volure. Rasin aquifer storage is the
prime basin characteristic which needs indexing. Facets of aquifer storage
include recharge rates, actual storage volume available, and the accessibility

of storage to the stream.



CHAPTER IV

PROCEDURES

Specific Purposes

The purpose of the first phase of the research was to find the
mathematical relationship between the statistics of annual and monthly flows.
The development of the formmlations for the means, standard deviations, and
1;3g one serial correlations was included in Chapter II.

The purpose of the second phase of the research was to empirically
test the lag one through twelve multilag monthly models to ascertain which
of these would generate monthly flows and subsequently derived annual flows
most closely anproximating the original recorded flows. The judgement was
based on the correspondence between the means, standard deviations and lag
cne serial correlations of the generated and actual flows. The nature of
the study precluded thé discoverv of reasons for the performance character-
istics for any particular model. 2An investigation of the inflvencing
puysical factors would be tco extensive to include in the research program.

Although such a full fledged investigation was impossible, a
beginning step in this direction was made by studying the physical factors
influencing the lag one flow serial correlation. The third phase of the
study included both the develonment of indices of the basic physical factors
influencing the flow regime, and the analysis of the relationships of these
indices to the lag one flow serial correlation. The purpose was first to
develop equations with which the lag one flow serial correlation could be
predicted from conmonly available physical data. This would eliminate any
dependence on short flow records. The second more general purpose was to
gain more knowledge about the physical influences acting within the region

studied.



43

A. Annual to Monthly Statistical Relationships

The mathematical relationships between annual and monthly flow stat-
istics were derived in Chapter II. Substitution of nurerical values into
the formulations for a few sample streams merely verifies the accuracy of the
formulations and helps develop some appreciation for the relationship. This
substitution was done for the annual flow cross-products. Actual values for
the monthly and annual parameters were substituted into the right and left
sides, respectively, of Equation 12, Chapter 1T, for the Chehalis and South

~ Fork Skykcmish Rivers. These streams were randomly selected.

B. Monthly Multi-lag Model Accuracy

The flow records of four streams were subjected to a standard
multiple regression analysis which yielded the carponents of the various
multi-lag generation equations. These carponents were fed into a conputer
program which generated 500 years of monthly flows for each medel and stream.
The monthly and annual flow statistics derived for each of these sequences
were then campared to those of the original flows. This allowed the
selection of the most acceptable rodel.

The streams chosen for this analysis were the Chehalis River, the
South Fork Skykomish River, Thunder Creek, and the Wenatchee River. Their
jdentification numbers are listed in Table 1 and their locations are shown
in Figure 3. The Chehalis River drains a coastal and inland region having
relatively few mountains and thus the rainfall patterns are not greatly
altered by topography. The basin recieves little snowfall and has no long
term snow accumulation. The South Fork Skykemish River originates at the
divide of the Cascade mountains. Much of the basin is covered by extensive

snowpack during the winter but glacial activity is minimal, The precipitation
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matterns within the basin are governed to a large degree by the rise in land

elevaticn towards the headwaters. This causes high pr

mwch of the basin, Thunder Creck is also located on side of the
Cascade mourtains but drains a higher avea than does the South Fork Skykemish

River. It is subject to precipitation siuilar to

thozo of the Sourh Fork Shykomish River.
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Strength of Predicticn Equations

The total percentage of variation in the FSC explained by the
indices is shown in Figure 23. This percentage is at a maximum of approxi-
mately 70% for February and September FSC, decreasing to approximately 60%
for the annual, October, November, December and March FSC. It is further
reduced to approximately 50% for the May, July and August FSC, and 40%
for the January and April FSC. It reaches a minimum of 33% for the June
FSC. Perfect predictability of the FSC was obviously not reached, nor
was this surprising in view of the complexity of the problem.

As a consequence of the imperfecticn of the equations the
actual FSC values used in the analysis did not campletely correspond to
those indicated by the regression equations. The errors, or residuals,
were included in a subsequent analysis to determine the relationships be-
tween these residuals and the dependent and independent variables. Rel-
ationships between the residuals and the independent variables would
violate the assurptions of the analysis and would make the results
questionable. Fortunately the residuals were found to be unrelated to the
independent variables. They were negatively related to the dependent
variable which indicated that high FSC tend to be underestimated and low
FSC tend to be overestimated. It was not surprising that the residuals

were related to the FSC since the residuals incorporated the variation in

the FSC not explained by the rest of the incices.

The camponents of the predicticn equations are listed in
Table 13 (Appendix A). Table 2 (Appendix A) inclides the values of the in-
dices for the check streams which when substituted into the prediction
equaticns, give the results listed in Table 14 (Appendix A). These results
for the South Fork Skokcmish, the Greenwater, and the Sultan Rivers include

the actual FSC, the predicted FSC, and the difference between these two
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values. The highest errors for the South Fork Skokomish River occur in
the predicted January and the September FSC, which have weak and strong pre-
diction equations respectively. The minimum errors occur in November,
December, April and July FSC and show little relation to the strength of
the prediction equations. The errors in the FSC of the Greenwater River
are greatest when the prediction equation is weakest, as would be expected.
This is shown by the larger errors in the predicted April, May, and June
FSC. For the Sultan River the maximum errors occur in December and June
FSC which have strong and weak equations respectively. The minimum errors
occur in the predicted annual and October FSC, both of which have fairly
strong equations.

The negative relationship between the errors and the FSC can
also be checked by the results of these independent predictions. Contrary
to the predicted relationship, positive and negative errors occur for both
high and low FSC values in the case of the South Fork Skokomish River.

In the case of the Greenwater River the relationship is upheld by the neg-
ative errors occurring in the high FSC values fram April through August and
the positive errors occurring in the low-valued March and January FSC.

For the Sultan River the expected relationship is shown by the overestim-
ation of the small annual FSC and October through 2pril FSC, and the under-
estimation of the larger June and July FSC. Large errors over 0.10 occur
in the Octocber, January, March, May, June, August, and September FSC of
the South Fork Skokcmish River; in the April, May, June, and August FSC of
the ‘Greenwater River; and in the DECamber through March FSC and June FSC of
the Sultan River. These errors were not expressed in terms of percentages
because of the large, misleading values resulting fram the division of a

small error by an equally small FSC value.



CHAPTER VI

DISCUSSION OF RESULTS AND PRIMARY CONCLUSIONS

A. Relationship Between Monthly and Annual Statistics

The small errors of 6% and 0.1% resulting fram the substitut-
ion of appropriate values into both sides of Equation (12), Chapter II,
expressing the relationship between annual and monthly flow cross-products
indicate that the equation for the annual flow cross-product is correctly
formulated. Fram this it can be concluded that the statistics of any time
averaged flow distribution are intrinsically related to and derivable
from the statistics of flows of a smaller time base. This holds important
implications for the proper attitude required in the use of, for example,

monthly and annual flows in water resources development.

B. Model Accuracy and Ratings

Model accuracies are discussed in this section wholly within
the context of the empirical applicability of the models to flow generat-
jon. Physical reasons for the characteristics of model accuracy are much
too ccmplex to be studied within the scope of the research. Scme of the
more outstanding features of the period ratings may have a counterpart in
the physical prediction aspect of the research which provides samewhat of
a weak tie of this phase of the study into the study of physical causes
of FSC. The relationships between this phase of the research and the phys-
ical prediction phase strengthen the confidence held in the results of both.

Model Errors

The range of errors in the means is very small since the maxi-
mum error of any stream is 15%, except for the 44% error of the lag nine

model for the South Fork Skyhamish River. Errors in the means cannot play

a large role in the selection of the most acceptable model, since the error
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to be expected is usually negligible. This also leads to the conclusion
that the mechanics of the generation process were not subject to inadvert-
ent human error and therefore the results can be accepted as providing cor-
rect information.

Whereas the errors in the means are small and have a narrow
range of values, the errors in the standard deviations range from minimum
values of 10% to 20% to maximum values fram 30% to 60% depending on the
stream. The minimum errors are acceptable in hydrologic usage, whereas the
errors of the least accurate models would severely reduce the reliability
of the generated flow. There is undoubtedly a physical reason for the
fact that for the Chehalis and South Fork Skykomish Rivers, the maximmum
model error is approximately 60% while for Thunder Creek and Wenatchee
River, the maximum error is approximately 30%. Unfortumately there is no
possibility at the present of cdetermining what this reason is. The rather
large range in the error places considerable importance on the choice of
the model to be used for flow generation since a bad choice can lead to
gross error. This is further accentuated by the fact that the errors dis-

cussed are averaged over all periods ard that errors in the standard cde-

viations of the flows of individual pericds may ke considerable higher than
the average.

The errors in the FSC do not follow the same patterns as those
in the standard deviations. For the standard deviaticns, the Chehalis
and South Fork Skykomish Rivers tended to have a common error level and
range as did Thunder Creek and the Wenatchee River. In the case of the
serial correlations, the Chehalis River is different from the cther three
streams in that its error range, 50% to 97%, is much greater than that for
the other three streams whose errors have a combined range of 10% to 35%.

The error range for the average of the four streams réflects mainly those
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of these three streams. It is interesting to note that the macnitudes of the
errors in the FSC are generally greater than those in the standard deviations
which in turn are generally larger than those in the means. This leads to the
conclusion that the degree of error in the statistics of the generated flows
depends on the complexity of the statistic.

General model accuracy is indicated by the errors in the average
of the three statistics. These errors reflect mainly the errors in the
standard deviations and FSC since these errors are the largest. Over all,
the statistics of the generated Chehalis River flows are subject to the
greatest error followed closely by those of the generated South Fork Sky-
kamish River flows. The statistics of the generated flows of Thunder Creek
and the Wenatchee River contain less error. It must be concluded that the
accuracy of model generation varies considerably from stream to stream.

The flow characteristics of most interest in practical water
resources analysis are the average of the flow and the variability of the
flow about this average. The errors in the means and standard deviations are
therefore of interest. They reflect mainly the influence of the errors in
the latter because of their higher values. The Chehalis and South Fork
Skykomish Rivers have a carbined error range of 3% to 54% campared to values
of 5% to 20% for Thunder Creek and the Wenatchee River. Practical applica-
ticn of model generaticn may be limited by the variability between models
and between streams. However if the most acceptable mocel is conparably
accurate from stream to stream, its use in flow generation for all streams
in the region may be very valuable. Individual models and their rating will
be discussed in the following section in terms of consistency of ratings fram

statistic to statistic and from stream to stream.
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Model Ratings

Having discussed general error levels and ranges, it is neces-
sary to discuss the ratings of the accuracy of each model in the reproduct-
ion of the proper statistics of their generated flow. Factors to be taken
into consideration are the variation in model ratings from stream to stream
for each statistic and from statistic to statistic for each stream. The
low error levels and ranges of the means reduces the importance of the rat-
ings of models with respect to this statistic and also results in a lack of
consistency in the ratings. This lack of consistency is evidenced by both
a lack of similarity in ratings between streams and also by the fact that
neither the carmplex nor the simple models have a tendency to be the most
accurate.

