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ABSTRACT

Two catchments of diverse hydrologic character were chosen in which to test the

hypothesis that tree-ring indices contain information about runoff that is of pertinent

interest to the hydrologist. These two catchments, Bright Angel Creek basin in extreme

north-central Arizona and Upper San Francisco River basin in extreme east-central

Arizona and west-central New Mexico, are situated in different climatic regions. Although

two semiannual maxima, summer and winter, occur in the annual precipitation regime, at

Bright Angel Creek the winter maximum is dominant, resulting in large amounts of snow

accumulation, and at Upper San Francisco River the summer maximum is dominant.

These contrasting precipitation regimes in association with the annual temperature

regimes create climatic conditions for which the growth response of the trees, specifically

Douglas fir, the species used in the study, and the precipitation-runoff response are

greatly different and comparably complex. The complexity of the climate-growth,

climate-runoff relationships necessitated the use of multivariate methods in assessing their

similarities and dissimilarities. The technique used here is that of principal components,

with physical meaning attached to the components by comparison with the results of

other statistical approaches such as autocorrelation, cross correlation, autospectra, and

cross spectra, and such tree-ring statistics as the coefficient of -mean sensitivity. The

orthogonality property of the principal components was used to develop prediction

equations with a minimum of variables through use of multiple linear regression.

The general approach was to relate ring-width indices to climate and develop a

response function, to relate runoff to climatic variables and develop a response function,

and finally to develop a prediction equation for predicting runoff from ring-width indices.

Prediction equations and 214-year (1753-1966) synthetic runoff series were devel-

oped for both basins. The results for Bright Angel Creek basin are not impressive because

the best prediction equation accounts for only 51% of the year-to-year variance in the

annual runoff. However, this was not wholly unexpected, as it is shown that the nature

of the annual runoff regime and the statistical nature of the ring-width index series from

this basin are not conducive to maximum hydrologic information. Nevertheless, it is

xi
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shown that an improved estimate of the mean annual runoff can be gained from the

synthetic series. For Upper San Francisco River basin the results were more satisfactory:

72% to 79% of the annual variance in runoff can be accounted for using prediction

equations based on ring-width indices, where one equation uses untransformed values of

runoff (72%) and the other uses log-transformed values of runoff (79%). The synthetic

series shows an improved estimate for the mean annual runoff but also offers the

hydrologist a valuable tool in providing a series from which useful information can be

obtained that could be valuable in decision-making processes concerning reservoir design

and operation.



CHAPTER I

INTRODUCTION

In recent years, many new and powerful statistical and mathematical techniques

have become available to the hydrologist. Unfortunately, these techniques are limited in

many cases because of the relatively short period of record of most hydrologic phenom-

ena. In addition, most of these techniques require a basic assumption of at least covari-

ance stationarity of the stochastic process being analyzed.' In short-period hydrologic

records (e.g., annual runoff data) there is reason to doubt the existence of covariance

stationarity. For example, for various watersheds in the southwestern United States,

water appropriations were made on the basis of annual runoff for the period 1905-1931 or

thereabout—a period we now know to have been one of excess moisture. Therefore, appro-

priations based on this period were larger than the amount of water actually available

over long periods. (Two cases in point are the Colorado River Basin and the Rio Grande

River Basin.) This has resulted in long and expensive court actions that might have been

avoided if it had been known that this particular period was actually unusually wet.

What is needed is some means of augmenting hydrologic records so that limita-

tions placed on hydrologic investigation because of short periods of record can be over-

come. The purpose of this present study is to investigate one means of augmenting

hydrologic records: the use of tree-ring series. Among the useful features of trees as pos-

sible repositories of hydrologic information are their great number, their longevity, and

the critical fact that the information they contain is annually accumulative. Thus,

tree-ring data could be an important source of added information to the hydrologist

provided that hydrologic inferences based on such data can be supported by acceptable

statistical controls.

That is, the covariance function y(v) of the covariance stationary time series
X(t), t E T1 has the property that, for every t and v in T, cov[X(t), X(t+v)] = 7(v),

where T is a linear index set and {X(t), t E T) is assumed to possess finite second
moments. In words, this says that the covariance function of the time series {X(t), t E T}
is a function of the absolute difference Iv and not of time t.

1
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Objectives

It is generally recognized by workers in dendrochronology that tree-ring series can

potentially provide two kinds of hydrologic information:

1. Dates of such hydrologic events as floods (Sigafoos 1964), droughts, and fluc-

tuations of glaciers.

2. A paleoclimatic record that may be useful for extending hydrologic records or

estimating trends and variability of precipitation and streamflow records.

The present study is designed to investigate the latter type of information. Specif-

ically it is an attempt to answer the question: Can hydrologic information be extracted

from tree-ring series, and if so, can this information be used to augment hydrologic

records—streamflow records in particular? Any answers arrived at through this study will

of course be subject to the constraints imposed by the design of the experiment.

Design of Experiment

Two watersheds of diverse hydrologic character were chosen for analysis (see Figs.

1, 2, and 3): The first, Bright Angel Creek Basin, is a small watershed on the north rim

of the Grand Canyon, where the annual runoff is characterized by a large April-May

snowmelt component resulting from large winter snow accumulations (more than 150 in.

on the average). The second, Upper San Francisco River Basin above Glenwood, New

Mexico, is a larger watershed on the Arizona-New Mexico state line, where the largest

part of the annual runoff occurs during the period December-May as a result of rainfall

and snowmelt.

The two watersheds were selected on the basis of hydrologic characteristics, the

availability of long ring-width series from trees of a single species (Douglas fir), and the

availability of relatively long climatologic and streamflow records. The subject of this

investigation is the variability in (a) the response of the runoff to climatic parameters and

in (b) the corresponding response of the tree-ring series. By restricting sampling to a

single species, we can limit the variability in terms of the trees' response to climatic

inputs; thus, the variance of the response of tree growth to climate is restricted to spatial

variance and possibly to aspects of the individual sampling sites.

In each case the aim was to sample as large an area as possible while retaining

species homogeneity. Therefore, this experiment is restricted to the relationship between

the hydrologic variables and the tree response for Douglas fir.
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Fig. 1. Index Map of the Two Watersheds Investigated.

Bright Angel Creek catchment is located at latitude 36° 06'00",..
longitude 112° 05'35", in Grand Canyon National Park, Arizona.
The gaging station is in sec. 5, T. 31 N., R. 3 E. on the right
bank of Bright Angel Creek, 1000 ft upstream from the mouth.

Upper San Francisco River catchment is located at approximately
latitude 33 ° 14'50", longitude 108 ° 52'45". The gaging station is
located in the NEIANW% sec. 23, T. 12 S., R. 20 W., on the left
bank 5 miles south of Glenwood, New Mexico, and 64.6 miles
from the mouth of the San Francisco River.
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Fig. 2. Bright Angel Creek Watershed (101 sq mi).

Topography is indicated by contours and shading; the 7000-ft contour approximates the rim of the
canyon.

Tree-ring sampling sites are indicated by x's. Rainfall and temperature data were recorded at U.S.
Weather Bureau climatic stations at Bright Angel Creek Ranger Station and at Grand Canyon,
Arizona (indicated by •). Streamflow data were recorded at U.S. Geological Survey gaging station
9-4030.00, designated "Bright Angel Creek near Grand Canyon, Arizona" (indicated by •).
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Fig. 3. Upper San Francisco River Watershed (1,653 sq mi).

Topography is indicated by contours and shading.

Tree-ring sampling sites are indicated by x's. Rainfall and temperature data were recorded at U.S.

Weather Bureau climatic stations at Alpine, Jewett, Luna, and Reserve ranger stations (indicated

by •). Streamflow data were recorded at U.S. Geological Survey gaging station 94440.00, desig-

nated "San Francisco River near Glenwood, N. Mex." (indicated by •).



6

Samples in Bright Angel Creek watershed consisted of five groups of five trees

each. Five trees per group were thought adequate to maximize cross-dating control, even

though the general practice is to use 10 or more trees for individual site samples, for in

this case the individual sites are only 4 to 8 miles apart. (It was later found, however,

that because of complacency a larger sample size would have been desirable.)

A somewhat different sampling scheme was used on the San Francisco River

watershed. The samples consisted of five groups of 10 trees each. For two of the sites,

Alpine and Luna, samples were taken at equal distances north and south of the climatic

stations so that any local variations could be detected.

In each area, two samples were taken from each tree. (Previous experience at the

Laboratory of Tree-Ring Research (Fritts 1969, p. 28) had shown that the ring-width

variation within a tree can be estimated from two radial increment cores taken from

opposite sides of the tree.)

Previous Investigations 

Recognition of the relation between plant growth and the discipline of hydrology

is quite old, probably as old as the science of hydrology itself. Since ancient times, living

plants have been used to protect dams and embankments, and it has long been known

that plants with high water requirements can be used in connection with drainage and

reclamation. More recently, dendrochronology has been used as a -tool in climatic inter-

pretation, which of course cannot be divorced from hydrology. Generally, however, quan-

titative hydrologic interpretations from tree rings were of secondary importance in most

investigations prior to the early 1900's.

The first attempt to determine a relationship between tree rings and runoff can

probably be attributed to a Dutchman, Kapteyn, in the year 1880 (Kapteyn 1914). How-

ever, the first major concentrated application of dendrochronology to hydrologic prob-

lems can be attributed to Hardman and Reil (1936). Attempting to extend hydrologic

records for the Truckee River in Nevada-California, Hardman and Reil correlated tree-ring

indices with surface runoff. They were able to show_ that a substantial correlation did in

fact exist (and to a higher degree than tree-ring index vs precipitation). Their correlation

coefficients for tree-ring indices vs runoff ranged from 0.54 to 0.89 for data smoothed by
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5-year moving averages. It is interesting to note that the authors justified smoothing the

data "on the fact that the soil acts as a conserving agency for moisture, causing the

water, which is fed into the soil, to become effective over long periods of time."

Hardman and Reil estimate that moisture falling on the mountains has an effect upon

streamflow for at least three years and at times as much as five years afterward. This

retarding effect of soil upon moisture also influences the trees, though the effect may not

be as strong with the trees as with the streamflow. Consequently, smoothing tends to

equalize, and for this reason aids in bringing the persistence in stream runoff and tree

growth into greater harmony and shows their relationship more clearly.

Keen (1937) studied the relationship between the annual growth of 340 pon-

derosa pines and the climate of eastern Oregon. Included in his work is a brief account of

the relationship of ring widths to Columbia River runoff. He found a correlation coeffi-

cient of 0.56 for unsmoothed data when ring width was compared with runoff at The

Dalles, Oregon.

Antevs (1938) attempted to use dendroehronology to supplement and verify data

on paleoclimatology and paleohydrology in the Great Basin. He used dendrochronology

in conjunction with historical accounts, fluctuations of lake levels (e.g., the Great Salt

Lake), lake terraces, and similar evidences. In correlating tree-ring widths with precipita-

tion records at Susanville, California, and Lakeview, Oregon, he found that only about

50% of the time did the ring widths give conclusive evidence of total annual precipita-

tion. Therefore, he concluded, when tree-ring curves are taken alone, only general and

somewhat conditional conclusions concerning past rainfall fluctuations can be made; the

tree-ring curves take on greater significance when supported by other types of evidence.

He did not, however, attempt direct correlation with runoff.

Schulman (1945a, 1945b, 1947, 1951) tried to show that the fluctuating widths

of the successive growth rings of trees provide a significant index to the history of

surface runoff.

In his first publication on the subject (1945a), he reported the relationship of

tree-ring widths to surface runoff along the Pacific Coast.

In his Colorado River Basin study (1945b), he attempted to show with more

extensive and rigorous development that dendrochronology can be used successfully to
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extend the period of record of hydrologic records. In this case, a regional ring-width

index, which was ultimately correlated with the streamflow record at Lee's Ferry,

Arizona, was developed in a weighted manner so that variance in the chronologies from

tributary basins was taken into consideration. It was discovered that the weighted sum of

the tree-ring indices, developed separately for the six individual tributary basins, gave the

best correlation with the Lee's Ferry streamflow record. From this analysis Schulman was

able to draw some important conclusions regarding streamflow of the Colorado River

based on the ring-width record, but definite quantitative long-range forecasting was not

possible. In general, when the data were correlated with the streamflow at Lee's Ferry, a

correlation coefficient of 0.88 was obtained with smoothed ring-width data. A value of

0.66 was obtained for unsnioothed data.

A similar investigation for southern California (Schulman 1947) produced corre-

lation coefficients between bigcone spruce growth and seasonal rainfall for the last 49

years of record. These were 0.71 (unsmoothed data) and 0.86 (smoothed data using

three-year moving averages). The corresponding coefficients between growth and runoff

were 0.61 and 0.87 (San Gabriel River) and 0.42 and 0.64 (Kings River). No significant

relation to seasonal temperature was found.

In a summary of work completed to the year 1951, Schulman (1951) pointed out

the relationship of the Mesa Verde ring-width index with the October-June rainfall at

Durango, Colorado, and the water year runoff of the Animas River. Additionally, he

pointed out the limitations of comparing tree-ring chronologies with runoff in areas

subject to flash floods as opposed to basins where the largest portion of the runoff is

derived from snowmelt. Again, the smoothing of data is shown to produce the largest

correlation coefficients.

Potts (1962) attempted to use the time distribution of tree-ring series to improve

the estimate of drought recurrences in the upper South Platte River Basin in Colorado.

As Water Rights Engineer for the Denver Water Department, he hoped to predict or at

least improve the advance estimate of runoff of the South Platte River, which provides

the water supply for the City of Denver. His objective was to estimate the storage re-

quired to provide a firm water supply for the city. Consequently, the ring-width series

were used subjectively in determination of reservoir storage requirements.
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More recently, dendrochronology was used in hydrologic studies by Gatewood,

Wilson, Thomas, and Kister (1964). These workers correlated tree rings with runoff to

determine whether the 50-year base period (1904-1953) that they had used was repre-

sentative of runoff for the Southwest, at least for the past 150 years. According to these

authors, the tree-ring series of the southwestern United States did indicate that mean run-

off during the base period 1904-1953 was closely representative of mean runoff for the

154-year period 1800-1953 and also for periods of 450 years or more. This study used

the data previously published by Schulman, and no attempt was made to improve under-

standing of the direct relationship between dendrochronology and surface runoff.



CHAPTER II

TECHNIQUES OF TIME SERIES ANALYSIS

The basic objective of this study is to use one time series to predict another. In

order to do so, it is necessary to characterize each time series and establish its statistical

properties so that the empirically developed prediction equation can be judged as to

physical soundness.

In characterizing a time series (e.g., runoff, tree-ring, and precipitation), three

questions must be answered. First, how much "memory" exists in the series; that is, does

the value of the series at time t depend strongly on previous values, say at time t—u?

This is basically the autocorrelation approach. The second question concerns the "fre-

quency content" of the series. Is the time series composed predominantly of high or low

frequencies, or is there a tendency to oscillate? This is the power spectrum approach.

And third, can a model be fit to the process so that it can be used to predict future

values of the process? Although this last question is of least concern in this study, all

these approaches are complementary because they all contribute information about a

time series and are therefore useful mutual corroborations.

The same three approaches can be applied to pairs of series. Thus, the cross cor-

relation function, which determines correlation between the two series at various lags,

reveals the "memory" within the two series that is common to both. The cross spectral

analysis, which determines "frequency" compatibility of the two series, reveals correlation

between the two series with respect to frequency and also phase relationships between the

series. A model can be fit to allow one series to be predicted from one or several others.
.,--

Often,.the time series is a mean value function. Knowledge of the contribution of

the individual components, based upon replicated samples from which is obtained the

total variance of the function, allows evaluation of the sampling design. The analysis of

variance components separates the various contributions of each of the components and

'expresses each as a percentage of the total.

The technique of principal component analysis is used to transform variables into

new orthogonal components. Each component can then be evaluated as to its importance

10
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in accounting for the total variance; the ones of lesser importance are then discarded,

reducing the dimension of the problem. In addition, the orthogonality property is useful

in assessing the validity of inclusion of independent variables in later regression analysis.

And finally, this technique allows detection of collinearities between variables since eigen-

values that are zero or nearly so indicate collinearities (Kendall 1965, p. 74).

Finally, in this study, we wish to be able to use one long time series to extend

values of another, shorter, series. For this purpose, multiple linear regression is used.

Correlation Analysis 

A covariance stationary stochastic process is most easily described by its auto-

covariance function, and if the process is normally distributed such that one can assume

joint normal distribution of the variables {X(t),tET}, then the process is completely de-

scribed by its mean value function m(j) and its autocovariance function y(u) (Parzen

1962, p. 89), which are understood to be functions of time differences t—tjl and

not of time t, where

ma). = E[X(ti )],	 j = 1,2,...,T

7xx(u) = E [(X(t)-11)(X(t+u)—,u)1, 	 u = 1,...,T

T s

where tt = (1/T) 2 mU)
J=

or by its normalized value, the autocon-elation function

p(u) = [7xx0-0] ax 2

The concept of analysis of a single time series can be extended to the analysis of

pairs of time series or bivariate time series. For two series, say X 1 (t) and X2 (t), the cross

covariance function is defined as

7X1 X2 (u) = E [(X i (t)—Y 1) (x2 (t+u) —P2)1

'Yx 2 x i (u) = E [(x 2 (t)_ 2) (x 1 --t+u)-pti)1

and
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where yxix2 (u) is the cross covariance function of lag u with X 2 (t) leading X i (t), and

7x2x1(u) is the cross covariance function of lag u with X I (t) leading X2 (t). However, the

cross covariance function of two real processes has the property

l'x 1 x 2 (u) =

that is,

7xi x2 (u) = E 1(Xi (t)-11 1) (X2(t+u) —P2)1

= E	 (t—u)—ii) (X2 (t) —i1 2)i

= E RX2 (t)—pt 2) (X 1 (t —0-12)1

= 7x 2 x 1 ( u).