On the other hand the errors in the standard deviations are
considerably less for the simpler models than for the mere camplex models.
There is also a very definite trend for this conditicn to be applicable to
all the streams studied. In detail, the most accurate models are consis-
tently the cne, two, and three lag models, which have relatively low error
levels. It can be concluded that the use of one of the three simplest models
in flow generation will yield flows with acceptably accurate standard devi-
ations for all streams. This most certainly is of great value to the hydro-
logist concerned with flow generation.

The ratings of the models with respect to the serial correlation
indicate that the more camplex models have a weak tendency to be more accur-
ate than the simpler models. This tendency is not nearly so strong as the
opposite trend in the standard deviations. The FSC ratings also have less
consistency from stream to stream than do the standard deviation ratings.

This is shown by the fact that I'SC ratings for the South Fork Skykamish are

contrary to those of the other streams. It can be concluded that the more
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carplex models are generally the most accurate with respect to the FSC but
that this general rule may not hold for all streams studied. Since this
parameter could be of secondary importance in the generated flows, these
results may be of theoretical interest only. Certainly if the FSC is of
great importance, the reliability of the generated data of any model is
questionable.

The model ratings with respect to the average errors of all
thrée statistics indicate that the simpler models generate the most accur-
ate flow data while the more camplex models are the least acceptable in this
respect. This indicates that the standard deviations are predominant in this
average. Inconsistencies between streams appear to be quite significant
since the ratings of the average of the four streams do not strongly coincide
with those of the individual streams. The model ratings with respect to
the average errors of the means and standard deviations cefinitely follow
the standard deviation ratings. This is especially shown by the high rat-
ings of the simpler models. It can be concluded that standard deviation
errors are the most dominant.

The general consistency of model ratings from statistic to
statistic is very low. For the means, models of medium complexity are the
most accurate, for the standard deviations the simpler mocdels are the most
accurate; and for the FSC the more complex models tend to be most accurate.
The result of this lack of consistency is that no single model will generate
data in which all the statistics are highly accurate. It is necessary there-
fore, to develop criteria for choosing an acceptable model. These criteria
were alluded to in previous discussicn but will now be discussed in detail.
The serial correlation in generated flows is of little concern to the water
resources planner since its major application lies in flow generation nro-

cesses. Hydraulic structures are designed with a built-in safety factor
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which is intrinsically connected to the probability of extreme events

capable of rencdoring the structure unsafe. The probability of extreme
events is directly a product of the variability in the flow, and therefore
the standard deviation and also the means of the flow. It is evident that
the means and the standard deviaticns of the generated flows must closely
approximate those of the original flow data if the generation model is to
be suitable for practical hydrologic use. The errors in the means are small-
er-and have a lower range than do the errors in the standard deviations.

A less than optimal model with respect to the means will result in minor
errors while the same condition for the standard deviation could result in
gross errors. Therefore it is necessary that the model chosenbe capable of
generating flows with acceptable standard deviations.

Another consideration relevant to model acceptability is model
camplexity in relation to the current degree of insight into generation
mechanics. It has been stressed that presently little is known about multi-
lag generation technigues whereas considerably more is known abcut the
single lag generaticn model. Since an understanding of the nature of the
generation process facilitates the proper use of such techniques, simpler
models are more desirable than complex cnes if the errors produced by the
former are ccrparable to those of the latter. This would involve more of
an intuitive than a quantitative judgement.

The criteria therefore, applying to model acceptability are
model simplicity and model accuracy relative to the standard deviation in the
generated flows. The most accurate models with respect to the standard
deviations are the lag three, one, and two models in that order. Table 15
below gives the error averaged over all periods for each of these models

for each of the streams.
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Table 15

Standard Deviation Errors for Selected Models

Lag 1 Model Lag 2 Model Lag 3 Model
Chehalis River 32.12% 34.46% 21.66%
So. Fk. Skykamish River 16.24% 18.90% 17.34%
Thunder Creek 8.77% 9.87% 9.75%
Wenatchee River 12.83% 13.68% 13.75%
Four Stream Average 17.49% 19.23% 15.63%

This table indicates that the differences in the errors for the
three models are quite small for all streams except the Chehalis River for
which the lag three model is considerably more accurate than the other two.
According to the accuracy criterion, it must be concluded that the lag three
model is the most acceptable. However, it was concluded that the simplicity
of the ]2g one model was more valuable than the increased accuracy of the lag
three model. Until further information on the nature of the multilag model
is available, the lag one model must be considered the most acceptable for
monthly flow generation. The variability in the accuracy from stream to
stream as exemplified above by the Chehalis River, is a factor which rust
be taken into account in its use. Considerable error in the parameters of
the generated data may result from both the differences in model errors

betveen streams and the less than cptimal nature of the lag one model. The

actual errors occurring in the statistics for each stream studied will be
given after variations in the period errors are discussed in the following
section.

Period Patings

The purpose of this discussion is to determine from the relative

differences in error levels between periods any seasonal tendencies in average
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generation accuracy and any consistencies in such tendencies from statistic
to statistic. Determination of isolated periods whose flows are subject to
anamalously large errors is also important in order that the limitations

of flow generaticn are clearly outlined. Another question to be answered by
the results is whether the errors in the statistics of the annual flows
derived fram the generated monthly flows are of the same magnitude as those
in the statistics of the generated monthly flows. It should be noted that
the period errors discussed are cbtained by averaging, for each period, the
errors of all the models. Period errors for individual models may vary
considerably from the average.

The means of the generated flows of all pericds are quite
accurate, usually subject to errors of less than 10%. This indicates that
there is little variation in the level of errors in the means from period
to period consistent with the lack of variation in these errcrs from model
to model. 2n exception to the general low level of error in the means is
the 31% error in the means of the November flows of the Chehalis River.

This may reflect both the generally larger errors in the flows of the Chehalis
River and the tendency noted below to large error in generated November

flows. Overall it can be concluded that the means of only the generated
November flows will likely be subject to substantial error.

It is apparent from the results that the errcrs in the standard
deviations vary widely frcm period to peried. The minimu errors of approxi-
mately 10% are acceptably small while the maximum values of 200% are total-
ly wnacceptable. This wide variation serves to emphasize that the standard
deviations in the generated data of same of the pericds may be grossly
in error. The errors in the standard deviations of generated November
flows are, for all streams, larger than those for any other period. Tre

abnormal nature of these errors is highlighted by the relatively low error
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values for the September, October, and Decarber flows. 2 pocsible reoasen
for this is that November flows are scmewhat transitional in nature, span-—
ning the change from a rainfall daminated flow regime to one strongly
influenced by snowfall. The ancmalous nature of November flows is also
evidenced in the contours of November FSC to be discussed later. It is
also to be noted that the standard deviations of July and August flows tend
to be quite accurate.

With respect to the FSC errors, the points of interest are that
the maximum errors occur in the annual and January flows and the minimum
errors occur in the flows of the summer months. A possible explaration for
this lies in the magnitudes of the FSC themselves. Relatively high percent-
age errors would result from small actual errors in the lovw=valued annual
and January FSC, shown in Figures 5 and 9, while low percentage errcrs would
result from relatively high actual errors in the high June, July and
August FSC, shown in Figures 14, 15, and 16.

Observations can be made about the period errors in general.
The errors tend to be higher for the Chehalis and South Fork Skykcmish
Rivers than for Thunder Creek and the Wenatchee River. t must be con-
cluded that error levels can vary consicderably from stream to stream for
reasons vhich unfoertunately, are not known. Generation accuracy can vary
from poriod to pericd, generally being rost accurate for the suwmer months,
This may be due to the stable regime ol flows cccuring during this pericd.
These error variations fram stream to stream and from period to period must
be considered in the use of flow generation techniques.

The results indicate that the statistics of the annual flows
have generally the same accuracy as those of the generated monthly flows.
Specifically the means of the annual flowe are as accurately reproduced as

those of the monthly flows. An intuitively logical reason for this accuracy
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is that the mean is a relatively simple characteristic of the flor and as
such is easily carried through the monthly to annual flow transformation.
The errors in the standard deviation of annual flows are fairly large for
same streams but do not approach the maximum values for the monthly flows.
The errors in the annual FSC are generally hidher than those in the monthly
flows. It appears that the means and standard deviations are fairly well
preserved in the transformation process from monthly to annual flows but
that serial correlation is not. If the serial correlation in the generated
annual flows is of little importance it can be concluded that annual flows
can feasibly be derived fram the generated monthly flows. This means that
an acceptable monthly flow generation model will satisfy requirements for
both annual and monthly generated flows in water resources applications.

Indivicdual Errors for Streams Studied

The discussion of errors averaged over all models for each
period has provided scme insight into the seasonal variations in the errors
of the periods. It also has provided some insight into the nature of the
annual flows derived from the generated monthly flows. Previcusly in this
chapter, the lag one model was chosen as the most acceptable medel. The
actual errors of this model for each stream and statistic are presented in
Taple 16 (Mypendix A). The errors in the means and standard ceviations are
listed as a percentage of the original values of these statistics wvhile the
errors in the FSC are presented as merely the difference between the statis-
tics Of the criginal and generated. f£lows since .low values of the original
FSC caused distorted values in the percentage errors.

The only major error in the means occurs in the November
flows of the Chehalis River. At 33% this error is large encugh to cause
problems in the practical use of the generated flows. Since an error of

this magnitude occurred for only one stream, it can be tentatively concluded
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that this repetition in other streams within the region would not ke too
camron.  However, it would be advisable to excerise caution in the use of
generated November flows.

The important errors in the standard deviations are mainly
those of the generated November flows. The magnitudes of the errors range
fram a high of 225% for the Chehalis River to a low of 20% for the Wenatchee
River. In water resources applications requiring accurate estimates of
flow variability, the generated Noverber flows of Thunder Creek and the Wenat-
chee River may be acceptable but not those of the Chehalis and South Fork
Skykomish Rivers. It appears that accurate means and standard deviations
in generated November flows are not totally attainable with the use of the
models studied. Other relatively large but possibly acceptable errors in
the standard ceviations occur in the annual and March flows of the Chchalis
River and the March flows of Thunder Creek and the Venatchee River. None
of these errors reach the extreme magnitudes of those found in the November
flows of the Chehalis and south Fork Skykcmish Rivers, so they could be
acceptable.

Although the accuracy of the FSC was not considered to be an
important criterion of model acceptability, it is possible that same applic-
ations would require knowledge of the errors to be expected in this statistic.

able 16 shows an intcresting feature of the serial correlation errors not
seen in the previous rocults. Rogardless of the value of the FSC in the
original annual flows of the four streams, it is negligibly small in the
annual flows derived fram the generated monthly flows. From this it can be
concluded that deriving annual flows from generated monthly flows does not
allow for the prescrvation of the annual FSC. Serious errors also occur

in the FSC of April, May, June, and Sertember flow= or the Chehalis River;
Janvary and February flows for Thunder Creek; and June flows for the Wenatchee

River.
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An overall conclusion which can be made about the results of
generating flows by mcans of the lag one model is that they are generally
satisfactory but subject to large errors in the standard deviations and FSC
of a few of the monthly flows. The value of generation technicques in water
resources planning leads to the conclusion that rotwithstanding some of the
large errors that can occur, the lag one model is still a valuable tool
if proper precautions are taken to reduce the detrimental effect of such
errors. These results also affirm the suitability of deriving annual flows
from generated monthly flows, thus eliminating any need for an annual flow

generation mocel.

C. Pphysical Prediction Study

The results of both the FSC contour and the multivariate analy-
sis will be discussed as a unit with a view to determining the physical in-
fluences which affect the magnitude and geographical variation in the FSC.
The results of the multi-variate analysis should cast light on, and be af-
finved by, the results of the contours. Initial discussion will deal with
the general effect of the active hydrologic factors in order to determine
vhat gives rise to FSC and also what detracts from it. Following this will
be a specific delineation of the variation in the strength of each of these
factors from month to month. The FSC centours will ke discussed at the same
time, specifically in the context of the dcminant factors affecting the FEC
variation shown in the contour. It must be emphasized that the conclusions
gained from the prediction stucy are only applicable to regions having
climatological and geographical corditicns similar to those of Westem
Washington. Such regions might well include the west coast from Alaska
to California.

The associations of the numerical indices with the FSC are

either positive or negative indicating that the indexed physical phencmenon
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either adds to or Cetracts from the ragnitude of the ™eC, The wide
variation in the magnitudes of the FSC from period to period and from loc-
ation to location should be explainable in terms of additive or subtractive
physical causes. The additive physical causes can be regarded as sources
of FSC. Determination of these sources is one of the purposes of this study.
A general impression of the variation in the serial correlation
fran month to month can be obtained from the FSC contours shovm in Figures
5 through 17. The FSC is highest during July and August and decreases to a
low in January and Februvary. It is to be noted from Table 16 (Appendix A),
that both the flow magnitude and variability are at a minimum during the
sunmer months but increase to a maximum during the winter months. Low FSC
values occur when the means and standard ceviations of the flows are at
a maxirun leading to an apparent negative correlation between the FSC and
the flow means and standard deviaticns. It is tcmpting to think of the
association of high FSC with low standard deviations as a causal relationship,
but this is not necessarily tiue. The correlation coefficient is operation-
ally a product of the covariance and the inverse of what can be considered
to be the average variance of the two variables involved. 2Any reduction
in the variance will lead to a higher correlation cocefficient providing there
is no corresponding rcduction in the covariaznce. In the particular case
wnder discussion th2 reduction in the variance of flows fram the winter to
the summer months cdoes not guarantec that there will be the smaller reducticn
in the covariance required to produce the higher serial correlation coeffici-
entsduring the summer. Furthermore, explaining variation in the FSC in
terms of variation in other statistical parameters does not do justice to
the underlying physical causes of variation in FSC. Although variation in
the standard deviation must be rejected as a cause of variation in FSC, the

non-causal relationship between the serial correlation and the standard
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deviation may be an important consideration in determining the source of
FSC. A possible reason for this relationship is that if the source or sources
of serial correlation are weak they will be easily over-ridden by the less

consistent variability in the sources of high flows, namely rainfall, snow-
melt, and glacial melt. This would result in a reduction in FSC during periods
when flow variability is high.

The results show that precipitation increases are associated
with decreases in the FSC whereas both the snowfall and the PSC have oppo-
site associations. Snowfall at higher elevations usually occurs in con-
junction with rainfall at lower elevations. The immediate runoff resulting
from the rainfall serves to decrease the FSC whereas the moisture stored in
the form of snow does not run off for some time. This delay in the runoff
leads to higher serial correlaticn values for basins receiving snowfall than
for basins without snowfall. However the melting of the accumulated snow
will seirve to reduce the FSC. Therefore, the increase in FSC caused by
snow accumulation is later matched by a decrease in FSC caused by snovmelt.
The associaticns of the PSC with the FSC occur during October, November,
and Decerber when precipitation and thus flow, is increasing. If PSC was
associated with decreasing flow it could be said to be an index of the effect
of flow levels on the FSC. Since this is not the case, it must be consid-
ered a source of FSC even though the exact physical relaticnship between
the two variables is not known. PSC is also a source of March, Npril, and
May FSC.

In addition to the PSC of the same month as the FSC, the PSC
of the month preceding that of the FSC was also included in the study to
sce if there exist~d a Markovian relationshin between consecutive PSC which

could lead to associations between the FSC and several PSC. The associations
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of this PSC with the FSC were negative for February, March and August, and
positive for May and June. The indices involved are the January, February,
July, April, and May PSC respectively. The existence of a Markovian relat-
ionship was refuted by the multivariate analysis results which indicated
that the consecutive PSC tended to be unrelated. It is possible that the
FSC may be associated with the PSC of the previous period because of some
influence of the drainage basin on the resulting runoff. However, the
relationships involved are camplex and poorly understoocd. Factors contri-
buting to the difficulty in interpretation of the associations are that
they are not all of the same sign and that their strength varies fram a
fairly high level in February to low values in May and August.

cince the PSC of the previous period is a characteristic of the
precipitation, it is fairly certain that it is not indexing scme physical
condition of the basin. It is independent of the other indices which means
that it could be included in the prediction egquaticn without campronising
the understanding of the nature of the influences acting on the FSC. Al-
though it serves to emphasize the corplexity of the effects of precipitation
on the flow regime, it may also precvide information for future researchers
investigating this area of study.

The associations of glacierized area to FSC indicate that glacial
melt from June through Septerber serves to decrease the carryover in the
flow whereas from December through March the small rositive associations
indicate that glacierized besins tend to have higher FSC than nonglacierized
hasins. The latter associaticns are prchably similar to those of the snow-
fall from October through December, 1. e. a reduction in flow leading to an
increase in FSC. The positive association between the glacierized area and
the annual FSC can be plausibly explained in terms of the long delay hctveen

when the snow falls on the upper surface of the glacier and when the ice
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melts in the ahlation zere. In this eence, ~laciers eald ke a erurce of

annual FSC.

Groundwater storage is usually an important aspect of the
runoff regime. The literature reviewed included several references to the
logical importance of groundwater storage in FSC. However, it has been
pointed cut that in the region studied there is little storage capacity in
the underlying bedrock. For this reason it has been postulated that ground-
water storage is not a significant source of FSC. The proof of the postulate
lies in the nature of the associaticns of the indices of groundwater storage
with the monthly and annual FSC. The associations of these indices which
include basin slope, basin geology, depressicn storage, drainage area, and
the baseflow recession factor, with the FEC will be discussed in relation
to the accuracy or inaccuracy of the above postulate. The positive associ-
ations of the basin slope with the Januvary, February, August and September
FSC mean that high slopes are associated with higher flow carryover. This
certainly does not reflect the relationship of slope to infiltration rates
and volure of grouncdwater storage. Basin slope is not indexing groundwater
storage in these associaticns. The only negative association of the basin
slope is with the 2pril FSC. April flows result mainly frem precipitation
and snowmelt. In relation to these flow zsources the relative importance of
groundvater additions to the flow would be very small. However, it is
possible that weazk effects of groundwater sterage are being indexed here.
Depression stcorage is associated with all but the October, November, and
May FSC. Of these associations all of which are positive only those with
the February and August FSC are of considerable strength. The positive
nature of the associaticns indicate that depressicn storage has the expected
function of increasing the carrvover in flew. Considering the high flow

volumes occurring during the rainfall and snowmelt periods, depression
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storage ~rohahly ircreaces FEC by drtrecducing veqularitr inte the otrear-
flow rather than by its effect on infiltration rater. However during the
low flow summer meonths depression storage may affect FSC through its effect
on infiltration rates. It appears reasonable to conclude that only the
association of depressicon storage with August FSC reflects an important in-
fluence of groundwater storage.

Basin geology was intended to be a measure of the storage
capacity of the basin aguifers but the lack of associations of this variable
with the summer FSC indicates that this is may not be true. The negative
associations with May and June FSC mean that basins with more permeable
bedrock tend to have higher FSC as would be expected if grouncwater storage
was being indexed. However, it does not seem reascnable to expect ground-
water storage to be a strong influence during the period of high runoff
from snowmelt. A more probable explanation for thcse associaticns is that
the basin geology is related to elevation and therefore to snowmelt to some
extent.,

The baseflew recession variable was designed to be an index
of the storage available in the aguifer at the beginning of the depleticn
period. Its positive associations with the July and August FSC indicate
that greater storage is assoziated with higher valuves of FSC. The small
negative associations of this variable with the Nevember and April FSC are
vnoxplainable in physical temms and therefore rwst be cisregarded. The
associations with July and August FSC are relatively weak and indicate that
the influence of storage is rather small. Although storage is shovn to be
a source of FSC, it does not appcar to be solely responsible for the exist-
ence of very high FSC during the summer months. Confusion about the nature

of this variable i= introduced by the fact that in its derivation the initial

flow taken as the beginning of the recession period was for most of the
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streams, a daily flow in April. April is not usually consicered to be

the beginning of the baseflow recession pericd. A possible reason for this
early occurrence of vhat appears to be raseflow recession is that the
expcnential decay characteristics of snowmelt are being indexed. These
characteristics would then grade into the glacial melt decay function and
then into groundwater storage depletion. It can be concluded that notwith-
standing the apparent incongruities in the baseflow recession factor, this
factor does index aquifer storage to some degree and that acquifer storage
doas have a small effect on FSC during July and August.