Hence the covariance between two stochastic processes can be described by the single

cross covariance function "yx1x2 (u), where —00<u <co.

To normalize the cross covariance function, the cross correlation function is

defined as

and

-Yxi x2 (u) 
Px x 2(u) 

xi(CI) 7x2 x20)]

p 1 2 (u) = p 21 (-u) .

.16C1X2(U) 

-1 -2

Jenkins and Watts (1968, p. 338) show that, when two series are autocorrelated, the

resulting cross correlation function between them is spurious as a result of the large

autocorrelations within the two processes. Since the autocorrelation within most of the

individual series is positive in this study, the tendency will be toward an inflated cross

correlation at all nonzero lags. Consequently, the data are subjected to a first difference

filter, which removes most of the low frequency variance and converts the data to a

process resembling white noise. For white noise, Jenkins and Watts show a variance for

the sample cross correlation function as

var[c,	 (k)]	 (0_120.22)/N,
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where cx1x2(k) is the estimate of px1x2 (u). However, for white noise cr 2 = 1, and there-

fore the standard error of an estimate will be (1/N) 1/2 . This then allows confidence limits

to be placed on the auto and cross correlation functions.

Correlation analysis is used in this study with respect to autocorrelation and cross

correlation functions. In this sense, the dependency structure within a single series or

between two series can be evaluated and compared; however, caution must be exercised,

as the individual estimates at various lags k are not independent (Jenkins and Watts 1968,

p. 185). The plots of the autocorrelation within a series (the correlogram) are used as a

visual aid in comparing the dependence structure of one series with that of another and

also to gather insight into possible generating functions of the series. The plot of the

correlation between two series at various lags is used to illustrate the similarity of

dependence structure between two series and to show the phase relationships between the

two series.

Normally, the autocorrelation function is used as a key to the possible underlying

mechanism generating that particular form of a stochastic process (Watts 1967). From

this key, the parameters of the mechanism can be developed and the underlying generat-

ing mechanism can be determined. In this particular study, most of the correlograms of

tree-ring data are of the mixed autoregressive-moving average type; that is, the correlo-

gram has been judged to have been generated by the process

Yt Yt-1 a2Yt-2 (x3Yt-3 zt gi zt-i 02 Z t-2

where yt is the ring width at time t and zt is a random variable at time t. However, in

most cases one can obtain a model fit that is satisfactory (in the sense that little increase

in the residual variance occurs) by a second order autoregressive process:

Yt Yt-i °/2Yt-2 zt.

Thus, the information gained from the con-elograms concerning the generating mecha-

nisms of the processes was used to ascertain the number of lagged variables to' be in-

cluded in the multiple regression analysis.

The cross correlation functions show the phase similarities in the series being

compared; that is, if the two series were out of phase, the maximum cross correlation
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would occur at other than zero lag. These functions also help to graphically depict the

similarities in the dependence structure between two time series.

The cross correlation technique adds to the information about a particular series

or group of series but has two limitations: (1) The individual estimates are not inde-

pendent and .consequently may lead to erroneous interpretation, especially if the depen-

dence structure is strong in the original series (Jenkins and Watts 1968, p. 185). (2) Little

frequency information is available from correlation analysis, and consequently if one

desires frequency information he must turn to spectral analysis.

Spectral Analysis 

The foregoing analyses of the time series have been limited to the time domain.

Consequently, the questions asked of the series must 'necessarily be restricted to the time

domain. However, there are some questions one would like to ask that are related to the

frequency domain. According to Parzen (1962, p. 110), it was shown by Wiener (1930)

and later also by Khintchine (1934) that a stochastic process can be characterized in the

frequency domain by the spectral density function, which is the Fourier transform of the

autocovariance function. If a stochastic process is stationary in a weak sense, the auto-

covariance function 7,(u) and the spectral density function f(co) are shown to be

related by the Wiener-Khintchine relations as

CO

' fTxx(u)	 eiuw f(w) dw
-00

and
00

f(co) = 1/(27) f e'w 7xx (u) du.
-00

Thus the spectral density function shows how the variance is distributed over frequency.

The theory involved in the application of the spectral density function is thoroughly

covered by Jenkins and Watts (1968) and will not be repeated here.

It is important to note, however, that the spectral estimate at a given frequency is

a biased estimate and does not become stable as the period of record approaches infinite

length. Therefore, Jenkins and Watts (1968) have developed a technique called "window
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closing" by which a maximum amount of information is gained but the bias is mini-

mized. This is accomplished by varying the bandwidth at which the power is computed.

Consequently, the graphs of the sample spectra shown here represent the most stable

estimate of three different spectra computed at three different bandwidths ranging from

narrow (large lag) to wide (small lag); these were computed using a Tukey smoothing

function. Thus, by studying the sample spectrum (autospectrum) of the individual time

series, one can see how the variance is distributed with frequency in each time series.

Cross Spectral Analysis 

If the above technique is applied to the cross correlation function rather than the

autocorrelation function, the result is cross spectral analysis. Such analyses contain two

different types of information about the dependence between the two series. The first is

the coherence spectrum, which effectively measures the correlation between the two

processes at each frequency (Jenkins and Watts 1968, p. 321), and the second is the

phase spectrum, which measures the phase difference between the two processes at each

frequency.

The coherency spectrum is used here to illustrate how the correlation between

tree-ring series varies with respect to frequency. Its uniformity over the entire frequency

range is used to indicate similarities in climatic responses for the individual ring-width

series. The coherency spectrum is also shown to illustrate the frequency dependence of

the correlation of ring-width series with runoff series. In this study, the phase spectra are

not shown because the cross correlation functions indicated no significant phase

differences.

Analysis of Variance Components

The analysis of variance components is used in this study to define the source of

the variance in each tree-ring site chronology. In each site chronology (mean value function)

the total variance of the ring-width indices of the final chronology may be attributed to

four sources: (1) a component due to the year-to-year variance of the individual indices for

all cores; (2) a component due to the tree chronologies (i.e., if the sample consists of 10

trees with two cores per tree, this element would include the variance due to differences

in the chronologies of each of the 10 trees); (3) a component due to core differences;
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generally within each tree, if two cores are taken, it will be noted that the cores can be

segregated on some basis such as number of annual rings per unit length, location from

which the core was taken, and so on. Thus, the cores are grouped not according to tree

but according to some collection criterion. Thus the amount of total variance accounted

for by this source can be assessed. (4) And finally, there is an error component due to

the failure of the above three sources to account for all the variance.

Generally, in tree-ring work, the component variances mentioned above are

expressed as percentages to facilitate comparison between individual series.

Principal Component Analysis 

Principal component analysis is used in this study mainly as an orthogonal trans-

form such that the so-called independent variables in the stepwise multiple regression

analysis are truly statistically independent. This in turn allows the effects of individual

variables to be evaluated as they enter into the prediction equation. In addition, because

the statistical independence of the "independent" variables is assured, the F-test can be

utilized as a criterion for testing the significance of a variable in the prediction equation.

Principal component analysis also groups variables into independent combinations

or modes of behavior that occur in the data. These combinations or modes represent the

same data but they are expressed as a smaller number of variables, thus providing a more

parsimonious description of the data. In each eigenvector, each variable is weighted

according to its importance in that particular grouping. The first eigenvector represents

the grouping that explains the most variance in the data, the second the next most

important, and so on. Since principal component analysis is a statistical technique, there

is no assurance that any grouping represented by an eigenvector has physical meaning.

However, in most cases as the technique is used here, the first few eigenvectors appear to

have reasonable physical interpretations.

The physical relevance of the individual eigenvectors is illustrated by comparison

with results of other techniques such as correlation and power and cross power spectral

analysis and with meteorologic and hydrologicevidence.

It is generally recognized that there are two distinct advantages in using principal

component analysis. First, they are the most efficient orthogonal functions that can be

chosen (as long as the eigenvalues are different), as it can be shown that no other set of
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orthogonal functions can explain a greater portion of the two-dimensional variance than

the principal components (Lorenz 1956). Second, since they are derived from the data in

that no analytic functions (i.e., single-valued with finite and unique derivatives) are in-

volved, there is the possibility that they may be interpreted physically (e.g., Sellers 1968,

Stidd 1967).

The orthogonality constraint of the eigenvectors has both advantages and dis-

advantages. A major advantage is that the eigenvectors are additive. This property is

utilized in constructing the response functions of tree growth to climatic inputs. A dis-

advantage is that the last few eigenvectors are so bound by the orthogonality restraints

that they are likely to have no real physical meaning.

A debatable aspect of this technique is the reflective (flip-flop) nature of the signs

within an eigenvector. That is, all elements within a single eigenvector may be multiplied

by —1 without affecting any of the results (Harman 1967, p. 137). This is because the

eigenvectors are extracted from either a correlation or a covariance matrix of variables

that possess zero means and are therefore symmetric functions in the same sense that an

autocorrelation or autocovariance function is symmetric. Although recognized by some

investigators as a disadvantage (Julian 1970), this flip-flop feature is seen by Sellers (1968)

as an advantage because it allows the signs of anomalies to go either positive or negative.

According to Julian (1970), two basic assumptions underlie the use of principal

component analysis. The first is stationarity, which is common in statistical theory. The

• second is homoscedasticity of the error term; that is, the mean square error is distributed

over the entire sample (two-dimensional) as in classical least squares, and therefore the

error variance does not depend upon the magnitude of the element represented.

A troublesome aspect of using this technique is the lack of consistency in the

terminology used to describe the technique. Morrison (1967) describes a principal com-

ponent as the linear transformation

= a•-x•	 i = 1,...m, m	 p,3

where the aii are elements of the ith eigenvector. In the meteorological literature, this

transformation is variously referred to as amplitudes (Sellers 1968, Julian 1970) and as

coefficients (Kutzbach 1967) as a result of the similarity in their role to that of the
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coefficients in, for example, a Fourier series representation. Morrison (1967), on the

other hand, refers to the individual elements within an eigenvector as "component coeffi-

cients." In this paper, eigenvectors will be referred to as eigenvectors; the transformation

made by multiplying the eigenvectors times the corresponding values of the variables will

be referred to as amplitudes; and the individual elements within each eigenvector will be

referred to as elements of the eigenvector.

A detailed mathematical explanation of principal component analysis is given in

Appendix I.

Multiple Linear Regression

Although the individual characteristics of the time series are described by other

statistical techniques, in the end, the objective of this investigation is attained by using

multiple linear regression.

The method of multiple linear regression is used to develop prediction equations

for ring-width data from climatic parameters, runoff data from climatic parameters, and

runoff data from ring-width data. Suppose that we have a number of observations on

each of p variables X 1 ,...X, which' are not necessarily random. There are certain un-

known constants 13 0 ,0 1 ,... Pp that are to be estimated. The model we consider is that an

observed variate, y, is given by

y = + e,
j=0

where a dummy variable X0 attached to 13 0 always has the value unity.

The solution to the problem of estimation is well known. Without appeal to nor-

mality we can devise unbiased estimators of minimal variance from the Gauss-Markoff

theorem in least squares (Graybill 1961, p. 114). However, certain old but unsolved prob-

lems still remain, particularly (a) how many variables do we use? (b) how do we discard

the unimportant ones? and (c) how do we get rid of multicollinearities in them?

Let us suppose that we obtain a principal component analysis of the variables

X 1 ,...Xp and arrive at new variables (amplitudes) 1	 These will give us

y=	 °A + e,
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where the a's are linear functions of the g's. In this case the Gauss-Markoff theorem still

applies to give us estimators of the a's, which are the same linear functions of the

estimators of the g's. We therefore lose nothing by the transformation, and our are

now all orthogonal and we have at once

.1 
=-	 )/(

the summation extending over the sample. Further ; the reduction in variance due to the

fitting of	 is ai 2 Xi , where Xi is the eigenvalue corresponding to j .We can thus see how

important each contribution is and decide whether any	 can be discarded as unimpor-

tant. This in turn allows us to judge the importance of the original X's. We can also

apply the F-ratio test to the significance of the a's, which will apply even when the

original X's are substituted back into the equation (Kendall 1965, p. 71).

Consequently, by using the orthogonal transform or principal components, we can

(1) adjudge the importance of any group of original variables by their percentage variance

contribution; (2) test each individual regression coefficient for significance; and (3) detect

collinearities in the independent variables (i.e., when some of the eigenvectors X arc zero

or nearly so), indicating a lack of uniqueness in the individual regression coefficients.

A detailed mathematical explanation of multiple linear regression is given in

Appendix I.



CHAPTER III

HYDROLOGY AND CLIMATOLOGY

This chapter covers the hydrology and climatology of the two study areas, pre-

senting the basic data that were used in conjunction with the tree-ring data of the next

chapter to obtain the statistical analyses of this study.

In most presentations of data, "water years" are used rather than calendar years.

A water year covers the period from October 1 of one year through September 30 of the

next and is designated by the date of the latter year. Runoff data are conventionally

expressed in water years, and precipitation data are easily converted to these units.

General Climatology 

As pointed out by Bryson (1957), the region that encompasses the two study

areas is characterized by annual precipitation regimes in which there are two distinct

semiannual maxima. This region is bounded on the south by a line extending west

from El Paso, Texas, and includes, along with Arizona, the desert area of extreme

northwestern Sonora, Mexico. Northward, the region extends probably to northern

Utah (Mitchell 1969), but it is divided by a zone of rapid transition along the

Arizona-Utah border. North of the transition zone, winter precipitation dominates and

to the south summer rainfall is more abundant although both are present to produce the

semiannual pattern.

The resulting climatic variations are therefore as follows: In extreme northern

Arizona-southern Utah, winter rainfall is more abundant than summer, but the annual

double maximum is dominant. Just south of Arizona the annual double maximum weak-

ens and summer rainfall is dominant. Just west of Arizona, in southern California, the

summer rainfall disappears, and winter rains dominate. Just east of Arizona the winter

rainfall loses relative importance and the summer peak dominates the annual precipitation

regime. Thus it is apparent that the hydrologic character of Bright Angel Creek (situated

in extreme north-central Arizona) is greatly different from that of the Upper San

Francisco River (in west-central New Mexico).

20
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The winter rains are brought into the area by migratory low pressure systems and

troughs of low pressure associated with the westerly jet stream. This particular system is

dominant during the period November-March (Mitchell 1969) and consequently affords a

natural division for the winter season. According to Mitchell (1969), the mean position of

the westerly jet stream during the pericid is diagonally across Arizona from southwest to

northeast such that Bright Angel Creek basin is along the north edge of it while upper

San Francisco River basin is substantially south of it. Consequently, one would expect

winter precipitation to be dominant at Bright Angel Creek.

During the summer (July-September), the region is under the influence of the

Bermuda high. During these months, an isentropic moist tongue of air moves into the

New Mexico-Arizona region from the southeast. When this occurs, the summer rains of

Arizona begin and continue as long as the pattern prevails. According to Mitchell (1969),

in July the western extent of this "summer monsoon" boundary occupies a position

extending from Tucson, Arizona, northeastward to the Four Corners area. In August, the

boundary has shifted only slightly west, but by September the western edge almost

coincides with the western border of Arizona and turns eastward along the Arizona-Utah

border. Consequently, it is apparent that the dominant precipitation in the Upper San

Francisco River basin occurs during the period July-September.

During the spring (April-June), the general circulatory pattern is such that the

area in and around the State of Arizona receives little or no precipitation. The fall cir-

culatory pattern is a transitory stage between the summer monsoon and the dominant

winter westerlies, and again little precipitation falls in the area. According to Mitchell,

this transition normally begins in late September and is completed by early November, so

technically fall consists of only one month: October.

Because precipitation in mountainous regions is exceedingly complex, not only

with respect to spatial distribution but with respect to causal factors as well, the

precipitation regime at several stations within each basin is considered in some detail so

that hydrologic and dendrohydrologic phenomena can be placed in proper perspective.

Some of the factors that affect precipitation amounts are elevation, horizontal and

vertical distance from mountain crests, shape of the mountain or range of mountains,
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direction and speed of airflow, stability of air, and moisture content of the air (Mitchell

1969, p. 106).

Bright Angel Creek Basin

Precipitation Record

Precipitation data for Bright Angel Creek Basin have been recorded at Bright

Angel Creek Ranger Station, which is near the center of the watershed at an elevation of

8400 feet. The station is situated in a heavily forested area on the southern edge of a

high plateau. The rim of the Grand Canyon is about 3/4 mile southwest and about 1 mile

east of the station. In general, the record from this station is good, especially for the

period 1926-1957, during Which time the station was manned throughout the year. Since

1958, because of inaccessibility created by large snow accumulation, the station has not

been manned during the winter, and a storage gage has been used from mid September to

mid May. When the station is manned, data are collected from a standard rain gage; these

are published in Climatological Data (Environmental Science Services Administration

1924-1966) in the form of daily precipitation records. Data for the remainder of the year

are collected by a storage gage and published in Storage-Gage Precipitation Data for

Western United States (Environmental Science Services Administration 1958-1966).