Bzsin area is assured to index both stream length and the
cccossibility of aguifer storage to the stream. This variable is positively
but weakly associated with the October, 1o ember, and Decarber FSC only.

‘the positive aspect ot the relationship moeans that as expected larger basins
tend to have higher FSC. It would be expected that the predeminant influence
of precipitation on the flow regime would reduce the effects of ground-
water storage until they were almost negligible. It is possible that basin
area o5 related to stream length may be associated with a regulatory effect
on the flow which tends to increase the FSC. This altemative explenaticn
for these associations is screwhat veak hovever and it is still possible
that groundwater storage accessibility may have a wezx influence on the
Octonor, Novarber, and Decarwer FEC.

In swmary it can be concluded that groundvater storage and
its related aspects do have a weak influence on the flow regime. Basin
slope affects infiltration rates during April and thereby April FSC. Basin
geology may or may not influence May and June r&C. Its exact effect is
unknown because of its anbiguous nature. During the months when high flows
occur, depression storage increases the TCC Ly intveducing reqularity irto

the stream flow. Its only effect on infiltration rates occurs during
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July and August when it serves to increase the FSC. Groundwater accessibility
possibly affects the October, November and December FSC. The baseflow re-
cession variable is associated with July and August FSC indicating that the
total effect of infiltration rates, storage capacity, and storage accessibil-
ity is to increase July and Pugust FSC. None of the above relationships

are strong. The general conclusion must be that groundwater sterage, though
possibly having scme influence on the FSC, is not the major source of the

FSC of any pericd.

Attributing the weakness of the associations of the irndices of
groundwater characteristics with the FSC to deficiencies in the indices is
unacceptable.  Many of the indices of the other phvsical phencmena are as
crvie, if not wore o, as those indexing the groundwater chagracteristics.

Yet they show strerng associations with the IFSC of varicus pericds. It can
be concluded that if the physical influsnce being indexed is of major im-
portance, the sonsitivity of the index is of secondary importance. On the
other hand if the physical influence is of limited significance the index
must be very sconsitive if its influcnce is to be discovered. The latter
aprears to be the case for groundwater storage.

As an overall conclusion to the search for the sources of FSC,

it must be statcd that only precipitation serial correlation and greurdwater

storage have been found to act as partial sources of monthly FSC. The

former is of major iwrortance while the latter is cuite minor. PSEC does
not influence the same FSC as the groundwater storage does. Therefore it
must be conclud~d that the sources of FSC vary throughout the year. It

is cvident that flow addition from such sources as rainfall and snowmelt
cause a decrcase in the monthly FSC, indicating a relative weakness in the

physical causes of FSC. Annual FSC is partially caneed by the storacge func-

tion of glaciers.
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Detailed Analysis of rssociations

The foregoing discussion cealt primarily with the nature of
the influence of each of the major physical phencomcna on the FSC. Follow-
ing is a detailed discussion of the variation in the strengths of these
influences fram month to month. The results of both the contouring and the
multivariate analysis indicate that a logical breakdown of the twelve
months would be into seasons including Octorer through December, January
through Maych, April thrcugh June, and July through Scptember. The results
for the September I'SC indicate that it may be included in both the Octcber
through December and the July and August scasons. It is includad with the
July and August pericds since its similarities are crcatest with this season.

rnrnual FEC is discucsad

r‘r)

ratel Y.

Octoboy t“rowh b5

Tn the results of the multivariate analysis both precipitation
end PSC shore strong associations with the FEC during this season from which

it can be cobcluded that procipitation as a general physical phenomenon

with Gotobor and Doconder FSC but not with Fovenber PsC. It is arparent

i
H

that both October and December I'SC are prec cipiatation deminated bul eppar-
ently November FEC is not. Iremj srovious discussion of the results of both

the el testing and the contouring studics it was concluded that Novorber

was an ancmalous wonth. It wos vrevicusly postulate d that the cause of tho
abnormality of Noveber flows was that thoy are sancwhat trans sitional in

nature. This is shown in Table 16 (Appendix A) by major differences be-
tween the November and October flow means and standard deviations for the

Chehalis, South Fork Skykanich and W enatchoe Rivers. 7The association of the
oC with the Noverber FSC doas not show this phenarsnon since it fits in

with the steady increase in the strength of the associations of this variable
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with the TSC from Nctrler through Nocerher., Tt is not knevm why the
anomalous nature of tovember flews does not affect the associaticn between
November FSC and PSC. However, it must be concluded that some of the
physical factors affecting November FSC are aquite different than those
affecting Octcber and Decatber FSC.

It can be speculated that a flow regime change occurs in
Noverbor. The unsaturated state of the soil mantle initiated curing the day
sunaey months may persist through Octoboer even though considerable precipit-
ation falls during this period. If the soil reaches a state of saturation
in Novembwr, it would be cxpected that runoff during November would not be

subijected to the rogulatory ect ion of the soil mantle and thus would be

subioct to wore varioticn than Octetor flows. It must be noted from Table
16 that iow v flor oans and standard deviations are nere Jike those of
Septenher fiow than Gotober flows: there is not a large change in the flo

regime from Novorbor o Deconber. Noverber FSC will bz ancmalous becaus
October and Novenber flows belony to two different reqgimes, The Cctober
and Docoaber FSC will not be ancrealous bocause for cach, the flows involved
belong to the same rogine. Thig eould account for the anomalouws results
for the contowring and multivarizte analysis for Novemwer FSC comared to
thoee of thoe Octelor ¢nd Dzcarber TEC.  The inaccuracy O voverler flov
genoration cussored to that of Oztoher ond Lococler Dlow goneration may
alen be due to the rojime chouge since o sovation is bascd on the use of
preceding flows as wrodictor variablies.  Getonor flow goneration is based
on precoding flows belonging to the same reguve. This is not true for
Novombor flow generation. Decanber flow goneration includes November flows
s predictor variables. These Lelong to the save regime but for rmalti-

lag models, flows helonging to a different veoime are also included in

Decanber flow generation. The latter flows may not have a streng effect
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cn the results of the acneration pmoess, thus rossiblvy allewing accurate
Docomber flow generation.  These deductions, although speculative, may be of
value.

The weak associations of snowfall with the October through
Decamber FSC indicates that it has some influence on the flow regime during
this period. Thz positive nature of these associations has been surmised
to irdicate thot snowfall serves to decrease tie flow relative to that occur-
rim_'x fram basing which o not receive snowfall. The weakness of the associ-
ations leads o the conclusion that snowfall does not greatly affect these
FSC. The associations of the mean anmual terperature with the FSC also
indicate that enowfoll is associated with higher FSC values during the period
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The ononalous nature of Now fices is also indicated by

the nooative ascociation Loticen the glocierized area inde:t ond the Novarber
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reooon for this moy be thot on "Indien swooer” effcct dur ring Novaaber could

recult in the melting of glocicrs with an accomoonying reduct icn in the FSC.

Howover this docs not appoar to ke reascnable since the sudden change in the

Newerbor flow means and stendard deviation cccurring for the other threa
streams shown in Table 16 does not occur for the highly g glacierized Thunder

Crock., It anrears that the transitional nature of November flows bears

some unknown relationship to the presence of glaciers in the basin. The
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esxmected association of alacierized area to the FSC Aurina this reriod

would be positive in nature moaning that glaciation is associated with higher
FSC since glaciation would be strongly related to snowfall. This expectat-
jon is fulfilled by the wesk positive associaticn of this variable with the
Decenbor FSC.  Groundwater storage has previously been concluded to have a
eak influence on the FSC of this period as shovn by the asscciations of the
drainage area with the FSC.

Most of the results of the multivariate analysis are mirrored
in the contour patterns of the FSC of this pericd. The variation in the
precipization itself is clearly reflected in the FEC contours. he coastal
and Olvmpic basins vhich receive much rainfall have low serial. correlations

11 and therzsfore less runcEf tend

BN I [PRpS P B e
while thoe Casceade Losins

;o0 the anone 5 Nov-

TEC contours.  No ronson has been foumd for the doninance of the

P Te !

Duckabosh basin in MNovembor FST contouc patterns. Orteber PEC tend to bave

the sate pattern as Ostober I'EC while this is not the case for Novenber and

Decerher PEC
In sursary it can be concludod that precipitation and precip-
station corisl correlation ave both importsnt faoctors in the geographical

Pey

voriation in FOC. “ie offect of the prosipitation is wodified swnewhat by
its coourrence in the fomn of snow rothor thon rain.  Vesy definitely,
there is a regime chomge fron Cetebor to Hooorber wiich pycnzibly aloo
strongly affects the influorce of glacicrs on the P&,

Januory through March FEC

By far the most jmportant influence on the ISC during this
period is that indexed by the precipitation.  The ascociations botwoon
precipitation and the FSC are strongly negative which means that the rsC

is decrcased by increasing precipitation. This is also indicated by the
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contour maps which show that January FPSC are very small in the lower
Cascade basins and the west Olympic kasins., The influence of PSC disappears
entirely in January and Februvary and reanmpears, although weakly, in March.
vWhy this factor should be strong and inconsequential in the January through
March season is not known at present.

The association between the snowfall variable and the February
FSC indicates that snowfall causes highcer FSC for this month., It would bhe
eswected that Janusry FSC would be similarily affected, but apparently sud
is not the case since no associations exists between the snowfall and the

January 'SC.  Possibly this conditicon is reflected in the contours where the

lows in the Jenvory and Mayceh FEC agscoiated with rai not as

styong in the Feboumry FSC.  The ascociaticon of nean annuzl ter-erature
with the Jenuary through lUaroh PEC indicate that colder basins have a weak

tendency toeards higher FSC.  This may reflect the efrects of eithor snowfall

or the snowpack condition. ‘The assoclations of mean annual tovszrature pro-
bably indicate thot Jomwpry ond March I'BC may ke affccted by snowpact condit-
ions whereas its eosociation with Fobruoyy FEC prolokly roflects the effects
of snowfell., Tho effect of the snovrcack may result from the fact that
freezing eleveticns vary widely throughout the wintcr. This in turn causes

the snoopack to b2 rained on ratlor froguontly. The rainfall must find

ite way thwouch the cnowpack bofore it con reach the stream, and in so do-
ing noy be regulated comovhat by the storage caraclty of the snovmack,
Positive, woak asscciaticns occur between the basin slope and
the Jenuary and Febsuary FSC indicating that stecoer basins have higher FSC.
The possibkbility that these associations might be related to groundwater
storage has already becen discounted and the suggestion was made that these
associations are due to the fact that barsin steepneee varies with hasin

elevation and therefore with the degree of snow accumulation.
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In summary, it can be concluded that for this season precipit-
ation in the fomm of rainfall has a predominant influence on the FSC, caus-
ing very low values of the FSC. Snowfall and the presence of accumulated
snow have a minor effect on the FSC. Precipitation serial correlation
has no effect on the FSC.

April through June FSC

As shown by the associations of precipitation to the FSC of
this season, the influence of precipitation on the flow regime decreases
from a high value in April to negligible levels in June. The likely reason
for this is that precipitation is decreasing and some other source of flow
is becaming more important. It is likely that the flow resulting from
snovmelt increasingly overshadows that of rainfall until in June precipit-
ation is not associated with the FSC at all. Throughout this season PSC
is positively associated with the FSC. These associations begin in March at
a low strength reaching a peak in May and decreasing again in June. It must
be concluded that PSC once again is a source of FSC.

There are weak negative associations of the glacierized area
with the April, May and June FSC. The association with the June FSC is the
strongest. The negative aspect indicates that the effect of the glaciers
has changed frcm one of causing an increase in the FSC to that of causing
a decrease in the FSC. This is no doubt due to glacial melting and the
resulting additions to the flow. That maximum strength of the associations
during this season is reached in June is not surprising since it would be
expected that glacial melting increases throughout the period fram a very
low level in April.

The positive association between the basin orientation and the
May FSC can be attributed to the fact that nerth-facing basins receive the

least sunlight. This results in lower snowmelt rates than those which occur
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in south-oriented basins. Less snowmelt results in lower flow and there-
fore higher FSC. At first glance the lack of similar associations with
April and June FSC contradicts this statement. However, during April
snowmelt contributes only a small amount of the flow and therefore any se-
condary factor affecting snowmelt would have little influence on the

flow regime. Supporting evidence for this statement arises from the rel-
atively strong associations between precipitation and April FSC which in-
dicate that precipitation is still a predominant influence on the flow.
Basin orientation may not be associated with June FSC because during June
snowmelt has becane a rather universal phencmenom experiencing little
variation from basin to basin arising from basin orientation. The high de-
gree of snowmelt is indicated by the lack of any association between pre-
cipitation and June FSC. Therefore only in May are the conditions such
that basin orientation will influence the flow regime to any detectable
degree.

As concluded previously, the associations of basin slope, de-
pression storage, and aguifer storage with the FSC indicate that groundwater
storage may have a weak effect on the FSC of this season. The nature of
basin geology did not allow firm conclusions to ke made regarding its
association with May and June FSC.

In surmary, it can be concluded that the influence of pre-
cipitation becames decreasingly important from April through June as snow-
melt becomes increasingly important, Same glacial melt also occurs at this
time although its effect is fairly small. Groundwater additions to the flow
are not thought to be of any importance,

July through September FSC

As shown by the associations of their respective indices, glac-

ial melt and precipitation are the dominant influences on the FSC for this
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ceason. The strength of the associations between precipitation and the
FSC increases from a low level in July to an extremely high level in Sept-
enber. The strength of the associations between the glacierized area and
the FSC is extremely high in July, considerably lower in August and again
relatively high in September. In the region studied precipitation is low
in July, but increases through August and September. This results in a
corresponding increase in the strength of the associations of precipitation
w1th FSC. The influence of glacial melt on the FSC would be expected to be
at a maximum in July and decreasing through August and September. Not only
would the decreasing rate of glacial melt from August to September serve
to reduce its influence but the increase in precipitation would also con-
tribute to the decrease in influence. Expectations are contradicted by the
increase in the strength of the associations between glacierized area and
FSC from August to September. The reason for this increase is unknown at
present. It has been concluded that the influences of precipitaticn and
snowmelt are samewhat conpetitive, the cne increasing while the other de-
creases. The same would be expected of glacial melting and precipitation
influences. However both these variables are strongly associated with
Septenber FSC. It may be possible that rainfall during September is limit-
ed mainly to non-glaciated basins, in which case glacial melt and rainfall
are not ccnpetitive influences in the same basin, as appears to be the
case during the snowmelt period. As concluded previously, Rugust but not
September FSC is influenced by groundwater storage characteristics. This

could indicate that August is scamewhat of a transitional month between the

predominately glacial melt July regime and the mixed precipitation and glac-
ial melt September regime.
The effects of precipitation and glaciers show up strongly in

the contours of the FSC of these months. The non-glaciated streams have
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very high July and August FSC camared to the low values of the glaciated
streams, such as Thunder Creek and the Cascade, Puyallup, and Carbon Rivers.
Contour density is low in July FSC but increases in August and September
FSC, mainly due to increasing precipitation. The effect of increasing
precipitation is also evident in the low values of August and September

FSC for the coastal basins.

The associations of precipitation with October FSC are weaker
than those with September FSC. The glacierized area has no association with
October FSC. Apparently the lower air temperatures in October cause glacial
melting to cease. It probably also causes some of the precipitation to
fall in the form of snow. This may be resrconsible for the decrease in the
influence of precipitation on the FSC from September to October. It can be
concluded that the precipitation and glacial nelt regime of the July
throuwgh Septenber season changes to a precipitation and snowfall regime in
October.

In summary it can be concluded that July FSC is predcminantly
influenced by glacial melting while precipitation is a relatively weak
influence. However, the latter increases from July through September, un-
til in Septcmber it is considerably more cominant than the melting of glac-
jers. These factors arc clearly reflected in the respective FSC contours.
Annual FSC

Strong positive association between annual PsC and FSC indic-
ates that even though the magnitudes of the annual FSC are very low, they
are partially the result of the influence of PSC. Mean annual precipitation
is positively associated with annual FSC. The positive aspect of the associ-
ation is in contradiction to the negative associations of precipitation with
monthly FSC. The nature of the mathematical relationship between monthly

and annual flows and precipitation is not known well enough to firmly
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conclude that the association of precipitation with annual FSC is a product
of similar monthly associations. The PSC association is stronger than
would be expected from the associations of PSC with the monthly FSC. How-
ever, both the annual and the monthly associations are positive. It must
be concluded that precipitation has an important influence on annual FSC
which must be related in scme manner to the influence of precipitation on
monthly FSC.

. The associations of the snowfall and mean annual temperature
with the annual FSC may indicate that snowfall has an influence on the FSC
but it is difficult to explain the physical nature of the relationship.

The positive association of the glacierized area with the annual FSC indic-
ates that the prescnce of glaciers increases the FSC. This may be due to
the fact that it may teke years before the precipitation falling cn the
accunulation zone of a glacier ever reaches the stream. This could intro-
duce scme carryover in annual flows. This condition dces not depend on the
relationship between annual and monthly flows. It is possible that this
positive association is a result of the similar negative associations with
the April through September FSC. Not enough is known about the mathematic-
al relationship between annual and monthly FSC to determine if the influences
of the physical factors on annual FSC are a result of the corresponding in-
flusnces on rmonthly FSC. More gerzrally, it is difficult to develop a
clear understacding of the physical basis of time averaged flows when all
such flows are mathematically derivable from averaged flows of a shorter
time base.

The strong association of the PSC with the annual FSC suggest
that this factor may be a stronger source of FSC than is indicated in the
results for the monthly FSC. As mentioned in Chapter IV only a few of the

monthly PSC were contoured. Deriving values of this index from contour
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maps for all months may have rrovided greater information akcut the in-
fluence of precipitation serial correlation and alsd certainly would
eliminate the uncertainty over its influence during the months when none
is indicated.

Prediction Equations

The results show that generally the strength of the prediction
equation has less apparent relationship to the error in the predicted FSC
than would be expected. This may be due to the uniformity on the strengths
of many of the equations. Tt is unlikely that the check streams do not con-
form to the regime described by the prediction equation since the predicted
negative relationship between the error magnitudes and the FSC levels did
occur in the check data. The negative relationship between error magnitude
and FSC magnitude indicated poor estimation of extreme values, a condition
common to most hydrologic studies.

For the South Fork Skokcmish River, the errors in the Octoker,
January, March, May, June and August FSC could be expected to introduce
large errors in flows generated by an equation utilizing predicted FSC.
This is also true for the erxors in the April, May, June and pugust FSC of
the Greenwater River and the June FSC and the December through March FSC
of the Sultan River. Generally the predicted FSC of the winter and spring
months are most subject to error, although this is only weak trend. It
mst be concludid that the errors in the predicted values of the FSC are of
sufficient magnitude to cast doubts on the practicality of using predicted
FSC in the lag one flow generation model. Further research into the cause
of both chronological and geographical variation in the FSC would have
great value in refining the prediction equations to a point where their use
becames practical. Turthermore, comparison of flows generated by equaticns

utilizing predicted FSC to those generated by a model derived from flow
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records would yield valuable insights into the errors to be expected in

the generated flows.



CHAPTER VII

SUMMARY AND IMPLICATIONS

A. Summary

The results and conclusions of the three phases of the research
are interrelated. It has been determined that since annual flows are a math-
ematical average of the monthly flows the statistics of the annual flows
are a product of the statistics of the monthly flows. Therefore, the gen-
eration of monthly flows with statistics closely approximating those of the
actual monthly flows should yield annual flows with similarly accprate
statistics. This was found to be the case in the study of model r;xccuracy.

Specifically, the research cdone into the accuracy of the various
models indicates that the lag one model is preferable to any of the other
models studied. The main criterion for this choice was that the means and
standard deviations of the generated flows should be as accurate as possible
since these two parameters are of the most importance in water resources
development. It was found that for this model the accuracy of the means
of all generated flows was quite high while the general accuracy of the stand-
ard deviations was scmewhat lower. Specifically the errors in the stand-
ard deviations of the gencrated November flows were cquite high and might
prove to be a limitation in the practical use of this model. For the other
periods the errors were within acceptable limits.

The fact that the lag one model was found to be the most accept-
able increases the value of the results of the study of the causes of geo-
graphical and chronological variation in the lag one flow serial coreelation
coefficient for streams in Western Washington. The purposes of this research

were to find the sources of FSC, the phvsical factors influencing their

magnitude and variation and also to find practical prediction equations for
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each monthly FSC based on easily available incices of basic hydrologic and
climatological factors.