The data for the period of record used (October 1925 through September 1966,

41 water years) are tabulated in Appendix II and plotted by year in Fig. 4. Values that

were missing from the original data were estimated by a method devised by McDonald

(1957) (see Appendix I for explanation) and are so indicated in the table. In the case of

the Bright Angel Creek station, a single index station, Grand Canyon (Fig. 5), was used

because of the lack of any others within a reasonable distance. Since 1958, when the

storage gage data were used for the winter months, the estimated values were equally

adjusted so that the total annual value, which was known, would be equal to the sum of

the monthly values.

After the missing value data were inserted in the record, the consistency of the

record was tested using the "double-mass analysis" method of Kohler (1949). No notice-

able inhomogeneities were found in the Bright Angel Creek Ranger Station precipitation

data using the Grand Canyon station as an index station.
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Average annual precipitation at Bright Angel Creek for the period of record used

is 25.01 in. The monthly distribution is shown in Table 1. As indicated, the precipitation

regime of this area is typified by two maxima, one in winter (December-March) and the

other in early fall (September-October), with the winter amount being dominant.

Table 1. Precipitation, Bright Angel Creek Ranger Station.
Average monthly and seasonal precipitation and percentage distributions at Bright Angel Creek
Ranger Station, Arizona, 1926-1966 (41 water years). Data from Appendix II.
Eigenvectors	 of	 precipitation	 and	 variance	 contributions	 (determined
1926-1966. Elements of the eigenvectors are plotted in Fig. 6.

Ave.	 % of	 Ave.	 % of

from	 covariance	 matrix),

Eigenvectors
Month precip.* annual Season	 precip.*	 annual Month 1 2 3 4 5 6 7 8

Oct 1.41 (1.29) 5.6 Oct .05 .11 .18 .28 .08 -.26 .12 -.40
Nov 1.56 (1.38) 6.2 Fall	 5.79	 23.1 Nov .02 -.20 .35 .06 .12 -.00 -.05 .71
Dec 2.82 (1.93) 11.3 Dec .51 -.06 .12 .02 .21 -.52 .50 .10

Jan 2.90 (1.87) 11.6 Jan .17 .24 -.32 -.70 .33 .03 .17 .00
Feb 3.37 (2.34) 13.5 Winter	 9.07	 36.3 Feb .46 -.71 .12 -.19 -.21 .29 -.03 -.19
Mar 2.80 (2.22) 11.2 Mar .39 .56 .30 -.14 -.58 .25 .05 .09

Apr 1.82 (1.81) 7.3 Apr .07 .18 .46 .20 .55 .49 .13 -.18
May 1.13 (1.21) 4.5 Spring	 3.71	 14.8 May -.01 -.04 .10 -.28 .30 .21 -.22 -.08
June 0.76 (0.95) 3.0 June .03 -.12 -.10 -.10 -.00 .01 -.05 -.09

July 1.79 (1.14) 7.2 July -.10 .05 .14 -.17 .11 -.08 -.16 .40
Aug 2.71 (1.68) 10.8 Summer 6.44	 25.8 Aug -.31 -.12 -.21 .06 -.13 .39 .76 .17
Sept 1.94 (2.17) 7.8 Sept .48 .12 -.58 .46 .17 .26 -.19 .22

Annual 25.01 100.0 Var. 7.80 6.26 4.50 3.91 3.38 2.87 2.10 1.55
% of
total
var.

21.8 17.5 12.6 11.0 9.5 8.0 5.9 4.3

*Inches; standard deviation in parentheses.

The month of greatest average precipitation is February (mean = 2.27 in.), followed

by January, December, March, and August, with means of 2.89, 2.81, 2.80, and 2.71 in.,

respectively. The month of least average precipitation is June. With respect to variance,

February, March, and September are the most variable, and June is least variable.

Using the method of principal component analysis, one can classify rainfall charac-

teristics that typify a given area in much the same way that Bryson (1957) used Fourier

analysis. The present method, however, has the advantage that the annual march of precip-

itation can be distinguished on a percentage of the total variance and is more flexible.
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The values for the first eight eigenvectors are shown in Table 1 and illustrated in

Fig. 6. For precipitation at Bright Angel Creek Ranger Station, 91% of the total variance

is accounted for by the first eight principal components.

Analyzing the individual eigenvectors as modes of the annual precipitation regime,

it is seen that, based on the period of record (41 years), 22% of the variance consisted of

two semiannual maxima or minima, one in winter (December-March) and one in late

summer (September), as opposed to a minimum or maximum in August. This is in good

agreement with what Bryson (1957, P. 13) labeled "the upland type" of Southwestern

rainfall. The second most common mode (18% of the variance) consists of two winter

maxima (January or March) or alternatively one winter maximum (February), with the

rest of the months of the year varying equally. In either case, the maximum in the

precipitation regime occurs during the winter, with the summer maximum dropping out.

The third mode, occurring 13% of the time, consists of maxima in.November and April

or alternatively in January and September. The fourth mode occurs 11% of the time and

represents either a summer maximum (September) or a winter maximum (January), but

not both. The fifth mode (9%) is nearly the same as the second, with an April maximum

being substituted for March, and can be interpreted the saine as the second mode. The

sixth, seventh, and eighth modes, accounting for 8%, 6%, and 4% of the total variance,

are slightly modified versions of the first and third modes. In summary, it can be said

that the annual precipitation regime at Bright Angel Creek is characterized by two semi-

annual maxima—a winter and a summer maximum—with the winter maximum occurring

sometime during the period November-March and the summer maximum in either August

or September. However, it is possible for only one maximum to occur, this being most

probably in the winter season.

The two semiannual maxima are shown also by the correlogram of the monthly

data (Fig. 7). However, the correlogram indicates that the annual (12-month) periodicity

is far more pronounced than the 6-month periodicity and in fact consistently exceeds the

95% confidence limit throughout the range zero to maximum lag. This is interpreted to

mean that, although the annual regime contains two maxima, the summer and winter

regimes are different and the .pattern is consistent from one year to the next. Other than

this 12-month oscillation in the series, it appears that there is little or no significant
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Fig. 6. Eigenvectors for Precipitation, Bright Angel Creek Ranger Station.

Elements for first 8 eigenvectors extracted from the covariance matrix, with percentage of total
variance for each. Baseline equals zero; actual values are shown in Table 1.
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Fig. 7. Correlogram for Monthly Precipitation, Bright Angel Creek Ranger Station.

Solid line is autocorrelation for actual data (N = 492, maximum lag = 100); dashed line is first-
differenced data (N = 491, maximum lag = 99). 95% confidence limits are at ±1.96 N = .09.

Fig. 8. Correlogram for Total Annual Precipitation, Bright Angel Creek Ranger Station.

Solid line is autocorrelation for actual data (N = 41, maximum lag = 11); dashed line is first-
differenced data (N = 40, maximum lag = 10). 95% confidence limits are at ± 1.96 N = .3.
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persistence in the monthly series, as the value at lag one does not exceed the 95%

confidence interval. A correlogram for annual data (Fig. 8) indicates that the annual series

is essentially a random series.

Streamflow Record

The streamflow record used in this investigation is the one designated by the U. S.

Geological Survey as "Bright Angel Creek near Grand Canyon, Arizona." The available

period of record is 1923-1968, but we use here the period 1924-1966 because the record

for 1923 is incomplete and because the last tree-ring date used is for 1966. The data

were obtained from U. S. Geological Survey publications (1954, 1964, 1961-1966):

Water-Supply Paper 1313 (for 1924-1950), Water-Supply Paper 1733 (for 1951-1960),

and the annual Water Resources Data for Arizona (for 1961-1966). Values are tabulated

in Appendix II. Annual values are plotted in Fig. 9, and monthly and seasonal distri-

butions are shown in Table 2.

1970

Fig. 9. Annual Runoff Series, Bright Angel Creek.

Period is 1924-1966; 7= mean. Possible inhomogeneities resulting from station relocations in
1933, 1936, and 1943 have not been taken into account, as none could be positively
attributed to a station relocation.
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Table 2. Runoff, Bright Angel Creek.

Average monthly and seasonal runoff and percentage distributions at Bright Angel Creek
near Grand Canyon, Arizona, 1924-1966 (43 water years). Data from Appendix II.
Eigenvectors and variance contributions (determined from covariance matrix), 1926-1966.
Elements of the eigenvectors are plotted in Fig. 10.

Average	 % of Average % of Eigenvectors
Month runoff*	 annual Season runoff* annual Month 1	 2	 3

Oct .243 (1,309)	 5.1 Oct .00	 .03 .18
Nov .243 (1,309)	 5.1 Fall .745	 (4,014) 15.8 Nov .00	 .02 .14
Dec .259 (1,396)	 5.5 Dec .01	 .02 .16

Jan .256 (1,379)	 5.5 Jan .01	 .01 .19
Feb .262 (1,412)	 5.6 Winter .837	 (4,510) 17.7 Feb .04	 .02 .22
Mar .319 (1,719)	 6.7 Mar .06	 .09 .45

Apr .885 (4,768)	 18.7 Apr .27	 .95 -.04
May 1.136 (6,121)	 24.0 Spring 2.388 (12,866) 50.5 May .94	 -.27 -.17
June .367 (1,977)	 7.7 June .16	 -.10 .72

July .264 (1,423)	 5.6 July .05	 .01 .17
Aug .255 (1,374)	 5.4 Summer .759	 (4,090) 16.0 Aug .03	 .00 .18
Sept .240 (1,293)	 5.1 Sept .03	 .03 .17

Annual 4.729 (25,480)100.0 Var. 1.47	 .19 .02
% of
total 86.5	 11.4 1.0

*Inches (acre-ft in parentheses) var.
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Fig. 10. Eigenvectors for Runoff, Bright Angel Creek.

Elements for first 3 eigenvectors extracted from the covariance matrix, with percentage of
total variance for each. Baseline equals zero; actual values are shown in Table 2.
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In general, the record from this station is considered a reliable representation of

the total runoff from the basin since there are only minor diversions for irrigation from

the flow above the station and there are no artificial regulations of the flow.

The average annual runoff of Bright Angel Creek is 4.729 in. (25,480 acre-feet),

based on the period of record 1924-1966. The greatest part of this comes from snow-

melt: 18.7% occurs in April and 24.0% in May. This is confirmed by the elements for the

first three eigenvectors of the data (Table 2 and Fig. 10). The first cigenvector, account-

ing for 86% of the variance, describes a regime in which the runoff occurs essentially over

the three-month period April-June, with the May runoff greatly predominating. The

second eigenvector, accounting for 11% of the variance, shows a peak in April; this

obviously represents the case when spring arrives early and consequently snowmelt occurs

a month or so earlier than normal. The third eigenvector represents only 1% of the

monthly runoff variance and probably has no physical meaning, being an artifact of

orthogonality constants.

The correlogram of the monthly runoff data (Fig. 11) confirms the rhythmic na-

ture of the annual runoff and the importance of snowmelt runoff to the annual regime,

as it shows no tendency for a semiannual periodicity as in the precipitation data.

Interestingly, the runoff includes a sizeable baseflow component, which suppos-

edly is expelled into the channel of Bright Angel Creek from subterranean conduits in

limestone. It is pertinent to this study to know the lag time between the fall of precipita-

tion on Bright Angel Creek catchment and the time of discharge as baseflow at the gaging

station. For at least a large portion of the baseflow, the lag time can be assumed to be

negligible. Sinkholes are prevalent within valley areas of Bright Angel Creek drainage, and

thus there is relatively free hydraulic connection between the surface and the subterra-

nean conduits. Personnel of the U.S. Geological Survey (M. E. Cooley, personal communi-

cation, 1970) report that the flow from the conduits is tremendous two to three days

after large storms. In addition to this short-term baseflow, there could be a long-term

baseflow, originating from an area that is much larger than the surface drainage area of

Bright Angel Creek. This is suggested by the power spectrum of the annual runoff data

(Fig. 12), which shows indications of peaks at 3- and 5-year intervals, and a possible less

prominent peak • at about 2 years. It is the writer's belief, however, that at least the
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Fig. 11. Correlogram for Total Monthly Runoff, Bright Angel Creek.

Solid line is actual data (N= 492, maximum lag = 100). Dashed line is for first-differenced data (N =
491, maximum lag = 99).

Fig. 12. Autospectrum of Total Annual Runoff, Bright Angel Creek.

Solid line is autospectrum for runoff (N = 43, maximum lag = 11, bandwidth = .121). Dashed line is
for first-differenced data (N = 42, maximum lag = 10, bandwidth = .133).
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3- and 5-year periodicities are not the result of baseflow contributions, for the 3- and

5-year peaks also appear in the correlograms of the precipitation data (Figs. 7 and 8),

especially the correlogram that shows the data after filtering with a first-difference filter.

Because of the station relocations (there have been three during the period of

record) and because of possible alterations in the watershed in more recent years, the

runoff record for Bright Angel Creek was checked for inhomogeneities. In this case it is

of interest to check both for slippage of the mean due to station relocation and for

inconsistency of the mean in the form of trend. Both the plot of the annual runoff

values, Fig. 9, and the power spectrum at zero frequency, Fig. 12, suggest that a trend

might be present in the data. It appears, in fact, that since the last station relocation

(Aug. 22, 1943) the mean value is less than that of the previous period (September

1923-August 1943).

If we assume that the distribution of the annual runoff values is Gaussian, then

according to Mitchell and associates (1965, p. 22) one way of testing for the significance

of inhomogeneity is the "Student" t-test. In fact, if we choose for comparison two

periods that are essentially equal in length, then the test is robust and it can be applied

to data possessing any arbitrary frequency distribution. If the two periods chosen for

comparison are of unequal length, the only restriction is that the over-all distribution

cannot be skewed (Kendall and Stuart 1961, p. 467).

The record was divided into two equal parts to avoid the necessity of assuming

Gaussian distribution. We denote by R- 1 the sample mean for the period 1924-1944 and

by 51.2 the sample mean for the period 1945-1965, with p i and /2 2 being the corre-

sponding population values. The corresponding number of values on which each mean is

based are denoted by N 1 and N2. In this case N 1 = N2 = 20. The test statistic, denoted

by td , is computed as

7-1 —R2 —01 1 — 11 2 )
td

[NI s 1 2 + N2 S22 /	 1 1	 \ 1 1/2

[ Ni +N2 — 2 N1 N2/1-

where s i 2 and s2 2 are, respectively, the sample variances of N 1 and N2 and are com-

puted in the usual way:
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We note that (/2 1 -12 2) = E( 1 — .2 ), where E signifies the expectation, according to

the null hypothesis, which in this case we set equal to zero. Therefore the null hypothesis

is r>Z 1 —7( 2 I = 0.

For the first period (1924-1944), the mean -R I = 5.53 in., while for the second

period (1945-1965) the mean Tc2 = 3.98. In this case, Itd I = 2.5137 and t95 = 2.021.

Since Ltd ' > t95 , we reject the null hypothesis at the 95% level of confidence. In other

words, we accept the hypothesis that there is indeed a real and significant trend in the

Bright Angel Creek rurioff data.

We now -seek the possible causes of the trend in the runoff data so that if the

trend is due to station relocation the data may be corrected accordingly. Whatever the

cause, it does not affect the total annual precipitation, for there is no obvious corre-

sponding trend in the precipitation data. (See graphs of total annual precipitation at

Bright Angel Creek Ranger Station, Fig. 4, and at Grand Canyon, Arizona, Fig. 5.)

The trend in the runoff data is toward a lesser value in the mean runoff for the

later period (1945-1965). At least tentative isolation of the cause or causes is germane to

analyses that follow, and therefore the possibilities will be discussed in some detail below.

First, the trend might have been induced by some watershed modification such as

(1) increased diversions upstream from the gaging station, (2) alterations that might de-

crease runoff, such as farming or impoundment of water, or (3) depletion by ground-

water extraction in the upper portion of the watershed. If so, perhaps the trend should

be taken into account in attempting predictions. However, consultation with Mr. M. E.

Cooley of the U. S. Geological Survey suggests that there have been no developments

within the drainage that would account for a depletion in runoff. On the contrary, runoff

should be increasing owing to larger areas having been surfaced.

The more likely explanation is a shift in the seasonal distribution of the total

annual precipitation falling on the -catchment, with less falling in winter, more in autumn

and spring. The yearly total would be about the same, but greater consumption (owing to

greater availability in the drier seasons) would cause a net decrease in runoff. Similar

trends have appeared in the runoff regimes of several small to medium watersheds within
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the upper Gila River drainage (Burkham 1970). Burkham attributed this to a shift in the

seasonal distribution of precipitation. McDonald (1956) also noted a change in seasonal

precipitation at some stations in Arizona. In particular he noted an increase in the per-

centage of the annual precipitation falling during the summer (May-October) at Prescott

and Natural Bridge. This shift in the seasonal distribution appears to have occurred about

1946 according to McDonald's graphs of the 10-year moving averages of the summer

precipitation-annual precipitation ratio (McDonald 1956, Fig. 8).