The search for the sources of flow serial correlation yielded
no campletely satisfactory answer although it was found that precipitation
serial correlation is an important source. It may even be more important
than indicated by the results because of deficiencies in the index. An
important conclusion gained is that contrary to cammon expectations ground—
Water storage is neither a major source of FSC nor does it contribute
materially to the geographical variation in the FSC.

The results indicate that any factor which tends to increase
flow levels, decreases the FSC. This is true for precipitation, snowmelt,
and glacial melt which are the important flow sources in the region studied.
It can be speculated that the source or Sources of FSC are of minor strength
and that their effects are easily obliterated by the high flows resulting
from less consistent sources. It could not be determined fully whether the
physical causes of annual FSC derive from those of the monthly FSC.

The indices of the physical phencamena used in the prediction
equation account for 30% to 703 of the variation in the annual and monthly
FSC. 'The use of FSC predicted from the equations in the lag one generation
model may lead to gross errors in the generated flows. Future research
should concentrate on finding more representative indices which would lead
to more accurate prediction equations. Experimental usage of the lag one
generation equations utilizing predicted FSC would provide valuable insights
into the accuracy of a predicted generation model. None of the results
of the prediction study are necessarily applicable to regions subject to
climatological and geographical conditions different from those of

Western Washington.
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B. Imlications of Conclusions

Practical

The practical implications of the research completed are fairly
obvious. That the annual flows are a product of the monthly flows is common
knowledge but the corollary that annual flow statistics are a mathematical
function of the monthly flow statistics is not commonly considered in flow
generation applications. This inherent relationship between annual and
monthly flow statistics implies that monthly flow generation should also
yield acceptable annual flows. This was found to be a characteristic of
the lag one model. Use of the model obviates any necessity for annual flow
generation models. This holds valuable implications for water resources
planning. The study of the errors in the use of the various models increases
the confidence that can be placed in the use of the lag one model. The
discovery of its wezknesses serves to prevent unwarranted use of its results.

Attempts to predict lag cne FSC on the basis of indices of
physical phencimena were not entirely successful since a check showed that
the predicted FSC could be considerably in error. Use of predicted FSC in
the flow generation model would prokably vield seriously deficient flow
data. However, the demlo?mnt of these equations is a beginning towards
development of more accurate equations to predict the entire generation equ-
ation fram quantitative basin data. A totally predictable generaticn equat-
jon would eliminate the dependence of hycrolegists on recorded flows in
their efforts to determine the flow characteristics necessary for proper
water resources develormont. Although such development would still be limit-
ed to applications requiring annual or menthly flows only, further efforts
should be expended in developing the field of daily flow generation. How-
ever, daily flow could possibly be Letter obtained in the future by use

of detemministic techniques.
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Ba~ic Immlicatiens

The broader implications of the results of the research are
somewhat less obvious than the practical implications. The mathematical
relationship between annual and monthly flow statistics leads to the gen-
eral conclusion that all time averaged flows are a function of similarly
averaged flows of a sherter time base. This ultimately points to the fact
that the source of all time-based flows is the instantaneous flow. Al-
thoﬁgh trivial from an intuitive point of view, this conclusion serves as
a necessary reminder that statistically averaged flows have meaning only
when thought of in terms of actual instantaneous flows and thus must con-
stantly be related back to reality. Consistent statistical logic based on
the mathematical relationship between all flows of different time bases
serves to make all such flows part of a coherent whole which has its
basis in the observable physical instantaneous flous.

The desirability of viewing statistical parameters in terms of
the underlying physical reality led to the multivariate . analysis study of
the vhysical factors affecting FSC. In the introduction a statement was
made delineating the approach taken in this research regarding the use of
probabilistic criteria in the analysis of the results. A specific aspect
of this position wos that the serial correlations of the flows should not
be subjected to tests of significance because a study bf the physical basis
of this parameter could not jnclude the assurption that its variation is
the result of chance occurence. A similay attitude was taken toward the use
of tests of significance in relation to the associations of the indices with
the FSC. Such associations, regardless of strength were considered of value
if they reflected an intuitively logical physical process. The strength of
the association waes ccnsidered to be indicative of the strength of the

influence of the physical factor on the flow serial correlations.
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Associations which could not be physically explained were considered to
index some unknown physical influence.

The results of the prediction study give same indication that
this approach was valid. Specifically, the magnitudes of the FSC have little
bearing on the percentage of the variation in the FSC explained by the pre-
diction equation. This can be verified by noting that the strengths of
the prediction equations for the generally low-valued annual, December,
Jar;uary, February, March and April FSC are as high as those for the very
high July and August FSC. This would not be the case if statistically
"insignificant" FSC had no meaning. It must be concluded that regardless
of their magnitudes, flow serial correlations are the product of physical
causes and as such cannot be disregarded on the basis of statistical in-
significance.

In general statistical models are very useful in describing
the flow distribution when deterministic descriptions are not available.
However, it is apparent that statistical models are very limited in scope
since the regime they attenpt to describe is essentially deterministic and
not probabilistic in nature. Therefore the concept of randam variation has
its value as an operational tool but it is necessary to remember that this
variation is not truly random, but merely the product of poorly under-
stood physical processes. The goal of hydrologic research must always be
the more detailed delineation of the physical processes; the more detailed
this delineation becames, the less reliance need be placed on statistical
techniques. It may almost be said that the use of statistical techniques

is equivalent to opening the back door to knowledge.
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TABIF 1

DRATNAGE BASINS InCLUDsD IN STUDY

Identification o.Years
Stream Name & Gauging Site* Number of Record
Naselle R. near MNaselle 12-0100 33
North R. near Raymend 12-0170 33
Chehalis R. near Grand Mound 12-0275 33
Satsop R. near Satsop 12-0350 33
Wynoochee R. above Save Creek near Aberdeen 12-0360 32
Ouinault R. at Cuinault Lake 12-0395 32
Hoh R. near Svruce 12-0410 33
Soleduck R. near Fairholm 12-0415 33
Dungeness R. near Socuim 12-0480 33
Duckzabusn R. near orinnon 12-0540 29
North Fork Skokomish R. below Staircase Rapids
near Hoodsrort 12-0565 33
Scuth Fork Skokomish R. near Union 12-0€05 33
Chambers Creek kelow ILeach Creek, near Steilacoom 12-0¢15 22
Puvallup R. near Orting 12-0¢35 33
Carbon R. near Feairfax 12-0939 33
vhite R. &t Crecnwater 12-0970 33
Greecnwater P. at Creerrvater 12-0575 33
South Fork Skykamish R. ncar Incex 12-1330 33
Skykomish R. near Cold Bar 12-1345 32
Sultan R. near Startwp 12-1375 33
Snocrualmie R. near Carnaticn - 12-1490 33
South Fork Stillaguamish P. near Cranite Falls 12-1610 33
Nerth Fork Stillaguanish P. near Arlington 12-1670 33
Thunder Creek rear Ncwhalem 12-1755 33
Stetattle Creek near Newhalem 12-1775 33
Cascade R. at Marzlemcunt 12-1€25 33
Sauk R. ahove wWhitechuck R. near barrington 12-1360 33
Sauk R. ncar Sauk 12-1895 33
South Fork lcoksack R. near Wickersham 12-2050 33
Steohekin R. at Steaekin 12-4510 33
Wenatchee R. at Plain 12-4570 33
Icicle Creek above Snoir Creek near Leavenwerth 12-4580 31
Morth Fork Phtamum Crcei ncar Tampico 12-5005 33
South FPork Ahtanum Creck at Cenrad Ranch
near Tanmico 12-5010 33
Klickitat R. near Pitt 14-1130 33
Wind R. near Carson 14-1235 33
East Fork Lewis R. near Heisson 14-2225 - 33
Cowlitz R. at Packwvood 14-2265 33
Cispus R. near PRandle 14-2325 33
Toutle R. near Silver Lake 14-2425 33

*See also Figure 3 for geographic locations.
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TABIE 2 (cont.)

Average Precipi-

River Name tations (cont.) Precinitation Serial Correlation
July Aug. Sent. Ann. Oct. DNov. Dec. Jan.
Naselle 1.5 2.0 3.4 .04  -.06 .18 .06 0
North 1.1 1.6 2.6 .11 .05 .16 .06 11
Chehalis .8 1.4 2.3 .03 .03 .38 .12 .05
Satsop 1.8 2.4 4.3 .02 -,05 A2 -.04 .01
Wynoochee 1.8 2.4 4.3 .02 .11 1 -.15 -.04
Quinault 2.4 3.0 5.5 Jd2 .11 11 =15 0
Hch 2.4 2.6 4.7 12 =15 17 -.11  -.08
Soleduck 1.9 2.1 3.6 .22 .07 .22 10 -.01
Dungeness 4 .8 .8 1.2 .15 .05 .15 .05 .12
Duckabush .8 .9 1.4 .04 -.04 -.03 -.11 .33
N.F. Skokcmish 1.0 1.3 2.7 -.02 -.08 -.02 -.13 0
S.F. Skokamish 1.0 1.3 2.7 -.03 -.08 0 -.13 0
Chambers Creek .8 1.0 1.7 0 .15 .10 .18 .06
Puyallwp 1.2 1.5 2.8 .22 .23 .42 .09 .07
Carbon 1.1 1.3 2.2 .20 .22 .41 .13 .01
thite 1.4 1.6 3.0 .16 .33 .35 .28 -.16
Greerwater 1.4 1.6 3.0 .10 .20 .38 .28 ~.16
S.F.Skykamish 1.3 1.7 3.6 .25 .13 .36 02 -.0¢
Skykomich 1.5 1.8 2.9 .22 .09 31 0 -.11
Sultan 1.5 1.8 2.9 .09 .05 17 .07 -.06
Snoqualmie 1.7 2.0 3.7 .07 .01 .28 .09 -.16
S.F.Stillaguamish 1.0 1.2 1.8 .10 -~.03 .13 .07 .2
N.F.Stillaguamish 1.3 1.8 3.6 6 0 -.01 .20 .05 -.36
Thunder Creel: 1.4 1.8 2.6 .18 .05 .26 A1 -2
Stetattle Creek 1.4 1.8 2.6 .09 .10 .26 .06 -.2
Cascade l.4 1.8 2.6 .14 .01 .28 .06 -.2
Sauk nr. Darring 1.3 1.8 3.4 .20 .02 .27 03 =.36
Sauk nr. Sauk 1.3 1.8 3.4 A6 ~.04 .23 .03 -.36
S.F.Nooksack 1.3 1.7 3.0 .14 12 .28 .03 .02
Stehekin .4 .6 1.2 15 -.06 .25 .13 -.18
Wenatchee .5 .6 1.4 .27 -.02 .36 .25 -.2
Icicle .3 .5 .8 .25 .24 .46 12 .15
N.F.2htamm .3 N .5 .15 .53 .40 .12 .15
S.F.2. tanum .3 4 .5 12 .53 .37 .16 .15
Klickitat .3 .3 .7 =.05 .44 .20 .25 .11
wWind 1.0 1.2 2.9 .14 .33 17 .16 .13
E.F.lewis 1.3 1.7 3.1 .02 .25 .18 12 .08
Cowlitz 1.1 1.7 3.0 .21 .08 .37 .15 .05
Cispus .7 1.2 2.2 .18 .38 .34 .16 .06
Toutle .8. 1.4 2.0 .27 .15 .41 14 .13



River Name

Naselle

North

Chehalis

Satsop
Wynoochee
Quinault

Hoh

Soleduck
Dungeness
Duckasbush
N.F.Skokamish
S.F.Skokomish
Chambers Creek
Puyallup
Carbon

Vhite
Greenwater
S.F.Skykamish
Skykomish
Sultan
Snocualmie
S.F.Still. yuamish
N.F.Stillaguarish
Thunder Creek
Stetattle Creek
Cascacde

Sauk nr. Darring
Sauk nr. Sauk
S.F.N~>oksack
Stehekin
Wenatchee
Icicle
N.F.ahtanum
S.F.Ahtanum
Klickitat

wWind

E.F.lewis
Cowlitz

Cispus

Toutle

TADLE
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2 (cont.)

Precipitation Serial Correlation

Feb., Mar. 2Apnr. May June Jul. Aug. Sept.
-.1 22 =11 02 =22 .26 -.19 -.02
0 Jd9 -.15 ~-.04 -.24 .2 -.15 .10
-.07 .15 02 -.04 -.27 A3 -.04 .03
-.03 13 -.18 -.02 -.2 26 -.2 .05
.01 A7 -.14  -,01  -.23 24 =14 -.01
-.02 19 -.12 01 -.26 A7 -.07 =-.02
.07 .05 ~.08 03 ~-.26 .29 -.16 .03
.09 .08 -.08 .03 -.23 22 -.16 .04
-.02 Jd2 ~,10 .04 -,01 A5 -.13 .07
~.04 34 =14 01 -.07 A7 -.01 -.01
-.04 .25 -.13 0 ~-.04 32 -1 -, 02
-.04 .25 -~.16 0 -.04 .32 ~-.1 -.02
-.16 210 -.12 0 .09 .25 .01 .14
-.15 14 =04 -,02 ~-,02 29 -.1 .12
-.13 .18 -.07 -.02 -,09 29 =11 .11
.02 07 -.22 -,03 -.17 .4 -.15  -.15
.02 .07 -2 -.06 -.17 .4 -.15 -.13
.07 .15 J2 -.04 -1 19 ~-.06 .10
.08 .13 Jl  -.05 -.13 21 - 16 .08
.08 .03 09 -.07  ~.13 27 =11 .09
-.06 -,02 A2 -.02  -.24 .35 -.06 .02
.15 .24 0 -.03 =-.03 .06 .03 A2
.01 -.11 .04 -,01 -.36 A6 -.11 .19
A2 ~.07 09 -.05 -=.22 Jd4 -2 .30
12 -.07 25 =03 =-.22 A4 -2 A1
A2 .07 0 -.04 =.22 A4 -2 .20
01 -.11 .03 -~.08 -.36 A6 -.11 .12
01 -1 -.04 -,06 -.36 16  -.11 .14
-.01 .13 .15 07 -.17 A7 -.22 .33
~.12 .2 -.19 -.03 =-.07 -.05 .03 .13
-.1 .28 =13 -.03 -.11 .19 .02 11
-.39 .34 .09 .01 21 -.08 -.14 .05
-.2 .25 .18 .03 .05 06 -.22 -.15
-2 .25 .19 .03 .05 .06 =-.,22 ~.15
-.16 27 .12 18 -.19 .03 -.16 -.03
~.16 .22 .02 07 -.19 A7 -.31 .01
-.23 .11 .09 06 0 -.11 35 -.39 0
-.12 .03  -.,08 0 -.08 .33 =17 -.08
- 13 18  -.07 -.10 .06 .22 -,26 -.04
-.31 .09 .04 07 -.07 .34  -.33 .08



River Name

i

Naselle

North

Chehalis
Satsop
Wynoochee
Quinault

Hoh

Soleduck
Durgeness
Duckasbush
N.F.Skokcmish
S.F.Skokomi sh
Chambers Creek
Puyallup
Carbon

Vhite
Greenwater
S.F.Skvkomish
Skykamish
Sultan
Snoqualmie
S.F. Stillaguamish
N.F. Stillaguamish .06

N

e o L]
DOO0ODOOOOMMOO
oS

2]

W
® L] [ ]
OCO0OHINO DO

Joaa

Thunder Creek .08
Stetattle Creek .08
Cascade .08
Savk nr. Darring .03
Sauk nr. Sauk .03
S.F.Nooksack 0

Stehekin .06
VWenatchee .06
Icicle 1.03
N.F. Ahtanum .38
S.F. Ahtanun .3
Klickitat .04
Wind 0

E.F.lewis 0

Cowlitz .59
Cispus .02

Toutle 0
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TARLE 2 (cont.)

Average Snowfall in Inches during:

Nov.

0
.33
.49

1.14
1.14
.25
.64
.42
.47
.78
1.54
1.54

Dec.
0
.86
1.81
1.88
1.88
.41
2,92
1.4
.22
1.25
3.34
3.34
.54
16.58
1.43
19.75
19.75
60.59
2.12
2,12
5.83
2.
7.24
13.12
13.12
13.12
5.61
5.61
2.9¢
28.54
16.09
28.0¢
12.03
12.93
13.68
8.05
2.1
11.65
10.04
.46

1.81
l6.21
16.21
47.38

2.68

2.68

5.99

.64
8.39

6.13
6.13
6.13
6.25
6.25
2.82
19.29
11.41
21.63
7.2
7.2
6.68
10.75
1.81
14.93
7.09
.35

Year

.13
6.23
10.95
16.18
16.18
8.12
21.95
12.42
5.52
7.07
29.91
29.91
5.69
28.16
10.46
102.56
102.56
269.23
11.73
11.73
27.16
8.18
50.9
48.09
48.09
48.09
41.34
41.34
21.59
116.92
72.73
127.37
58.0°
58.09
55,86
44,87
12.65
75.12
50.45
5.42



River Name

Naselle

North

Chehalis

Satsop
Wynoochee
Quinault

Hoh

Soleduck
Dungeness
Duckashush
N.F.Skokamish
S.F.Skokanish
Chambers Creek
Puyallun
Carbon

White
Greenviater
S.F.Skykomish
Skvkamish
Sultan
Snocualmie
S.F.Stillaguamish
N.E.Stillaguamish
Thunder Creek
Stetattle Creek
Cascade

Sauk nr. Darring.
Sauk nr. Sauk
S.F.Nooksack
Stehekin
Wenatchee
Icicle
N.F.Ahtanum

S.F . Ahtanum
Klickitat

Wind

E. I'. lewis
Cowlitz

Cisnus

Toutle

TABLE 2 (cont.)
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¢ Area Lakes Pasin Slope $ Area Drainage
and Ponds - FeMi Glacierized Area-mi
.01 52 0 54.8
.01 11 0 219.
.03 13 0 895.
.25 13 0 299,
.01 89 0 74.1
2.08 79 .068 264,
.10 96 4.975 208,
.48 131 0 83.8
.06 217 0 156.
.30 191 0 66.5
.17 294 0 57.2
.25 94 0 76.3
1.68 16 0 104.
.82 88 3.494 172.
25 107 7.316 78.9
.46 93 5.611 216.
.27 124 0 73.5
.90 102 .425 355.
.73 87 .403 535.
.40 132 0 75.
.69 43 .064 603.
.08 76 0 119.
.01 60 0 262,
.10 234 14,190 105.
.47 582 2.336 21.4
.17 143 4,250 168,
.13 120 1.013 152.
.01 53 2.173 714.
.29 114 0 103.
2 160 3.424 344,
1.30 79 .548 591.
.48 82 0 193.
01 155 0 68.9
.01 221 0 24.8
.09 41 .325 1297.
.03 85 0 225.
.01 87 0 125.
.45 167 2.564 287.
.15 122 1.205 321.
.93 68 .225 474.
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TABLE 2 (cont.)

Baseflow

Mean Annual Geologic Recession Basin
River Name Temp. Variable Variable Orientation
Naselle 50.6 4.0 87.3 -.753
North 51.0 2.8 62.3 .028
Chehalis 51.2 3.0 27.5 .882
Satsop 50.1 2.2 112.7 ~1.000
Wynoochee 50.1 2.7 233.9 -.943
Quinault 50.8 3.8 218.3 -.558
Hoh 49.2 3.9 153.6 -.082
Soleduck 49,0 3.9 130.8 .643
Dungeness 49.3 3.9 35.2 1.000
Duckashush 50.5 4.0 101.8 ~.342
N.F.Skokamish 50.8 4,0 204.2 -.989
S.F.Skokamish 50.8 4.0 325.9 -.783
Chambers Creek 51.4 1.8 23.8 .680
Puyallup 50.3 2.8 49.7 .658
Carbon 46.6 3.3 72.0 .433
White 43.7 3.4 64.2 .960
Greerwater 43.7 4.0 100.5 .680
S. F. Skykamish 49.9 3.7 76.1 266
Skykamish 52.4 3.7 103.9 .332
Sultan 52.4 3.7 80.0 .000
Snogqualmie 50.1 3.2 89.6 .360
S.F. Stillaguamish 50.5 3.2 104.9 .284
N.E.Stillaguamish 48.5 3.2 87.9 .148
Thander Creek 49.1 3.8 54.9 .912
Stetattle Creek 50.1 4.0 58.9 -.572
Cascade 50.1 3.7 119.7 .406
Sauk nr. Darring. 48.5 3.2 111.6 .596
Sauk nr. Sauk 48.5 3.0 160.5 .835
S. F. Nocksack 47.4 3.7 88.5 ~-.249
Steheckin 48.6 3.8 107.0 .488
Wenatchee 43.6 3.6 78.4 -.659
Icicle 48.0 4.0 139.1 -.496
N F. Ahtanum 48,2 3.6 57.4 .209
S.F. Ahtanum 48,2 3.0 65.3 .229
Klickitat 46.6 3.2 68.4 ~-1.000
Wind 47.8 3.6 196.9 -.939
E. F. lowis 49.7 3.7 150.0 .078
Cowlitz 49.4 3.8 104.4 -.936
Cispus 50.3 3.7 181.2 .360
Toutle 49.6 3.7 147.7 .167