Whether this is a plausible explanation for the trend at Bright Angel Creek can be

determined by plotting a mass curve of seasonal runoff against seasonal precipitation (Fig.

13). In this case, the record at Grand Canyon, south of the study area (Appendix II) was

used so that an independent check could be obtained. (If a shift in seasonal precipitation

has indeed occurred, it would be best to check for this shift at some station near Bright

Angel Creek Ranger Station but not at that station itself because of the shift to use of a

storage gage for winter precipitation in 1958.) The mass curve does show a change in

slope. Exactly when the inflection occurred is not clear. It seems to have been in late

1948 or early 1949. To examine the direction of this shift, a plot of the seasonal

precipitation regimes for the period of record is useful. Figure 14 is such a plot in which

the mean for the period of record (1926-1966) is compared with the two halves of the

period, 1926-1946 and 1947-1966. Interestingly, it turns out that the apparent decrease

hi precipitation has occurred in the winter, with compensation in the positive direction

apparently absorbed in both autumn and spring precipitation. Change in the summer

precipitation is negligible.

This explanation, the apparent shift from winter to autumn-spring seasonal

distribution, fits nicely into the explanation for the decrease in annual runoff of Bright

Angel Creek, drainage. Referring back to Table 2, it is readily seen why such a shift in

seasonal distribution of precipitation would have such a profound effect upon the annual

runoff. Note that 50% of the total annual runoff occurs in the spring. This runoff is from

snowmelt and thus is a consequence of winter precipitation. Consequently, a slight

decrease in winter precipitation will result in a decrease in spring runoff' which, since it is

such a large component of the total annual runoff, has a significant influence on the

yearly runoff regime.
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Fig. 13. Double Mass Curve of Rainfall-Runoff Relation, Bright Angel Creek.

Double mass curve for seasonal runoff at Bright Angel Creek vs seasonal precipitation at Grand

Canyon, Arizona, showing an apparent shift in seasonal distribution of precipitation.
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Upper San Francisco River Basin

Precipitation Records

Precipitation records were obtained from four stations in the upper San Francisco

River drainage (Fig. 3). The precipitation records were obtained from New Mexico State

Engineer (1956) and from Climatological Data (Environmental Science Services Admin-

istration, 1955-1966). For each station, the period of record used is 1929-1966 (38 water

years). The data were double mass analyzed according to the technique of Kohler (1949);

no correction of the original values was needed because the mass analysis indicated the

data to be homogeneous in time.

Alpine. Alpine Ranger Station, the highest station (el. 8000 ft) of those used in

this study area, is situated in a valley in the northwestern corner of the watershed. The

precipitation record at this station is good, with relatively few missing data. For the data

that were missing, values were estimated using the technique of McDonald (1957), as

described in Appendix I; Jewett and Luna were used aG index stations. The resulting

record is tabulated in Appendix II and summarized in Table 3.

Table 3. Precipitation, Alpine, Upper San Francisco River.

Average monthly and seasonal precipitation and percentage distributions at Alpine Ranger Station,
Arizona, 1929-1966 (38 water years). Data from Appendix II.

Eigenvectors and variance contributions (determined from covariance matrix), 1929-1966. Elements
of the eigenvectors are plotted in Fig. 15.

Month
Ave.	 % of
precip.*	 annual

Ave.	 % of
Season	 precip.*	 annual Month 1 2

Eigenvectors

3 4	 5	 6 7 8

Oct 1.75 8.9 Oct -.41 .04 .22 -.04 .78 .35 -.06 -.11
Nov 1.13 5.8 Fall 4.28 21.8 Nov -.00 -.24 .17 .19 -.35 .78 -.13 .15
Dec 1_40 7.1 Dec -.31 -.11 -.09 .38 -.03 -.29 -.10 .58

Jan 1.57 8.0 Jan -.08 .27 -.39 .76 .11 .09 .12 -.17
Feb 1.19 6.1 Winter 3.93 20.0 Feb -.04 -.15 .10 .11 -.25 -.01 .18 -.51
Mar 1.17 5.9 Mar .14 -.06 -.13 -.13 .14 .16 .88 .33

Apr 0.72 3.7 Apr .05 -.05 .05 .21 -.11 .16 .17 -.13
May 0.48 2.4 Spring 1.99 10.1 May Al -.02 .08 .06 -.01 -.10 .02 .05

June 0.79 4.0 June .03 .03 -.06 .03 .05 -.14 .16 -.44

July 3.29 16.8 July .60 -.50 -.40 .07 .36 .06 -.25 -.01
Aug 3.77 19.2 Summer 9.44 48.1 Aug .58 .50 .51 .24 .13 -.00 -.04 .13

Sept 2.38 12.1 Sept -.03 -.58 .54 .31 .12 -.30 .16 -.05

Annual 19.64 100.0 Var. 3.32 2.90 2.25 1.67 1.45 .88 .81 .63

% of
*Inches. total

var.
22.3 19.4 15.1 11.2 9.7 5.9 5.4 4.2
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Average annual precipitation for the period of record is 19.64 in. About half of

the total occurs during the summer (July-September). According to Green and Sellers

(1964, P. 75), thunderstorms occur almost every afternoon during this period, the result

of moist tropical air that flows into Arizona from the south, generally from the Gulf of

Mexico. Because of Alpine's elevation (8000 ft), most of these thunderstorms are of

medium intensity and probably create little or no direct surface runoff. Most of the rest

of the precipitation occurs during the fall and winter, with maxima in October (about

9%) and January (8%). Most of this precipitation is associated with middle-latitude storms

moving eastward from the Pacific Ocean. It occurs chiefly as snow, usually in gentle to

moderate falls that may continue for several days. Snow accumulations may reach depths

of several feet during the colder winters, particularly on north-facing slopes (Green and

Sellers 1964).

The annual dependence structure of monthly precipitation values is shown, by the

first eight eigenvectors extracted from the covariance matrix (Fig. 15). From these plots,

it is apparent that no single annual precipitation regime is overwhelmingly dominant, as

the first eigenvector accounts for only 22% of the total variance. The first eigenvector

shows that, of the total variance of the monthly precipitation, an annual regime consist-

ing of a July-August maximum associated with October and December minima (or vice versa

owing to the flip-flop nature of the signs) is predominant. The percentage distribution

• analysis (Table 3) and the results of Mitchell (1969) support the July-August maximum

variation. The second eigenvector, accounting for 19% of the total variance, again shows a

summer-winter contrast, with maxima in January and August and alternatively a maximum

in November, July, and September. Eigenvector three accounts for 15% of the total vari-

ance and shows a maximum in August and September with minima in January and July,

again emphasizing the contrast of winter-summer precipitation. The fourth eigenvector

accounts for 11% of the total variance and shows a predominance of winter precipitation

(November-January) over all other months. Again, this particular regime is consistent with

flood history for the region, the major floods of record being in December and January.

The fifth eigenvector shows a maximum in October and July with minima in November

and February and is consistent with the percentage distribution analysis. The sixth, sev-

enth, and eighth eigenvectors contrast November and March precipitation with the other
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Fig. 15. Eigenvectors for Precipitation, Alpine (Upper San Francisco River Basin).

Elements for first 8 cigenvectors extracted from the covariance matrix, with percentage of total
variance for each. Baseline equals zero; actual values are shown in Table 3.
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months of the year and account for 15% of the total variance. In summary, more than

half (56%) of the total variance of the monthly precipitation values are accounted for by

the first three eigenvectors, which stress a dominance of summer (July-September) precip-

itation, with secondary maxima during the winter months.

Jewett. Jewett Ranger Station, located approximately 12 mi. north of the Apache

Creek Post Office (20 mi. north of Reserve), is situated on a rather high plateau (elevation

7400 ft) as opposed to the other three precipitation stations, which are in valleys. Missing

precipitation values were estimated by IvicDonald's technique, using Alpine and Luna as

index stations. The data are tabulated in Appendix II and summarized in Table 4.

Table 4. Precipitation, Jewett, Upper San Francisco River.

Average monthly and seasonal precipitation and percentage distributions at Jewett Ranger Station,
New Mexico, 1929-1966 (38 water years). Data from Appendix II.

Eigenvectors and variance contributions (determined from covariance matrix), 1929-1966. Elements
of the eigenvectors are plotted in Fig. 16.

Month
Ave.	 % of
precip.*	 annual Season

Ave.	 % of
precip.*	 annual Month 1 2

Eigenvectors
3 4	 5	 6 7 8

Oct 1.16 7.8 Oct -.09 .18 -.22 .67 -.19 .51 -.01 -.04
Nov 0.54 3.6 Fall 2.65 17.8 Nov -.02 .04 .13 -.04 -.27 -.09 .38 -.20
Dec 0.95 6.4 Dec -.06 .39 -.20 -.43 .08 .37 .33 -.55

Jan 0.98 6.6 Jan .09 .17 -.16 -.40 -.07 .16 -.76 -.05
Feb 0.76 5.1 Winter 2.55 17.2 Feb -.05 .10 .09 -.16 -.25 -.13 .17 .28
Mar 0.81 5.5 Mar -.12 -.11 .01 -.14 -.70 .16 -.07 .20

Apr 0.73 4.9 Apr -.06 .12 .26 -.25 -.47 .02 .20 .22
May 0.5.1 3.4 Spring 1.99 13.4 May .13 .09 .05 -.16 .02 -.05 .08 .14
June 0.75 5.1 June .01 -.01 .07 -.17 .30 .62 .16 .57

July 2.46 16.6 July -.15 -.54 .60 -.05 .10 .35 -.12 -.37
Aug 3.22 21.7 Summer 7.65 51.6 Aug .95 .00 .16 .06 -.09 .12 .06 -.07
Sept 1,97 13.3 Sept -.10 .67 .63 .20 .06 -.05 -.20 -.00

Annual 14.84 100.0 Var. 3.10 1.68 1.52 1.03 .67 .56 .41 .38

% of
total
var.

30.7 16.6 15.0 10.2 6.6 5.5 4.1 3.7

*Inches

Average annual precipitation at Jewett for the period of record is 14.84 in. Of

this amount, 52% occurs from July. through September, while 18% occurs in the fall
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(October-December), 17% in the winter (January-March), and 13% in the spring. Nor-

mally the wettest months are August, July, September, and October, in that order.

In general, the relation between the seasonal and monthly distribution and the

source of the moisture occurring at Jewett is similar to that of Alpine about 30 mi. to

the west. However, since Jewett is situated on a relatively flat, unobstructed plateau, the

precipitation regimes at Jewett are probably more representative of regional regimes than

are those of Alpine, which are affected by the surrounding mountains.

Table 4 and Fig. 16 show the results of principal component analysis on the

Jewett precipitation record and afford a means of visual comparison with the dependence

structure of the Alpine record. In this case, the first eigenvector accounts for 31% of the

total monthly precipitation variance and shows the dominance of the August precipi-

tation associated with the summer monsoon season. The second eigenvector (17% of the

variance) consists of two maxima, one in December and another in September, associated

with a minimum in July or vice versa. In the third component (15% of the variance),

maxima occur in April, July, and September, with the latter two being dominant. (This is

similar to the first component at Alpine.) There are no dominant minima; consequently

this component is interpreted as representing high or low rainfall in July and September.

The fourth component (10% of the variance) shows high precipitation in October and the

following September as opposed to high precipitation for December-June. The fifth

eigenvector (7% of the variance) shows a dominant minimum in March with maxima in

February and June. The sixth, seventh, and eighth eigenvectors show variations in the

winter-summer contrast of maxima and minima. However, since the percentage of vari-

ance accounted for is so small, it is probable that little if any physical meaning can be

attached to these eigenvectors.

In summary, the total monthly precipitation record at Jewett is characterized by

an annual regime in which the summer precipitation and specifically August is dominant,

with less dominant winter (November and December) amounts.
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Fig. 16. Eigenvectors for Precipitation, Jewett (Upper San Francisco River Basin).

Elements for first 8 eigenvectors extracted from the covariance matrix, with percentage of total
variance for each. Baseline equals zero; actual values are shown in Table 4.



43

Luna. The climatic station at the Luna Ranger Station has been in its present

location, 3/4 mi. east of the Luna Post Office, since 1917. The site is in a broad, level

valley at 7050 ft elevation, surrounded by timbered mountains. The precipitation record

is relatively complete; only 11 monthly total values were missing from the period

1929-1966, and these were estimated by McDonald's method (1957), using the Jewett

and Reserve stations as estimators. The data are tabulated in Appendix II and summar-

ized in Table 5.

Table 5. Precipitation, Luna, Upper San Francisco River.

Average monthly and seasonal precipitation and percentage distributions at Luna Ranger Station, New
Mexico, 1929-1966 (38 water years). Data from Appendix II.
Eigenvectors and variance contributions (determined from covariance matrix), 1929-1966. Elements
of the eigenvectors are plotted in Fig. 17.

Ave.	 % of Ave.	 % of Eigenvectors
Month precip.*	 annual Season	 precip.*	 annual Month 1 2 3 4 5 6 7 8

Oct 1.38	 9.4 Oct -.04 .14 .80 -.31 .38 .26 .03 .07
Nov 0.68	 4.6 Fall 3.06 20.8 Nov .05 .15 .02 .06 -.03 -.14 .34 .61
Dec 1.00	 6.8 Dec -.09 .28 -.03 .58 .46 -.33 .00 -.00

Jan 1.02	 6.9 Jan • -.08 -.05 -.07 .47 .33 .52 -.19 .11
Feb 0.73	 5.0 Winter 2.48 16.9 Feb .04 .09 -.11 -.08 -.03 .12 .65 -.19
Mar 0.73	 5.0 Mar -.08 .09 -.11 .02 -.34 .51 -.31 .03

Apr 0.58	 4.0 Apr .12 .10 -.12 .08 -.06 .38 .20 .44
May 0.44	 3.0 Spring 1.73 11.8 May .09 -.04 -.09 .03 -.03 .12 .31 .18
June 0.71	 4.8 June .04 -.04 -.02 .16 .11 .31 .38 -.56

July 2.62	 17.8 July -06 -.23 -.50 :.49 .63 .07 -.07 .10
Aug 2.89	 19.7 Summer 7.42 50.5 Aug .74 -.56 .21 .23 .00 -.04 -.04 .04
Sept 1.91	 13.0 Sept .63 .70 -.12 -.12 .04 .03 -.18 -.14

Annual 14.69	 100.0 Var. 2.38 1.71 1.51 1.10 .88 .64 .41 .39

% of

*Inches
total
var.

24.3 17.5 15.4 11.2 8.9 6.5 4.2 4.0

Although this station is only about 12 mi. east of Alpine, the precipitation regime

differs somewhat, probably because of the lower elevation (7050 ft as opposed to 8000).

Average annual precipitation at Luna for the period of record is 14.69 in., sub-

stantially less than at Alpine. As at other sites in the basin, about half (51%) of the

annual precipitation falls during the summer, July-September. The next highest seasonal

precipitation occurs in the fall, and the third highest occurs in the winter, as at Alpine;
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Fig. 17. Eigenvectors for Precipitation, Luna (Upper San Francisco River Basin).

Elements for first 8 eigenvectors extracted from the covariance matrix, with percentage of total
variance for each. Baseline equals zero; actual values are shown in Table 5.
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however, at Luna the difference between the percentage of precipitation occurring in the

winter and that occurring in the fall is greater than at Alpine.

Percentagewise, the three wettest months are August, July, and September, re-

spectively. January and December represent a secondary maximum in the annual precip-

itation regime.

Greater insight into the "typical" monthly precipitation regimes is obtained

from the eigenvectors derived from the covariance matrix of the monthly precipitation

for the period of record. These values, listed in Table 5, are plotted in Fig. 17. The

first eigenvector accounts for 24% of the monthly variance during the 38-year pe-

riod. In general, the relative monthly weights for the first eigenvector of the Luna

record are similar to those of the Alpine and Jewett records. At Luna the maxima

are nearly equal in magnitude and occur in August and September; at Alpine the

maxima are nearly equal and occur in July and August; at Jewett there is one max-

imum, in August. The second eigenvector for Luna accounts for 18% of the vari-

ance. This is similar to that of Jewett but quite different from that of Alpine. The

Luna record shows a minimum in August and a maximum in September or vice

versa; the Alpine record shows minima in July and September and a maximum in

August or vice versa. The third and fourth principal components account for 15%

and 11% of the total variance, respectively. These, along with the lower order com-

ponents, represent microsite conditions that are quite different from station to sta-

tion and may represent orthogonality constraints.

Reserve. The Reserve Ranger Station is the lowest (elevation 5832 ft) of all

stations in the basin. It is situated in a wide level valley near the center of the

drainage basin, with mountains to the west and east. This station has been at the

same location, 11/2 mi. west of the Reserve Post Office, since 1916. The precipita-

tion record is relatively complete; only 10 monthly values were missing from the

period of record used, and these were estimated by McDonald's method (1957), using

the Jewett and Luna stations as estimators. The data are tabulated in Appendix II and

summarized in Table 6.