River MName

Naselle
MNorth
Chohalis
Satsop
wynoochee
Ouinault
Hoh
Soleduck
Dungeness
Duckabush
MN.F.Shekomish
S.F.Skckomish
harpoers Cx.
Puvallup
Carion
Thilte
Groonvater
S.F.&hvkandsh
Sireaish
Sulten
Snocualmie

S..Stillam

Toandor Crask

Cispus
Toutle

LATLEN

L. Stillagunmisn

ttle Croot

Table 3

Scrial Correlation in Fleovs OfNIQ§}9§F9§_ES£iOd

121

Array of Dependent Variables

Year Oct. Nov. Dec. Jan. Feb. Mar. A2Apr.
.13 .30 .63 .20 =-.22 -.08 .13 .l6
.25 .37 .71 .40 =07 .07 .20 .17
.13 .36 .70 .52 -,10 -.03 .26 .34

.16
.10
.27
.22
.23
.27
.10
.15
.17
.01
.20
.24
.35
.30
.25
.28
.21
10
.26
.35
.36
.31
.30
.30
11
.35

.41
)
e w()

.10
.06
.60

Ia]
o«

.04
.16
.15
.37

.21
.17
.26
.20
.29
.50
.28
.19
.21
.64
.34
.47
W57
.62
.61

.62
.58
.63
.61
.72
.70
.39
.63
.54
.60
.74
.12
.75
.81
.13
.73
.66
00
.69
.72
.43
.67
.03
.72
.74
.05
.67
.76
.70
.78
.68
.69
.52
.02
.60
.69

.70

.43
.21
.26
.26
.30
.72
.15
.27
.25
.32
.63
.02
77
.74
.43
.49
10
e
.16
.35
GG
.45
L09
.51
.62
.26
.82
.74
.67
.75
.69
.66
.61
.52
.54
.68
.69

-.18
0
-.02
-.07
-.07
.25
.29
.25
.18
.7G

.34
.34
-.11
-.08
-.07
-.13
-.14
-.10
.34
« 20
<20
.04

-.0Z
.61
.31
.12
.60
.60
.59

-.01
.01
.15

.05

.08
.22
.30
.27
.28
.45
.14
.39
.23

o » » e e o
L

.
~OORE N B N R M
Clm MmN Oy W

|$2]
W

.66

.40

.17
.12
.12
.15
.19
.60
.41
.24
.05
.72
.39
.29
.27
.27
.06
.08

0
.21
.10
.16
.44
.04
.27
.25
.23
.08
.61
.62
.52
.54
.41
.57
.13
.31
.36
.25
.18

.26
.28
.14
.21
.28
.23
.32
.34
.35
.87
.39
.37
.44
.57
.36
.33
.35
.53
41
.45
16
.18
.23
.21
.28
21
.28
.28
.75
.€3
.82
.55
.47
57
.46
.37

May

.20
.28
.40
.27
.25
.21
.24

41

.49
.47
.42
.46
.87
.40
.37
.49
b4
.45
A2

26

53
.40
.52
.35

1
°« DA

.44
.41
.45
.41
.25
.30
.21
.65
.76
.80
.64
.23
.51
.49
.39

June

.09
21
.31
.33
.49
.41
.36
.57
.51
.51
.63
.65
.£8
.40
41

20
-

.33
.52

.51

e
.67
.G2

~n
o Lol
o 35
.15

q

. I

.33
<58
LG7

2
.2

.17
.C6
.08
.78
.72
.17
.49
.67
.49
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Tazle 3 (cont.)

_I?“._YS.I.' Nane Sorial Correlaticn in Flows of Indicated Period
July rug. Sept.

Naselle .76 .66 .17
North .79 : .75 .35
Chehalis .78 .71 .42
Satscp .69 .58 .12
Wnoocnce .76 .72 .16
Cuinault .83 .89 .29
liou .79 .76 0
Soleduck .20 .93 .52

Dunscness .73 .93 .35
Duckaiusit .24 .95 .54
N.F.Skokomisi .87 .92 .50
S.I.Skokanish .83 .82 .21
Chambers Creek .89 .55 .23
Puyallup .71 .59 .0%

Carbon .79 .76 .15
Vnite .73 .81 .52

Greemnvater .20 .94 49
S.F.Shvkanish .86 .02 .32
Shyiomish .26 .92 .35
Siltan .36 .78 .32
Snocualnle .87 .85 .25
S.F.Stilleguamish .87 .77 .35
N.F.Stillaguammisa 69 .30 .38
Tiuncer Croek .45 .50 -.11
Stetattle Creek .75 .en .50
Cascada .03 .37 LA
Sauk nr. Darring .51 .92 40
Sauk no. Sauk .73 .20 A8
S.Foiooksach .80 .21 .35
Stelekin .73 23 .57
Viaiatee .81 .04 .72
Icicle : .55 .45 .50
N.P. Zhtanum .93 .96 .86
S.F. Aotanun .od .90 .97
Ilickitat .85 .42 .93
wina .95 94 .37
E.F. Laowvis .71 .62 .39
Cowlitz .87 .84 .32
Cispus .90 .9 .66

Toutle .82

.
\Xe]
=y

.32
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TABLE 13

FSC PREDICTION EQUATIONS

Period
Ann. Oct. Nov. Dec. Jan. Feb.
% Variation
Explained 56 62 59 65 43 68
Regression
Constant 0.29128 1.16791 .98639 .20213  1.35352 1.37632
RIGPESSICHT COEFFICIENTS
VARIAPLE
Precipita~
tion .00105 -,00023 . 00002 -.0001 -.0003 -.00037
PSC .67158 . 35577 .29368 1.0534 - -
PSC of Pre-
vious Period - - - - - -, 46709
Snovfall .00021 .034%5 .00085 .0030 - 00467
Mean Annual
Texmerntore —.00595 -.01259 -, 00pa2 LON50 -,02214 -.01836
Casin Orien—
tation - - 0306 .0135 - -
Glacierized
rrea .00876 - ~.01476 .0149 L0067 .01292
Basin Slore - - - - .00NEE. .00063
Rasin
GCeology - - - - - -
Depression
Storage - - - .0444 .1007 .14834
Drainage Area - .00012 .00002 - - -~
Baseflow
Recession
Factor - - - - -

-.00007
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TABLE 13 (cont.)
FSC PREDICTICN EQUATIONS

Period

Mar. May June

Apr.

July

Aug.

Sent.

% Variation
Explained

Regression
Constant

VARIABLE

Precipita-
tion

PSC

PSC of Pre-
vious Pericd

Snowfall

Mean Annual
Temoerature

Basin Orien-
tation

Glacierized
Area

Basin Slope

Basin
Geology

Depression
Storage

Drainage Area
Baseflow

Recession
Factor

61 41 50 30

.64984 .€1593 .90228 .81734

REGRESSION CORFFICIEINTS

-.0003 -.00n45 -,0004 .0002

.16121 .47092 1.2C14 .3872

-.,45801 - .1849

-.00531 - - -

.0853 -

.01449  -,0083 -.0050 -.0130

- -.00054 - -
-.1015 -.1040

.06128 .04019 - .0251

- .00019 - -

53 53

.86348 87110

.00042 -.000°2

-.10815

.02215 -.01173

- .00034

.02076 .06680

.00016 .00071

74

2,12201

-.00124

-.37214

-.027%4

06329
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U.S. Geological Survey Identification Numbers

FIGURE 3. DRAINAGE BASINS INCLUDED IN THE STUDY
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U.S. Weather Bureau Identification Numbers

FICURE 4. PRECIPITATION STATIONS INCLUDED IN THE STUDY
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£11 values indicated are 100 times actual serial correlations

CONTCUR INTERVAL - 5

FIGURE 5. CONTOURS OF ANNUAL FLOW SERIAL CORRELATIONS
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A11 values indicated arelCl times actual serial correlations

CONTOUR INTERVAL - 10

FIGURE 6. CONTOURS OF OCTOBE FLOW SEPIAL COFPRELATIONS
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'All values indicated are 100 times actual serial correlations

CONTOUR INTERVAL - 10

FIGUPE 7. CONTOURS OF NOVEMBER FLOW SERIAL CORRELATIONS
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A1l values indicated arel00 times actual serial correliztions
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FIGURE 8. CONTOURS OF DECEMBER FIOW SERTAL COPRELATIONS
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CONTOURS OF JANUARY FLOW SERIAL CORRELATIONS
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All values incicated are 100 times actual serial correlaticns

CONTOUR INTERVAL - 10

FIGURE 10. CONTOURS OF FEBRUARY FLOW SERIAL CORRELATIONS
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" A1l values indicated arelO0 times actual serial correlations

CONTOUR INTERVAL - 10

FIGURE 11. CONTOURS OF MARCH FLOW SERIAL CORRELATIONS
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FIGURE 12. CONTOURS OF APRIL FLOW SERIAL CORRELATIONS
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FIGURE 13. CONTOUR OF MAY FLOW SERIAL CORRELATIONS
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A1] values incdicated are 13¢ times actual serial cerreiatlons

CONTOUR INTERVAL = 5

FIGURE 15. CONTOURS OF JULY FLOW SERIAL CORRELATIONS



147

All values indicated are 100 times actual serial correlaticns

CONTCUR INTERVAL = 10

FIGURE 16. CONTOURS OF AUGUST FLOW SERIAL CORREIATIONS
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A1l values indicated arelG0 times actual serial correlations

CONTCUR INTERVAL = 10

FIGURE 17. CONTOURS OF SEPTEMBER FLOW SERTAL CORRELATIONS
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411 valucs indicated are 100 times actual serial correlations

CONTOUR INTERVAL - 10

FIGURE 18. CONTOURS OF OCTOBER PRECIPITATION SERIAL CORRELATIONS
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