Mean annual rainfall at Reserve is 14.29 in. Most of this (46%) falls during the

summer (July-September). This is followed by fall (22%), , winter (20%), and spring (12%).
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It is interesting to note that at this station March contributes a greater percentage of the

annual precipitation (7.2%) than at any other station considered. This anomaly could be

related to the orographie effects of the surrounding mountains in the vicinity of Reserve

but could also be related to the lower elevation of the Reserve station.

Table 6. Precipitation, Reserve, Upper San Francisco River.

Average monthly and seasonal precipitation and percentage distributions at Reserve Ranger Station,
New Mexico, 1929-1966 (38 water years). Data from Appendix II.

Eigenvectors and variance contributions (determined from covariance matrix), 1929-1966. Elements
of the eigenvectors are plotted in Fig. 18.

Ave.	 % of Ave.	 % of Eigenvectors
Month precip.*	 annual Season	 precip.*	 annual Month 1 2 3 4 5 6 7 8

Oct 1.29	 9.0 Oct .12 -.05 .22 .84 -.07 .12 .38 -.03
Nov 0.76	 5.3 Fall 3.13 21.9 Nov .14 -.10 -.09 -.11 -.11 .67 .10 .29
Dec 1.08	 7.6 Dec .44 .13 .56 -. 2 0 .47 .28 .01 -.34

Jan 1.04	 7.3 Jan -.01 .00 .33 -.15 .29 -.39 .38 .60
Feb 0.80	 5.6 Winter 2.85 19.9 Feb .04 .00 -.09 -.30 -.15 .13 .09 -.17
Mar 1.01	 7.2 Mar .02 -.32 -.56 .02 .50 .02 .43 -.26

Apr 0.64	 4.5 Apr .07 .06 -.11 -.21 -.15 .28 -.43 .30
May 0.37	 2.6 Spring 1.67 11.8 May -.08 .10 -.02 -.12 -.02 .02 .11 .16
June 0.66	 4.6 June -.07 .03 -.03 -.17 .11 -.26 .26 -.23

July 2.08	 14.5 July -.04 -.25 .29 -.22 -.56 -.14 .42 -.37
Aug 2.63	 18.4 Summer 6.64 46.4 Aug -.54 .72 .01 .03 .08 .19 .23 -.18
Sept 1.93	 13.4 Sept .68 .52 -.33 .02 -.21 -.27 .10 -.01

Annual 14.29	 100.0 Var. 2.41 1.99 1.41 1.14 .95 .67 .57 .48

% of
total
var.

23.1 19.1 13.5 10.9 9.1 6.5 5.5 4.6

*Inches

The dependence structures within the monthly precipitation values for the period

1929-1966 as derived from the covariance matrix are shown in Table 6 and Fig. 18. The

first eigenvector, which accounts for 23% of the monthly variance structure, shows

elements that differ considerably from those for Alpine, Jewett, and Luna but probably

just represents a flip-flop of signs as compared to the Alpine and Jewett records. The

Reserve first eigenvector shows maxima in December and September and a minimum in

August or vice versa. If the signs are reversed, then the first eigenvectors of the four

stations are comparable. The second eigenvector of the Reserve station accounts for 19%
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Fig. 18. Eigenvectors for Precipitation, Reserve (Upper San Francisco River Basin).

Elements for first 8 eigenvectors extracted from the covariance matrix, with percentage of total

variance for each. Baseline equals zero; actual values are shown in Table 6.
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of the total variance and is very nearly the same as the first eigenvector for the Luna

record. The third eigenvector accounts for 14% of the total variance and shows maxima

in December-January and July with minima in March, or vice versa. The fifth eigenveCtor

accounts for 11% of the total variance and shows a lone maximum in October with the

remaining months being near zero. This eigenvector is essentially the same as the fourth

one for Jewett and probably represents either a late occurrence of the monsoon season or

an early arrival of winter conditons. The fifth eigenvector (accounting for 9% of the total

variance) shows maxima in December-January and March, with minima in February and

July, and is most similar to the fifth eigenvector of the Jewett record except with the

signs reversed. This is probably the regime that accounts for the larger contribution of

the March component in the percentage distribution table. The remaining three eigen-

vectors shown account for 16% of the total variance, and their physical meaning is some-

what questionable because of the small size of their eigenvalues (i.e., percent of total

variance contributed).

Regional Precipitation. To facilitate comparison of the individual stations and to

assess the microclimatic influence on the individual station records, the regional climatic

data are shown in Table 7. These data were obtained from the Decennial Census of

United States Climate (U. S. Weather Bureau 1963), for New Mexico. The region is

"Region 4, Southwestern Mountains," comprising the upper watershed of the Gila River.

The dominance of the summer precipitation regime in this afea is indicated by the

elements of the first three eigenvectors extracted from the covariance matrix of the pre-

cipitation record for the 35-year period 1932-1966 (Table 7, Fig. 19). The tendency is

toward repeated September, August, or July precipitation with little winter and spring

precipitation. In all, these summer-dominated components account for 61% of the vari-

ance. The fourth and fifth components place more emphasis on winter precipitation while

deemphasizing the summer precipitation. These two vectors contribute about 16% to the

total variance and probably represent those years when the summer monsoon is less dom-

inant. The sixth, seventh, and eighth components account for an additional 15% of the

total variance and seem to alternately stress spring and summer precipitation. Again, be-

cause of the small values of their respective eigenvalues, physical interpretation of these

vectors is questionable.
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Table 7. Precipitation, "Southwestern Mountain Region" (Upper San Francisco River).

Average monthly and seasonal precipitation and percentage distributions for Southwestern Mountain
Region, New Mexico, 1932-1966 (35 water years). Data from Appendix II.

Eigenvectors and variance contributions (determined from covariance matrix), 1932-1966. Elements
of the eigenvectors are plotted in Fig. 19.

Ave.	 % of Ave.	 % of Eigenvectors
Month precip.*	 annual Season precip.*	 annual Month 1 2 3 4 5 6 7 8

Oct .96	 7.7 Oct -.04 .03 -.59 .50 -.36 .39 -.15 -.18
Nov .49	 3.9 Fall 2.24	 17.9 Nov .09 .16 -.05 -.16 -.01 -.14 -.38 -.62
Dec .79	 6.3 Dec .25 .03 -.01 .41 .63 -.01 -.33 -.09

Jan .72	 5.7 Jan .09 .06 .06 .09 .22 -.08 -.42 .32
Feb .61	 4.9 Winter 1.95	 15.6 Feb .15 .04 .02 -.35 .10 .21 .17 -.55
Mar .62	 5.0 Mar .12 .01 -.04 -.34 -.35 .19 -.41 .33

Apr .46	 3.7 Apr .09 .13 .05 -.15 -.18 .09 -.43 .01
May .43	 3.4 Spring 1.61	 12.9 May .07 .22 .10 -.31 .11 .17 -.19 .03
June .72	 5.8 June .19 -.09 .14 -.04 .25 .81 .16 .11

July 2.28	 18.3 July .10 -.09 .76 .42 -.39 .08 -.10 -.20
Aug 2.69	 21.5 Summer 6.69	 53.6 Aug -.47 .83 .14 .11 .05 .13 .07 .04
Sept 1.72	 13.8 Sept .78 .46 -.09 .09 -.18 -.17 .30 .12

Annual 12.49	 100.0 Var. 1.44 .90 .57 .44 .36 .31 .26 .18

% of
total
var.

30.0 18.9 12.0 9.1 7.4 6.4 5.4 3.9

*Inches

Temperature Records

Temperature records at the individual climatic stations are short or extremely

fragmented. Perhaps typical is the extant portion of the Alpine record, which has been

tabulated by Green and Sellers (1964, pp. 76-78). They note the following: Because of

its elevation of 8000 ft, Alpine has a cool summer climate. In July and August, the

warmest nionths, temperatures normally range from the low 40's near daybreak to the

middle or upper 70's in early afternoon. In late spring, early summer, and fall, tempera-

ture normally varies by more than 400 between day and night. In December and January,

nights are cold, the minimum temperature averaging close to 10° . Despite the relatively

cold nights, the temperature normally reaches the middle 40's by early afternoon, and

occasionally it may exceed 60° .

For purposes of this study, it should be pointed out that most of the stations are

in valleys, and thus because of cold air drainage their average temperature records may
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represent neither regional temperatures nor temperatures affecting tree growth in the

sampled areas. It is felt that a regional temperature record (Table 8) is a more realistic

appraisal of the temperature conditions affecting tree growth. The component coefficients

of the regional temperature record are given in the table and are plotted in Fig. 20.

The first three principal components of the temperature record stress the sig-

nificance of the winter-spring temperature variance. These three components account

for 60% of the total variance. The fourth component, which stresses the November

and spring temperatures, accounts for 10% of the total variance. Components five, six,

seven, and eight, emphasizing mainly the spring-summer temperature, account for 24%

of the variance. Thus, there is a much greater probability that winters rather than sum-

mers are unusually cold or warm, or in other words, there is more variance in winter

temperatures.

Table 8. Temperature, "Southwestern Mountain Region" (Upper San Francisco River).

Average monthly and seasonal temperatures for Southwestern Mountain Region, New Mexico,
1932-1966 (35 water years). Data from Decennial Census of United States Climate (U.S. Weather
Bureau 1963).

Eigenvectors and variance contributions (determined from covariance matrix), 1932-1966. Elements
of the eigenvectors are plotted in Fig. 20.

Ave.	 Ave.
Month	 temp.*	 Season	 temp.* Month 1 2

Eigenvectors

3	 4	 5 6 7 8

Oct	 51.8 (1.7) Oct -.02 .13 -.17 .01 .03 .14 -.74 -.11
Nov	 39.8 (2.5)	 Fall	 41.7 Nov .03 .30 .07 .67 -.52 .12 .03 -.07
Dec	 33.6 (3.3) Dec .16 .81 -.10 -.43 .05 -.03 .17 -.27

Jan	 31.3 (3.6) Jan .60 -.08 -.71 .09 .04 .23 .01 .12
Feb	 35.0 (3.8)	 Winter	 35.5 Feb .74 -.19 .49 -.18 -.08 -.18 -.11 .03
Mar	 40.3 (2.4) Mar .11 .30 .00 .35 .19 -.71 -.19 .23

Apr	 48.4 (2.3) Apr .19 -.02 .20 .40 .50 .22 .06 -.62
May	 65.2 (1.8)	 Spring	 56.6 May .11 .30 .37 .05 -.02 .50 .07 .52
June	 65.2 (1.8) June .01 .03 -.12 .20 .54 .00 .38 .34

July	 69.5 (1.2) July .01 .07 .07 .03 .18 .12 -.28 .11
Aug	 67.5 (1.2)	 Summer 66.2 Aug -.02 .02 .13 -.07 .13 .22 -.09 -.06
Sept	 61.6 (1.5) Sept -.08 _ .07 .02 -.03 .30 .14 -.37 .25

Var. 19.2 13.0 10.9 7.2 5.8 5.4 3.1 2.6

* °F (standard deviation in parentheses) % of
total
var.

26.8 18.1 15.3 10.0 8.1 7.6 4.3 3.7
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Streamflow Record

The runoff record from the gaging station designated by the U. S. Geological

Survey as "San Francisco River near Glenwood, New Mexico," was used for the Upper

San Francisco River drainage study. The available period of record is from October 1927

to date, including the period 1928-1966 (39 water years). These data, tabulated in Ap-

pendix II and plotted in Fig. 21, were obtained from U. S. Geological Survey publications

(1954, 1964, 1961-1966): Water-Supply Paper 1313 (for 1928-1950), Water-Supply Paper

1733 (for 1951-1960), and the annual Water Resources Data for Arizona (for

1961-1966).

0 	
1920       1930 1940	 1950

WATER YEAR

1960	 1970

Fig. 21. Annual Runoff Series, Upper San Francisco River near Glenwood, N.M.

Period is 1928-1966;	 = mean.

In general, the record for this station is good. The station has been relocated only

once during the period of record - (in February 1934), from a point 41/2 mi. upstream,

adding about 40 sq. mi. to the total drainage area.

For the period of record used here, the average annual flow past the station is

46,767 acre-feet, after depletion of about 11,600 acre-feet owing to channel loss and
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about 7,000 acre-feet owing principally to irrigation of about 2,000 acres above the sta-

tion (New Mexico State Engineer 1967, p. 223). The extremes in flow during the period

of record are 8,200 cfs in December 1965 and 1.5 cfs in August 1961. It is interesting to

note that in November 1905 a peak of 25,000 cfs was measured about 12 mi. upstream

from the Glenwood station. A similar measurement of 21,000 cfs was made at the same

point in December 1906.

As shown in Table 9, which is a tabulation of monthly and seasonal mean flows,

most of the runoff occurs in March, the next most in April. In general, most of the

runoff occurs during the period December-May, probably representing rain at the lower

elevations during December-March, and snowmelt during April and May. In terms of

seasons, the runoff is maximum in the winter (January-March) and minimum in the fall

(October-December).

Table 9. Runoff, Upper San Francisco River.

Average monthly and seasonal runoff and percentage distributions at San Francisco River near
Glenwood, New Mexico, 1928-1966 (39 water years). Data from Appendix II.

Eigenvectors and variance contributions (determined from covariance matrix), 1928-1966. Elements of
the eigenvectors are plotted in Fig. 22.

Average
Month	 ninoff*

% of
annual Season

Average
runoff*

% of
annual Month 1 2

Eigenvectors
3	 4	 5 6

Oct	 .024 (2,099) 4.5 Oct .00 .05 -.00 .02 -.03 .06
Nov	 '.02 1 (1,886) 4.0 Fall .084 (7,451) 15.8 Nov .02 .03 -.00 .03 -.04 .02
Dec	 .039 (3,466) 7.3 Dec .25 -.55 .44 .27 -.02 .59

Jan	 .048 (4,189) 8.9 Jan .25 -.44 -.73 .38 .13 -.13
Feb	 .053 (4,640) 9.8 Winter .202 (17,623) 37.0 Feb .30 .63 .07 .69 -.06 .07
Mar	 .101 (8,894) 19.2 Mar .72 -.13 .33 -.16 -.05 -.55

Apr	 .075 (6,586) 14.1 Apr .45 .25 -.30 -.50 .00 .38
May	 .038 (3,315) 7.1 Spring .128 (11,226) 24.0 May .24 .13 -.16 -.08 .30 .34
June	 .015 (1,322) 3.0 June '.04 -.00 -.05 .01 .04 .04

July	 .027 (2,352) 5.0 July .01 .02 -.01 .02 .08 -.06
Aug	 .056-(4,913) 10.5 Summer .118 (10,367) 22.2 Aug -.06 .03 .18 .04 .91 -.14
Sept	 .035 (3,103) 6.6 Sept .03 .04 .06 -.13 .21 .20

Annual .532 (46,767) 100.0 Var. .029 .005 .003 .002 .002 .002

% of
total 65.1 10.2 7.5 5.5 4.8 3.6

*Inches (acre-ft in parentheses) var.

The eigenvectors and variance contributions for the 12 monthly variables for 39

years were determined from the covariance matrix. The elements for each eigenvector, as

listed in Table 9, are plotted in Fig. 22. Significantly, 65%. of the total variance is
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accounted for by the first eigenvector. All of the elements are positive except those for

June-October, which are near zero, indicating that the runoff for this period is negligible

65% of the time. Thus, the major component for the Upper San Francisco River runoff is

typified by November-May runoff with a maximum in March. The second commonest

monthly distribution of variance is low runoff for the period December-January and high

runoff in February, April, and May, or vice versa. Third commonest distribution is high

runoff in December, low in January, high in March, and low in April and May, or the

reverse. Fourth commonest regime is unusually high runoff during December-February

• and low runoff during March-May or the reverse. Fifth is an August maximum (or min-

imum) corresponding with runoff also during January and May. It is apparent from the

eigenvectors that the runoff regime of Upper San Francisco River is vastly different from

that of Bright Angel Creek, and that the maximum runoff is not synchronous with the

maximum precipitation.

Correlograms for annual and monthly precipitation are given in Figs. 23 and 24.

Although there is continual baseflow past the Glenwood station, there seems to

be little consistency in the rhythmic nature; however, there does seem to be some ten-

dency toward a 6-month and 12-month periodicity (see correlogram, Fig. 24). Obviously,

this correlogram does not show the typical periodicities that one would expect from a

flow record that is mainly snowmelt runoff or is at least dominated by that component

(as at Bright Angel Creek). The month-to-month persistence in the flow is large; that is,

the autoconelation coefficient is about .50 at lag 1, .27 at lag 2, and .17 at lag 3. This is

reasonable considering the nature of the alluvial fill, the rather large, wide floodplains of

the San Francisco River, and the size of the drainage area.

Correlograms of both annual and monthly streamflow show a striking prominence

at roughly 4 years, which might indicate a lag time of groundwater movement through

the alluvial channel fills of about 4 years. Correlograms for precipitation (e.g., Reserve,

Fig. 25), however, show a slight tendency for a 3-year periodicity. Thus, it could be that

(1) the periodicity in the runoff record is related to groundwater lag time or (2) the

periodicity is related to a 3- or 4-year periodicity in the precipitation record. Although

cause is not the main purpose of this study, it is important to examine the runoff series

carefully so that dendrohydrologic characteristics can be thoroughly studied.
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Fig. 23. Correlogram for Total Annual Runoff, Upper San Francisco River.

Solid line is autocorrelation for runoff (maximum lag 10 years); dashed line is for first-
differenced data (maximum lag 9 years). Length of record, N, is 39 years; 95% confidence
limits are at ±1.96/ N = .31.
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Fig. 24. Correlogram for Total Monthly Runoff, Upper San Francisco River.

Solid line is actual data (N = 456, maximum lag = 100); dashed line is first-differenced data
(N = 455, maximum lag = 99).

Fig. 25. Correlogram for Total Monthly Precipitation at Reserve.
Solid line is actual data (N = 456, maximum lag = 100); dashed line is first-differenced data
(N = 455, maximum lag = 99).
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When the annual flow record is examined in the frequency domain (the auto-

spectrum, Fig. 26), it is apparent that most of the variance in the period of record occurs

in events with periods of from about 2.8 to about 11 years. The maximum occur§ at

roughly 4 years. In contrast to the record from Bright Angel Creek, there is practically

no power in the extreme low-frequency range of the Glenwood station record. Conse-

quently, the low frequency that is prominent in the Bright Angel Creek record is not

present in the San Francisco River record. This is probably related to the dominant part

played by winter precipitation and a larger baseflow component at Bright Angel Creek as

opposed to a more widely dispersed seasonal distribution of runoff from Upper San

Francisco River drainage.

If the runoff data are filtered with a high-pass filter (a first-difference filter) be-

fore the autospectrum is computed, the variance is almost evenly distributed over the

frequency range of about 6 years to roughly 2 years (Fig. 26). Obviously, the variance in

the San Francisco River runoff record is predominately in the middle- and high-frequency

range (periods of 10 to 2 years), with a minimum variance in the low-frequency range,

say from events with a period longer than 12 years.
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Fig. 26. Autospectrum of Total Annual Runoff, UPper San Francisco River.

Solid line is autospeetrum for runoff (N = 38, maximum lag = 8, band-
width = .167); dashed line is for first-differenced data (N = 37, maximum
lag = 7 years, bandwidth = .190).



CHAPTER IV

DENDROCHRONOLOGY

The ring-width series of a given hydrologic region represents a stochastic process,'

and the objective of this study is to investigate its similarity to the stochastic process of

total annual runoff or of other hydrologic variables. Obviously, we would like to obtain

a sample that permits us to estimate the stochastic process as closely as possible.

The problem is to obtain an estimate of the mean value function for the

ring-width series of a basin and yet adhere to the basic dendrochronologic principles

necessary to insure the extraction of the maximum amount of desired information. In the

case of ring-width series, there are problems inherent in the basic processes that preclude

a strict adherence to any standard sampling schemes. For example, enough samples must

be taken to assure a high quality of cross dating.

Since the standardized ring-width series is a process with finite second moments,

we define its mean value function, denoted by m(j) and defined for all t in T, by

ma) = E[X(ti )] ,	 j = 1,...,T.

Now we would like to obtain an m(j) such that

if	 MT = (1/T)	 m(j),

limthen 	Joo 
var[MT ] = O.

Thus, the mean value function of a stochastic process may be regarded as a kind of

average function such that various realizations of the process are grouped around it and

oscillate in its neighborhood.

The stochastic process in this case is defined as a family of random variables,
{X(t), t=1,2,...T}, where the value of any particular variable X (ring width) at time t

belongs to the index set T (total number of years sampled).

60
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Generally, a ring-width series (chronology) for a particular site is a mean value

function consisting of mean value functions developed from each tree, which themselves

have been averaged from the cores sampled from that tree.

For this study, it was decided that ring widths within trees could be esti-

mated adequately by selecting two cores from opposite sides of the tree. This follows

from previous studies showing the relative uniformity among trees as compared to diver-

sity around a ring circumference (Fritts, Smith, Budelsky, and Cardis 1965; Fritts, Smith,

Cardis, and Budelsky 1965; Fritts 1969, p. 28). Thus, to maximize information from a

given tree-ring site, an effort should be made to select more trees rather than additional

cores from each tree. Additionally, the sampling scheme was based on the use of a single

species (Douglas fir, Pseudotsuga menziesii), to avoid having to evaluate the contribution

from species differences, if any, on the mean value function obtained from the individual

samples.

The sampling sites for both study areas were chosen on the basis of location

within the catchment, availability of Douglas fir, and other criteria including relative

abundance of stored soil moisture. For example, it is most desirable to sample on a site

where soil moisture is not stored for long periods. This precludes sites along stream

channels or in valleys. Also to be avoided if possible are areas where unusually large

accumulations of snow would create a situation not necessarily indicative of the actual

precipitation; such areas would be north-facing slopes, slopes on the leeward side of ridge

crests, or sites near objects that might create artificial drifting conditions. The ideal locale

is on a ridge crest or other isolated spot where the amount of moisture available to the

tree is small and chiefly a function of precipitation at that site.

Following sampling, the individual cores were prepared, including mounting and

surfacing, and subsequently were dated according to the techniques described by Stokes

and Smiley (1968). The measured ring widths were converted to indices using a

computer-fit least squares curve of a modified exponential form (Fritts, Mosimann and

Bottorff 1969). This procedure is necessary to eliminate the "growth trend" inherent in

most ring-width series and to provide a series that is stationary in both first and second

moments (mean and variance).

The indices are derived by a technique similar to techniques used in many eco-

nomic problems (Granger 1964). However, since ring widths are nonstationary in both
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mean and covariance, the measured ring widths must be divided by the value estimated

from the least squares fit "growth curve," forming an index that is stationary not only in
mean but also in. variance. It is stressed that the indices for each core sample are derived
from a modified exponential curve fit to the entire series so that stationarity in mean is
insured for the entire series. The exponential form for the gr o w th curve preserves much
of the low-frequency, or long-term, variance but not trend. However, it is possible that,

for some subperiod within the entire series, the mean may in fact show some long-term

variance or trend.

Bright Angel Creek Basin

Sampling

At Bright Angel Creek, samples were taken from clusters of five trees at each of

five sites. The sites were located so as to obtain maximum areal coverage of the basin. As

mentioned above, two cores were taken from each tree.

Fig. 2 showed the locations of the individual sites within the Bright Angel Creek

watershed. No samples were collected below the rim of the canyon, for three reasons: (1)

Since most of the runoff is from snowmelt and most of the snow accumulation is above

the rim, it was felt that the samples from the upper area would be most reflective of

runoff conditions; (2) the tree species sampled (Douglas fir) occupies only the higher

elevations; and (3) this upper area is close to the weather station at Bright Angel Creek

Ranger Station, allowing ready correlation with those records.

Table 10 summarizes the individual site characteristics.

Table 10.	 Summary of Site Characteristics, Bright Angel Creek Basin.
for Ave. % of variance due to-

Elev. entire RW
Site Cores Trees (ft.) Slope Aspect R 1 chron. Ms (mm) Uy Gt2 aC

2	
°e

2

Dragon Creek 10 5 8400 Steep NW .645 .288 .199 1.30 53.9 21.2 25.0
2 Upper Watershed 10 5 9100 Flat Horiz. .673 .265 .170 .84 39.0 19.8 41.2
3 Point Imperial 10 5 8800 Steep South .479 .387 .335 .49 63.6 15.0 21.4
4 Upper Central Watershed 10 5 8700 Steep NW .688 .249 .163 1.30 29.8 30.4 39.8
5 Quarry Pit Ridge 10 5 8300 Flat Horiz. .525 .174 .143 2.03 15.8 4 2 . 2 42.0

1-3 Mean value function 1 30 15 — — .559 .281 .215 .88
1,3 Mean value function 2 20 10 — — .536 .355 .278 .90 45.8 20.5 33.7

Abbreviations:
R 1 = first-order autocorrelation
ay = standard deviation for entire chronology
Ms = coefficient of mean sensitivity
Ave. RW = average ring width for period 1867-1966
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Analysis of Variance Components

To facilitate appraisal of the source of variation in the final site mean value

function, the sources of variance can be isolated by the technique of variance compo-

nents (Fritts 1963). For a particular site, the variance of the site chronology can be

attributed to several sources. These include year-to-year variation that is common to all

core samples (a 2 ), differences in year-to-year variation between corresponding ring indi-

ces from tree to tree (o-t 2 ), and differences in some criterion of the sampled cores (a c 2 ),

e.g., relative rate of growth, the side of the tree from which it was sampled, or its

position relative to the slope—upslope or downslope. In this case, relative rate of growth

was used. Thus, if the assumptions of independence among variables and errors hold, and

if the error distribution is normal with a mean of zero and variance o e 2 , then the total

variance for the site chronology, aT 2 , can be broken down into the contributive sources.

That is,

aT	 - ay -I- C5t -r 	"e
2 -	 2	 2 _I_ G 	" 2

	
(1)

where

UT 
2 = total variance of site chronology

0-y 2 = variance contributed by year-to-year index variation

at 
2 = variance contributed by index differences from tree to

tree

= variance contributed by index differences due to coreaC 
2

classification

2a	 = variance contribution whose source is either unknown or
not considered

The magnitude of positive first order autocorrelation in the series will tend to

increase the aY 2
 component. However, by breaking the total variance int o its -compo-

nents and expressing each component as a percentage of the total variance , the method

of variance components allows site chronologies to be compared as to their relative value

as sources of dendrohydrologic information.
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For a mean series from a site to give the maximum amount of hydrologic infor-

mation, ay 2 should be a maximum and at 2 , ac 2 , and o-, 2 should be small. A large ay 2

means that all trees and all sides of the trees are on the average sensitive to yearly

environment changes. A large at 2 indicates there are marked differences among the chro-

nologies of the trees within a site, and indicates lack of homogeneity in the sample. A

large a, 2 indicates that the method used in classifying the individual trees provided

significant differences in the core chronologies. The error component, o-, 2 , indicates

differences in individual core series. Its relative magnitude could be influenced by such

nonclimatic factors as fire, disease, and insect infestation, along with individual tree

climatic responses differing perhaps because of vast age differences, biological environ-

ment, or even genetic causes.

The estimated component variances (indicated by ^ ) for the five sites sampled

within Bright Angel Creek drainage are given in Table 11.

Table 11. Comparison of Variance Components for Sites in Bright Angel Creek Drainage.

	y = 100 years, t = 5 trees, c = 2 cores.	 EMS = estimated mean square.

^	 ",2aY2

%	
Grt

2	 a
EMS	 EMS	 %	 EMS	 %	 EMS

^2a,
%

1 Dragon Creek .1077	 53.9 .0423	 21.2 .0001 0.0 .0499 25.0
2 Upper Watershed .0442	 39.0 .0224	 19.8 -.0037 3.3 .0504 44.5
3 Point Imperial .1061	 63.6 .0250	 15.0 .0059 3.5 .0298 17.8
4 Upper Central Watershed .0326	 29.8 .0332	 30.4 -.0001 0.1 .0435 39.8
5 Quarry Pit Ridge .0132	 15.8 .0352	 42.2 -.0022 2.6 .0373 44.6

CoMparing the variance components of the five sites within Bright Angel Creek

drainage, it is obvious that only Point Imperial (site 3), Dragon Creek (site 1), and

perhaps Upper Watershed (site 2) can supply a substantial quantity of hydrologic infor-

mation because only in these series is ô-y 2 large enough to imply the potential for

information (64%, 54%, and 39%, respectively). The remaining sites are Upper Central

Watershed (site 4), 30%, and Quarry Pit Ridge (site 5), 16%. It is interesting to note that

the three sites with the highest el' y 2 are those on the outer extremities of the drainage

basin (see Fig. 2), while the site with the lowest tly 2 is Quarry Pit Ridge near the center
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of the drainage. Obviously, the trees from these contrasting sites differ in their re-

sponse to year-to-year climatic changes. This contrast indicates, on the one hand, a forest

interior that is more mesic and implies dominance of biologic microenvironment over

macroclimatic factors (Quarry Pit Ridge, Upper Central Watershed), as opposed to sites

more indicative of the lower forest border of the species (Point Imperial, Dragon Creek,

Upper Watershed), where climate is more limiting to tree growth (Fritts, Smith, Cardis,

and Budelsky 1965).

For comparison with an optimum site, we note that Fritts et al. (p. 396) showed

say 2 of 71%, at ' of 7%, and a e 2 of 22% for a stand of Douglas fir growing near the

lower forest border of this species northwest of Flagstaff, Arizona. The site within Bright

Angel Creek drainage that most nearly approaches these percentages is Point Imperial,

while the values from Dragon Creek are substantially lower. Thus, it is important to

realize that although the microsites within the watershed were selected in accordance

with acceptable dendrochronologie practices (e.g., well-drained sites), it is still necessary

that the area be within the lower forest border region of a particular species in order to

obtain maximum hydrologic information in the ring-width series.

Site Series Statistics

From the variance component analysis it is apparent that the site that will

provide significant hydrologic information are Point Imperial (site 3), Dragon Creek (site

1), and Upper Watershed (site 2). The mean value functions, m(t), for these three sites

are shown in Fig. 27.

Matalas (1962) has shown that, by deriving a set of indices from the raw ring

widths as mentioned earlier, the nonstationary raw ring-width series is in fact transformed

to a series- of indices that are at least weakly stationary in mean and variance. Thus, it is

possible to assume that the series of ring-width indices is weakly stationary and

consequently to apply those statistical techniques that require stationarity as a basic

assumption.

It is also possible to assume that most ring-width index sequences are in fact

normal processes (Julian and Fritts 1968) in the sense that one can assume joint normal

distribution of the variables {X(t), tET}, and consequently a ring-width series can be

characterized by its mean value function and its covariance function.
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The correlograms (autocorrelation functions for various times k) for the three

mean value functions of Fig. 27 are plotted in Fig. 28. These correlograms and subse-

quent model-fitting procedures indicate that the underlying process generating these series

is most like a mixed autoregressive moving average process, but in most cases second or

third order autoregressive processes produce residuals that are white noise. When the

data are filtered with a high-pass digital filter (first difference), the correlogram ap-

proaches that of a random series, as only one or two of the points lie outside the

confidence limits.

The cross-correlation functions for Dragon Creek and Upper Watershed, for Upper

Watershed and Point Imperial, and for Dragon Creek and Point Imperial are shown in

Fig. 29. Superimposed on the cross-correlation functions are the same functions after

filtering with a first-difference filter. Also shown is the 95% confidence interval, assum-

ing the two processes to be uncorrelated. In all case, it is apparent that the unfiltered

series show nonzero lag cross correlations that are greatly inflated. However, after filter-

ing, the two processes appear to be uncorrelated at all nonzero lags. That is, in no case

do more than three estimates for the filtered data exceed the 95% confidence interval,

which is about what would be expected by chance alone if the two processes were

uncorrelated at nonzero lag.

In all three cross-correlation functions, the correlation at zero lag is significantly

different from that which would be expected if the series were in fact uncorrelated. It is

apparent that the three series are nearly the same, with perhaps Dragon Creek and Point

Imperial being somewhat more alike (i.e., better correlated).

Frequency Relationship

The sample spectra for the three site series are shown in Fig. 30. For each series,

the spectral estimates were computed using lags L of 8, 16, and 24. In all three cases, the

change in stability from L=16 to L=24 is comparatively small. Thus, the spectral esti-

mates at L=16 are probably most indicative of the "true" spectrum and are the only ones

shown.

Comparison of these sample spectra illustrates nicely the basic differences among

the three series. All three series have a large low-frequency component; however, in the

Dragon Creek (site 1) series the power at each successively higher frequency continues to
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Fig. 28. Correlograms for Tree-Ring Series, Bright Angel Creek Basin.

Solid line is autocorrelation for actual data (N = 100, maximum lag = 25); dashed line is
first-differenced data (N = 99, maximum lag = 24). 95% confidence limits are at ± 1.96/\/-& = .20.
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decline, with minimum power at a frequency of about 0.5 (period of 2 years). The Upper

Watershed (site 2) series shows a rapid decline in power as frequency increases, with a

minimum being reached at a frequency of about 0.21 (period of 5 years) and remaining

nearly constant for the remaining frequencies up to 0.5. The total power (variance) in the

series indicated by the area under the curve is substantially less in this series than in

either of the other two, as is also shown by ay ' in Table 11. The Point Imperial (site 3)

series shows maximum power with the largest portion also at low frequencies. However,

in this series, the power is greater than in the others and is nearly constant over the range

of frequency 0.10 to 0.50. This band represents the largest portion of the total variance.

Although the concentration of total variance is somewhat different for the three

series, the basic generating system is similar for all three processes and is probably of a

mixed autoregressive-moving average type (Watts 1970, personal communication).

This assumption of similarity in basic generating mechanisms can be tested by

using the coherence spectrum. That is, whereas the linear dependence between two time

series, attributed to similarities of waveforms of variance frequencies, is measured in the

time domain by the cross-correlation function, in the frequency domain it is measured by

the coherence spectrum. The coherence spectrum computed at each frequency is analo-

gous to the coefficient of determination, or the correlation coefficient squared, for that

particular frequency. If the assumption holds, that the site series are generated by mixed

autoregressive-moving average processes, the coherence will be uniform or nearly so over

the entire frequency range. The square root of the 'coherence is the correlation between

climatic parameters affecting tree growth at the two sites.

The coherence spectra are shown in Fig. 31. The spectra for sites 1-2 and sites 2-3

are quite similar, indicating similarity in the generating mechanisms between Dragon

Creek (site 1) and Upper Watershed (site 2) and between Upper Watershed (site 2) and

Point Imperial (site 3). However, the coherence between Dragon Creek (site 1) and Point

Imperial (site 3) decreases rather uniformly from the low to the high frequencies. Obvi-

ously, these two series are responding similarly in the low-frequency range but are quite

dissimilar in the high-frequency range. Thus, either the high-frequency climatic variation

differs from one side of the watershed to the other or the trees are responding differently

to the high-frequency climatic changes. The latter is probably the case, as the trees in the

Dragon Creek area are influenced by snow accumulation because of its northwest aspect
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Fig. 31. Coherence Spectra for Tree-Ring Series, Bright Angel Creek.

N = 100, maximum lag = 16, K 2 = coherence, T = period in years, f = frequency in cycles per year.

Site 1: Dragon Creek
Site 2: Upper Watershed
Site 3: Point Imperial
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whereas those in the Point Imperial area with its southern exposure are less subject to

snow accumulation and better able to reflect the smaller, high-frequency changes. In

other words, because of excessive snow accumulation and relatively short period of melt-

ing, the trees at Dragon Creek are exposed to soil moisture conditions that change little

from year to year. Only when snow accumulation is greatly different is the effect re-

flected in the ring-width structure.

Other statistics computed from the site mean value functions are shown in Table

10. In addition to the first order autoconelation coefficients and variance components

already discussed, the table shows the standard deviation ay for each site and the coeffi-

cient of mean sensitivity. These statistics are computed for the entire length of record at

each site and consequently represent different record lengths. However, the records are

long enough (see Tables in Appendix III for tabulations of each chronology) that the

differences due to different lengths are negligible.

The standard deviation is computed as

(Xt -RN ) 2

t= 1

and the coefficient of mean sensitivity (Schulman 1956) as

iX t+1 — X t i
Ms = (1/N) (xt + 1 + X4 ) / 2

The standard deviation is obviously inflated by the degree of autocorrelation

within the series, whereas the coefficient of mean sensitivity, a measure developed by

Douglass (1928) to evaluate the "sensitivity" of a tree-ring series, is independent of at

least long term trend. Typically, a site series with maximum information would have a

standard deviation in the range 0.20 to 0.70 whereas the coefficient of mean sensitiv-

ity would range from about 0.15 to 0.80 (Schulman 1956; Fritts, Smith, Cardis, and

Budelsky 1965; Fritts 1965). Although the sampling distribution of the coefficient of

mean sensitivity is not known, this characteristic allows ring-width series to be compared

independent of persistence and trend.

On the basis of these two parameters, it is obvious that the Point Imperial site is

the best source of high-frequency information, with Dragon Creek and Upper Watershed
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following, in descending order. However, it is apparent that only the Point Imperial

series is of top quality. Most of the variance in the Dragon Creek series is in the

low-frequency range (i.e., there is considerable difference between the standard deviation

and the coefficient of mean sensitivity). The value of the Upper Watershed series as a

repository of information is obviously marginal. This suggests that increasing the number of

trees would reduce "noise" and consequently reduce the error and improve the estimate of

the mean-value function. Therefore, tree-ring characteristics can be said to be of first

consideration in sampling schemes rather than other criteria such as areal coverage.

Upper San Francisco River Basin

Sampling

Because the Upper San Francisco River drainage area is so much larger than that of

Bright Angel Creek, the sampling scheme was somewhat different. First, since the sampling

sites were farther apart, the sites were sampled on the basis of 10 trees, two cores per tree,

rather than the five-tree scheme used at Bright Angel Creek. Second, at sites 2 and 3 (Alpine

and Luna), the site sample was split, half the sample being taken from each side of the valley

in which the climatic record was obtained. This was done to eliminate any anomalous oro-

graphic effects on the ring-width series as opposed to the climatic series.

As shown in Table 12, the characteristics of the five, sites differ somewhat although

not so n-iuch as at Bright Angel Creek. Elevations range from about 8400 to 9200 ft; slope

and aspect vary to a greater degree.

Table 12. Summary of Site Characteristics, Upper San Francisco River Basin.

Site Cores Trees
Elev.
(ft.) Slope Aspect R 1

0	 forY
entire
chron. M s

Ave.
RW

(mm)

% of variance due to-

Cry2	 at2 	0c  + 0,
2

1 Fox Mountain 20 10 8900 Steep South .343 .383 .363 .66 61.3 21.6 17.1

2a Alpine North 10 5 9000 Steep South .354 .500 .538 .62 66.9 13.5 19.6
2b Alpine South 10 5 9000 Ridge North .555 .421 .3 9 6 1.86 47.4 28.7 23.9
2a,b Alpine 20 10 - .405 .449 .459 1.24 54.0 24.8 21.2

3a Luna North 10 5 9200 Ridge NE .312 .406 .408 .56 41.2- 35.8 23.0
3b Luna South 10 5 8400 Ridge NW .471 .395 .348 1.29 66.2 6.7 27.1
3a,b Luna 20 10 - - .406 .384 .357 .93 56.4 25.9 17.7

4 Tularosa Divide 20 10 9000 Slight NW -	 .527 .374 .326 1.52 71.0 18.3 10.7

5 Rainy Mesa 20 10 8400 Steep East .340 .366 .361 .47 54.3 22.1 23.6

1-5 Mean value function 100 50 - - .379_ .364 .353 - - -

Abbreviations:
R 1 	first-order autocorrelation
a = standard deviation for entire chronology
Ms = coefficient of mean sensitivity
Ave. RW = average ring width for period 1867-1966
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Analysis of Variance Components

The variance components for the individual site series are shown in Table 13;

both the components of 6T 2 and the percentage of the total are shown.

Table 13. Comparison of Variance Components for Sites in Upper San Francisco River Drainage.
y = 100 years, t = 10 trees, c = 2 cores. EMS = estimated mean square.

&y2YEMS	 % EMS °̂t

2 

%
&c2c

EMS % EMS %
1 Fox Mountain .1738 61.3 .0614 21.6 -.0021 0.8 .0505 17.8
2a Alpine North .2547 66.9 .0514 13.5 -.0005 0.1 .0752 19.8
2b Alpine South .1006 47.4 .0609 28.7 .0014 0.6 .0495 23.3
2a,b Alpine .1597 54.0 .0735 24.8 -.0008 0.3 .0635 21.4
3a Luna North :1166 41.2 .1015 35.8 .0153 5.4 .0499 17.6
3b Luna South .1750 66.2 .0177 6.7 -.0062 2.4 .0777 29.4
3a,b Luna .1532 56.4 .0703 25.9 .0001 0.0 .0479 17.7
4 Tularosa Divide .1763 71.0 .0454 18.3 .0016 0.6 .0251 10.1
5 Rainy Mesa .0949 54.3 .0386 22.1 -.0001 0.0 .0414 23.7

It is readily seen that these sites differ greatly from those at Bright Angel Creek.

The yearly variation components, ay 2 , are generally substantially larger in this basin than

at Bright Angel Creek. Comparison between sites shows that this component accounts for

the largest percentage of total variance in the Tularosa Divide (site 4) sample (71%). The

next highest percentage is in the Fox Mountain (site 1) sample (61%). Alpine, Luna, and

Rainy Mesa (sites 2, 3, 5) all show similar values, approximately 55%.

For tree differences, at 2, Tularosa Divide (site 4) has the lowest value, 18%, while

Luna (site 3) has the highest, 26%, indicating the tree series to be most uniform within

the Tularosa Divide site and least uniform in the Luna site.

In terms of the error component, ae 2 , Tularosa Divide (site 4) has the lowest

with 10%, while Rainy Mesa (site 5) has the highest with 24%, indicating highest uni-

formity among cores in the Tularosa Divide site and lowest uniformity in the Rainy Mesa

site.

Comparing the subsite series within the Alpine and Luna sites, we see that the

northern and southern sites differ markedly. The Alpine North series shows much more

variance owing to year-to-year changes than the Alpine South series (ay 2 = 67% vs 47%),

and the tree series on the northern site are much more similar than on the southern site
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(fit 2 = 14% vs 29%). For the Luna subsite series the exact opposite is true. The southern

series shows much more year-to-year variance than the northern series (a y 2 = 66% vs

41%), while the trees of the southern site are much more alike than those of the

northern site (a t ' = 7% vs 36%). If we analyze the final series (2a + 2b and 3a + 3b) on

the basis of percentage contribution of each component, the significance of sampling on

either side of the valley can be seen. Thus, for Alpine and Luna, one more source of

variance is added to the total potential variance for the final chronology: that source

sterns from site differences. Eq. (1) becomes

2 -	 2	 2	 ,-,- 2	 2 _i_	 2 _1_ ,-,- 2
L'T - 0y ' ut ' ue ' 0G ' aCG	 ue (2)

where

= total variance of series from multiple sites

= variance contributed by year-to-year index variationY 
2

o-t 2 = variance contributed by index differences from tree to tree

ac 2 = variance contributed by index differences due to core clas-
sification

0G 2 = variance contributed by index differences within each
group

aCG2 = variance contributed by index differences of cores within
each group

2 = variance contribution whose source is either unknown or
not considered

Table 14 compares the variance components for the split samples, Alpine and

Luna.

Table 14. Comparison of Variance Components for Alpine and Luna Subsites and for Alpine and Luna
with Subsites Combined.

	

&y2	 •-• 2 	 2	
aG2	

^
UCG 

2	 2
a 	'

EMS y

2	
t

%	 EMS %	 EMS %	 EMS %	 EMS %	 EMS e %

2a,b Alpine	 .1607 51.8	 .0537 17.3	 .0011 0.4	 .0365 11.8	 -.0064 2.1	 .0648 20.9

3a,b Luna	 .1514 54.0	 .0507 18.1	 .0053 1.9	 .0193	 6.9	 -.0205 7.3	 .0741 26.4

2,3 Alpine	 .1521 53.0	 .0719 25.1	 .0010 0.3	 .0088	 3.1	 -.0026 0.9	 .0557 19.4
& Luna
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Noting the taG 2 component, we see that the percentage of the two-part series that can be

attributed to sampling from either side of the valley at Alpine is approximately 12%,

while for Luna it is nearly 7%. Obviously then, the series from the subsites are somewhat

different. However, this may only be individual site differences and may not reflect a

general north-south climatologie difference.

On the other hand, observation of the Alpine + Luna 'a G2 component shows that

only a small percentage of this variance (3%) is due to the group differences. However, the

differences in tree series 8-t 2 among the 20 trees is larger (25%), probably reflecting the

subsite differences within each site series. Thus, it appears that different information was

added by sampling on both sides of the Alpine and Luna climatic stations but that when

these were averaged the mean value functions for Alpine and Luna were not geatly

different.

In summary then, if the site series were to be selected on the basis of potential

hydrologic information from the analysis of variance components only, we would have to

rank the Tularosa Divide series as number 1 because of a high ay 2 component, EMS =

0.1763, a lowers t 2 component, and small ac 2 and de 2 values. The second best series

would be Fox Mountain, the third Alpine, the fourth Luna, and the fifth Rainy Mesa.

However, as has been previously noted, persistence in the individual series (which is prob-

ably not of climatic origin) tends to inflate the ay 2 component; thus one must evaluate

the serial tendency before he can evaluate the over-all climatic information within a ser-

ies. A useful statistic in this respect is the coefficient of mean sensitivity, large values of

which indicate low persistence and low values high persistence. Therefore, the ideal

chronology for potential use in hydrologic synthesis would be one with a high ay 2 com-

ponent, low ay, ac 2 and ae 2 components, low first order serial correlation, and high

coefficient of mean sensitivity.

Site Series Statistics

Graphs of the mean value functions for the individual site ring-width series for the

period 1870-1966 are shown in Fig. 32. Additional statistics that typify the individual

series were shown in Table 12.

Considering autocorrelation first, the site with the highest tendency toward persis-

tence is Tularosa Divide (site 4) with R 1 = 0.53, and the site with the least persistence is
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Rainy Mesa (site 5) with R 1 = 0.34. We note that the sites with the greater persistent

tendencies are on north-facing or northwest-facing slopes. This is reasonable because, as

pointed out in the section on hydrology, snow accumulation is negligible except on

north-facing or northwest-facing slopes. Consequently, the annual moisture variability is

less on the sites where the aspect is north or northwest. Sites with less persistence are on

east-facing and south-facing slopes where temperatures are higher and consequently evapo-

ration and transpiration rates are greater, creating greater water deficits within the tree.

1 1
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Fig. 32. Mean Value Functions for Individual Ring-Width Series, Upper San Francisco
River Basin, 1870-1966.
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The standard deviation is greatest for Alpine (ay = 0.45) and smallest for Rainy

Mesa (ay = 0.37). However, this is a reflection of both low and high frequency compo-

nents and consequently is not necessarily indicative of year-to-year changes. In regard to

the coefficient of mean sensitivity, the Alpine series is also the greatest with a value of

0.46, then, in descending order, Fox Mountain 0.36, Rainy Mesa 0.36, Luna 0.36, and

Tularosa Divide 0.33. It is apparent that, when the low-frequency component is removed,

the series are quite similar in nature. Obviously, the greatest difference in the individual

site chronologies is in the low-frequency component.

In summary, ranking the sites as to potential for hydrologic information on the

basis of analysis of variance components and site series statistics, the order of importance

would be Fox Mountain, Rainy Mesa, Luna, Alpine, and Tularosa Divide, respectively.

As pointed out earlier, a stationary normal process can be characterized by its

mean value function and its covariance function. The mean value functions for the indi-

vidual sites were shown in Fig. 32. The correlograms for each of the sites are shown in

Fig. 33. Superimposed upon the correlogram for the ring-width series is the correlogram

of the data after being passed through a first-difference filter.

From these correlograms, it is apparent that (1) the generating mechanism in all

cases is probably of mixed autoregressive-moving average type (this has been confirmed

by fitting the model); (2) the series are essentially random after being passed through the

first-difference filter, and (3) there is a prominent 21-year period in the first-differenced

• series of all five series.

The cross-correlation functions for each pair of series are shown in Fig. 34. Again,

the first-differenced data are superimposed upon the raw data series to eliminate the in-

flated values at nonzero lags. Also, the 95% confidence interval is shown on the graph.

From thee graphs, several interesting points can be made: (1) Alpine and Luna

ring-width series are most nearly alike (r = 0.89) and also are closest together, being only

10 mi. apart; lowest correlations are 0.72 for Fox Mountain and Rainy Mesa (32 mi.

apart), and 0.74 for Alpine and Rainy Mesa (40 mi. apart). In general, the greater the

distance between sites, the less correlated they are at zero lag. (2) At nonzero lags, the

correlation is generally inflated, but the degree and number of lags necessary before cross-

ing the upper 95% confidence level varies. This implies a similar generating function for

each series but with different paramete'rs. (3) At other than zero lag, the correlation
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coefficient is significantly different from zero for the differenced data at lag one and lag

twenty-one. The lag one consistency probably indicates similarity in generating mecha-

nisms, and the lag twenty-one consistency is possibly of meteorologic origin, perhaps

related to atmospheric disturbances attributable to solar activity.

Frequency Relationship

As was the case at Bright Angel Creek, the essential difference between the

spectral density functions is in the amount of power in the higher frequencies. The

autospectrum was computed at lags of 8, 16, and 24 so that the bandwidth was varied

from wide to narrow. In all cases, the detail of the spectrum changed greatly between

L=8 and L=16, but there was negligible change when L was increased to 24. Thus, the

spectrum used here (Fig. 35) is that computed on a basis of L=16, i.e., a bandwidth of

0.0833 and 16 degrees of freedom. The 80% confidence interval for this number of

degrees of freedom and this bandwidth is also shown. This confidence interval is constant

for all frequencies because the spectral estimates are in logarithmic units (see Jenkins and

Watts 1968, p. 255). This interval represents the probability that the true spectrum will

lie within the indicated interval, on either side of the estimated spectral value.

The most obvious and consistent features in all of the spectra besides the obvious

peak at zero frequency (indicative of the autoregressive nature of the generating mecha-

nism) are the peaks at approximately 2.2 and 4.5 years. These peaks, present to some

extent in all five spectra, might be a reflection of a climatic phenomenon (e.g., the

2.3-year oscillation in precipitation noted by Sellers, 1960) or possibly a biological phe-

nomenon. Using the results of Lowry (1966), it can be shown that abundant cone

production in Douglas fir could reduce the amount of food available for radial growth

such that a tendency for a 4-year periodicity would occur in the ring-width series.

As Matalas (1967) points out, if a stationary ring-width series is assumed to

be generated by a linear autoregressive process, the additive random component of the

process is interpreted as an index that represents the net interaction of climatic factors

affecting tree growth. This of course assumes that the autoregressive process is a fUnction

of biologic processes independent of climate. If the coherence spectrum is computed

between two ring-width series and if the assumption that the sequences are generated by

linear autoregressive processes holds, the coherence will be uniform over the entire
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Fig. 35. Sample Autospectra, Upper San Francisco River.

Sample autospectra for ring-width series, Upper San Francisco River basin.
N = 100, maximum lag = 16, BW = bandwidth = .0833.

Site 1: Fox Mountain
Site 2: Alpine
Site 3: Luna
Site 4: Tularosa Divide
Site 5: Rainy Mesa
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frequency range and the square root of the coherence is the correlation between climatic

factors affecting tree growth at the two areas.

Fig. 36 shows the coherence spectra for the paired series within the Upper San

Francisco River basin. The highest average (0.80) and most uniform coherenc.e over all

frequencies is in the Alpine-Luna (sites 2 and 3) spectrum. These two stations are not

only the closest together physically, but the two series are adequately modeled by a

second order autoregressive model with parameters that are nearly the same (Table 15).

Sites 1 and 4, 2 and 5, 3 and 5, and 4 and 5 show coherence of an average over all fre-

quencies of 0.7, 0.6, 0.6, and 0.5, respectively, but all show maxima at about 2.2 and 4.0

years, with a minimum at roughly 3.0 years. Sites 1 and 2, 1 and 3, 1 and 5, and 3 and 4

show coherence that tends to vary from high to low frequency but with the 2.2- and

4.0-year maxima and 3.0-year minimum in all except 1 and 3. The average coherence for

these site pairs is about 0.60, 0.65, 0.60, and 0.65, respectively.

It is apparent that if the individual site series are indeed generated by a linear

autoregressive process and if the additive random component is indicative of the inter-

action of climatic events affecting tree growth, then the two sites with the greatest cli-

matic differences would be sites 4 and 5, and the two with the greatest similarities will

be sites 2 and 3. The differences in the over-all uniformity of the coherence spectra are

in the parameters of the autoregressive process, as modeling has shown that all five site

series can be adequately described (i.e., the residuals after fitting the model are random)

by a second order autoregressive process but that the properties vary somewhat. Table

15 shows the parameters for each site.

Table 15. Comparison of Parameters for a Second Order Autoregressive
Model Fit to the Individual Series.

In each case, the residuals after fitting the model were random.

ai. az
Site 1 (Fox Mountain) .28 .22
Site 2 (Alpine) .30 .13
Site 3 (Luna) .34 .14
Site 4 (Tularosa Divide) .48 .11
Site 5 (Rainy Mesa) .31 .07
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Fig. 36. Coherence Spectra for Ring-Width Series, Upper San Francisco River.

Lag = 16, N = 100, K 2 = coherence, T = period in years, f = frequency in cycles per year.

Site 1: Fox Mountain
Site 2: Alpine
Site 3: Luna
Site 4: Tularosa Divide
Site 5: Rainy Mesa
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Consequently, it is apparent that one would expect a general trend in the coher-

ence of sites 1 and 5, for example, because of the differences in the respective parameters

oti and cz2 . In addition, information from Table 12 would lead one to believe that

perhaps the greatest difference in climatic information could be between sites 4 and 5, as

site 4 has the lowest coefficient of mean sensitivity of all the sites whereas site 5 has the

second highest mean sensitivity. In addition, site 4 occupies a northwest slope and prob-

ably is subjected to substantial snow accumulation, while site 5 is an east-facing slope and

probably collects little snow. On the other hand, one would expect sites 2 and 3 to be

the most similar because the parameters in their generating mechanisms are quite similar,

both have high coefficients of mean sensitivity, and the aspects of the sites are not

conducive to snow accumulation.



CHAPTER V

DENDROHYDROLOGY

The hydrologic and dendrochronologie characteristics of the experimental water-

sheds have been documented. The problem now is to define relationships between the

hydrology and dendrochronology and develop a means of synthesizing a hydrologic rec-

ord from a longer ring-width index series. The term synthetic is used here in the context

of a reconstructed hydrologic record, that is, a record that could have occurred at the

site and that is considered to be a sample from the population. The problem will be

assessed by (1) establishing a physical basis for the comparison, (2) evaluating the re-

sponse of the ring-width series to climatic variables, namely monthly total precipitation

and average monthly temperature, (3) assessing the response of the runoff series to these

climatic variables, and (4) comparing the two series, ring width and runoff, for the degree

of correlation, and using a multiple linear regression technique to develop an extended

synthetic hydrologic trace.

Physical Basis for Comparison

The hypothesis in this study is this: A tree integrates the effects of climate at a

site for any given year and reflects it in the width of the annual ring. The climatic

parameters to which a tree is most sensitive are precipitation and temperature. Through

the processes operating within the plant system, mainly photosynthesis and respiration,

the effects of infiltration, evaporation, and transpiration are recorded in the amount of

radial growth, indicated by the ring width, for that particular year. If runoff is also

related to these factors, the ring width for a given year should reflect the total runoff for

that year.

From the hydrologic point of view, the runoff from a drainage basin can be

considered as a process in the hydrologic cycle that is influenced by two major groups of

factors: physiographic and climatic. The physiographic factors, including both basin and

channel characteristics, are assumed to be constant or to vary to such a small degree that

the rainfall-runoff relationship is not significantly changed over the period for which the

prediction equation is to be used.

89
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The climatic factors affecting runoff appear in the water balance equation:

f = r — E ± As,

where

f = total annual runoff
r = total annual precipitation
E = evaporation + transpiration
±As = change in soil moisture storage.

The effect of each of these components on runoff is as follows:

* Precipitation. The quantity and intensity of precipitation are primary factors

determining the amount of runoff because runoff occurs only when soil moisture deficits

are satisfied or when the intensity of the rainfall exceeds the infiltration capacity. There-

fore, the type of precipitation, that is, whether it falls as snow or rain, is important to

the quantity of runoff. Also important are duration, time distribution, areal distribution,

frequency of occurrence, antecedent precipitation, and soil moisture.

G Evaporation. The primary control of evaporation is the saturation vapor pres-

sure gradient between the evaporating surface and the overlying air mass. Consequently,

of prime importance in the evaporating process are air temperature (saturation vapor pres-

sure increases with rise in temperature), wind (moving air tends to increase the vapor

pressure gradient), atmospheric pressure (high atmospheric pressure tends to increase the

saturation vapor pressure), and relative humidity (which tends to decrease the vapor pres-

sure gradient). Of course the amount of evaporation depends also on the nature of the

evaporating surface; in this case we are interested in the degree of saturation of the soil.

e Transpiration. The factors affecting transpiration are nearly the same as those

affecting evaporation in that in order for transpiration to occur there must be a vapor

pressure gradient between the interior of the stomates and the surrounding air. Air tem-

perature, wind, atmospheric pressure, and relative humidity of the surrounding air deter-

mine the vapor pressure gradient. If a stomate is open but no vapor pressure gradient

exists between the interior of the stomate and the surrounding air, transpiration will not

occur. Also, if a vapor pressure gradient exists but the stomates are closed, transpiration

is negligible, as only cuticular transpiration occurs. In order for a stomate to be open, the
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guard cells surrounding it must be turgid, a condition that depends on light and the avail-

ability of water. Consequently, the plant must be exposed to light and a soil moisture

deficit must not 'exist (i.e., the plant must not be under water stress) in order for trans-

piration to occur.

• Storage. By using water-year values for the runoff, we minimize the effects of

the groundwater storage component. However, when the runoff results from snowmelt,

the seasonal distribution of the runoff component becomes a function of storage due to

snow accumulation.

One can now ask, what is the relationship between the above climatic factors and

the formation of tree rings?

A model for the effects of climatic parameters on tree growth was presented by

Fritts, Smith, and Stokes (1965) and revised and updated by Fritts, Biasing, Hayden, and

Kutzbach (1970). The model shows that tree growth is largely a direct function of the

available food supplies, which either may be produced by current photosynthesis or

accumulated during the previous year. In either case, climate influences growth indirectly

by controlling photosynthesis, respiration, and assimilation of food. Thus, the climatic

relationships during the year previous to formation of the annual ring are important, but

one must also consider the climate of the actual growing season, which may modify the

effects of the previous season. Consequently the interaction of tree growth and climatic

factors is extremely complex; for example, the effect of seasonal distribution of precipita-

tion and temperature on growth is not well understood, the effects of precipitation and

temperature on growth could be nonlinear, and the exact physical equations for the

growth processes themselves are unknown. A deterministic approach to the prediction

problem is impossible in light of the current state of knowledge.

It is reasonable to expect that the climatic factors affecting runoff will be similar

to those affecting ring width, with perhaps the greatest coherence in the dry years rather

than in the wet because of the upper threshold of response of the trees to precipitation.

The same elements from the water balance equation are considered:

• Precipitation. In this case also, the form of the precipitation—whether if is rain

or snow—is important, especially if snow accumulates to great depths. Intensity is also

important, but in an opposite way from runoff: high-intensity storms that produce sur-

face runoff may not affect tree growth and represent a source of error in the prediction
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efforts. Duration affects tree growth, especially in regions receiving large amounts of

snow. Time distribution is highly important, with seasonal precipitation distribution being

unequally weighted in the tree's response to climate. Areal distribution of precipitation

affects the trees differently from site to site, and sampling techniques must take this into

account. Direction of storm paths may also influence tree growth through snow accumu-

lation, especially in areas where snow is the prime source of precipitation (Fritts 1969).

Antecedent precipitation influences ring-width development through the soil moisture

content, for once the soil moisture content reaches field capacity, additional moisture has

no positive effect on tree growth.

O Evaporation. Temperature, wind, and atmospheric pressure affect tree growth

principally through their control of vapor pressure gradients resulting in the loss of avail-

able soil moisture. However, temperature and wind can also influence physiological

processes such as photosynthesis and respiration rates by creating water stress within the

tree, resulting in increased respiration and less net photosynthesis.

ei Transpiration. Temperature, solar radiation, wind, relative humidity, and soil

moisture are all factors affecting the rate of transpiration. Temperature, wind, and rela-

tive humidity are important in determining the vapor pressure gradient between the in-

ternal portion of the stomate and the surrounding air mass. Solar radiation and available

soil moisture are important in controlling the opening of the stomates. On the whole,

excessive transpiration has a retarding effect on growth by causing increased water stress

on the plant system.

The important point to be made here is that the factors entering into the water

balance equation—specifically precipitation, evaporation, and transpiration—have compar-

able effects on both runoff and tree growth; that is, precipitation represents the positive

component and evaporation and transpiration represent negative components. In general,

the storage factor in the water balance equation is assumed to be negligible if the study is

based on water years. This may or may not hold depending on the drainage basin under

consideration. Also, the effect of this storage on the individual runoff series varies with

basin characteristics. Within the ring-width index series the storage effect can be related

to excessive soil moisture, serial tendencies in seasonal climate, and possibly interannual

food accumulation or loss due to fruiting or other nonclimatic reasons. The point is that
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a storage component is also represented in the ring-width index series but can be of quite

different extent in tree-ring series when compared to annual runoff series. This discrep-

ancy is compensated for by use of lagged "dependent" variables as independent variables

in the prediction equation.

Budyko (1958) developed a relationship linking the heat balance and water bal-

ance equations in an area and applied it to both runoff and plant growth.

The heat balance equation can be written for annual values as

R = LE + P,	 (3)

where

R = net radiation balance

L = latent heat of vaporization

E = evaporation + transpiration

P = sensible heat.

Dividing by Lr, where r equals total annual precipitation, Eq. (3) becomes

R/Lr = E/r + P/Lr.

If it is assumed that over a period of time the net energy sources are radiative (i.e.,

P = 0), then

R/Lr = E/r,

or the ratio of the total energy available for vaporization to the total energy required to

vaporize the total annual precipitation is equal to the evapotranspiration divided by the

total annual precipitation.

The water balance equation can be rewritten as

r = E + f	 (4)

where r and E are as defined above and f is total annual runoff. Dividing Eq. (4) by r, we

get

= E/r + f/r	 or	 1 = R/Lr + f/r.
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Thus, it can be concluded that

fir -± 0 or E/r —> 1 as R/Lr —> 00.

Therefore, the ratio of annual runoff (f) to annual precipitation (r) will become small and

the ratio of evaporation to annual precipitation will approach 1 as the ratio of available

energy (R) to the amount of energy needed to evaporate the total annual precipitation

(Lr) becomes excessively large. This of course assumes that the basin is very large, so that

the time constant for runoff does not greatly exceed that for evaporation (e.g., as would

be the case on small impervious catchments). Here we are assuming that

LE —*R as R/Lr 0

or that the only source of heat for evaporation is the radiation balance under excessive

moisture conditions. Consequently,

E/r = g5(R/Lr)

where is some function

or, expressed in an analytical form, determined empirically (Budyko 1958, p. 143),

and

E = r(1 — CR / Lr )

E = (R/L) tanh(Lr/R),

where tanh is the hyperbolic tangent.

If the mean of the above two relationships, Eqs. (5), is used,

E = ((Rr/L) tanh(Lr/R) [1 — cosh(R/Lr) + sinh(R/Lr)]

where cosh and sinh are the hyperbolic cosine and sine, respectively.

From the water balance equation, it follows that

f = r — ((Rr/L) tanh(Lr/R) [1 — cosh(R/Lr) + sinh(R/Lr)1 1/2.
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Thus, the heat balance equation is related to the water balance equation. It follows from

the previous discussion that the ring-width development, RW, should also be a function

of R/Lr. Thus,

RW = 0(R/Lr),

where 0 is some function,

and

RW 0 as R/Lr ---> 00

or

RW = [r — ((Rf/L) tanh(Lr/R) [1 — cosh(R/Lr) + sinh(R/Lr)] 1/2 .

Consequently, it is possible that in the dry regime the relationship between ring-width

development and runoff would correspond quite well. As the soil moisture reaches field

capacity, the upper threshold of the response of the tree growth to moisture is ap-

proached, and additional precipitation cannot affect the growth in a positive way. The

result may be large amounts of runoff. The above relationship becomes

RW =	 [ r — f — ((Rr/r) tanh(Lr/R) [1 — cosh(R/Lr) + sinh(R/Lr)] ) 1/2 1,

and as a result the response of the tree growth to excessive moisture is limited by the

upper threshold value. Therefore, the utility of the ring width series for flood prediction

is limited.

An attempt was made to determine the relationship between R/Lr and tree-ring

indices and annual runoff. The results were somewhat disappointing (although the

comparison was attempted only on Bright Angel Creek watershed) in that better results

were obtained in using only precipitation vs runoff than in using precipitation correlated

to evaporation losses using R/Lr as in the equations above. Similarly, the results with ring

widths and R/Lr were not very satisfactory. When considering the results of the following

section, it is apparent why the results for ring width, R/Lr, were not very good. First, the

net radiation balance R was estimated by an equation as shown by Budyko (1958):
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R = 0.2 ZT,

where

R = net radiation balance over a saturated surface

0.2 = albedo coefficient

= sum of all daily average temperatures over 10 ° C.

Sellers (1965) found this approximation to be generally good. For Bright Angel

Creek, the period for which the average daily temperature exceeds 10 ° C is about May 15

to October 15, but most of the precipitation occurs during the winter. Consequently, the

period for which energy is available for evaporation and the period of maximum precipi-

tation do not coincide. In addition, if temperature is used as a physical indicator of R,

the indication would be that the lower this ratio, R/Lr, the less the growth. However, as

shown in the next section, during some parts of the year the converse is true; i.e., it is

desirable to have an abundance of energy and a lesser amount of precipitation (see Figs.

37 and 38). Evidently, the relationship between the amount of precipitation, tempera-

ture, and growth is much more complex than that incorporated in the use of R/Lr as an

index of growth. Consequently, we turn to multivariate techniques.

Response of Ring-Width Series to Climatic Variables

The climatic response of trees growing on lower forest border sites has been

described in terms of the physiological processes in a model set forth by Fritts, Smith,

and Stokes (1965). Their model shows how climate as a limiting factor affects the width

of an annual ring. In addition, they have shown that the most probable seasonal climate

affecting growth is the 14-month period from the June preceding growth to July of the

year during which growth of the annual ring occurs. This 14-month period will be used in

investigating the ring-width response in relation to both total monthly precipitation and

mean monthly temperature, using regional climatic data (U.S. Weather Bureau 1963). The

regional climatic data were used so that "noise" inherent in individual station records

could be eliminated. The 14-month period was used to confirm the application of the

model postulated by Fritts, Blasing, Hayden, and Kutzbach (1970) to the tree-ring series
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being used. However, in developing a model for hydrologic prediction, the 12-month

water year was used and local climatic station records were used.

The method of investigation will be to compare the annual ring widths with the

amplitudes of precipitation and temperature data along with variables representing the

persistence within the ring-width series. A multiple linear regression technique will be

used. That is, we fit to the tree-ring data the model

Yt = 0 0 + 0 11  + 0 2	 + • • • ÷	 +	 Yt-i	 •-•	 03Yt-3	 e
	

(6)

where

yt = ring-width index in year t

O n = regression coefficient for variable

= amplitudes as extracted from a correlation matrix
of climatic data

t-n = regression coefficient for variable yt _ iiO

yt_n = the ring width index at time t-n

e	 = error component.

The multiple linear regression technique is explained in greater detail in Appendix I.

Because of the transformations performed an the climatic data, the climatic

variables are orthogonal and consequently fulfill one of the major assumptions of inde-

pendence of the independent variables. Additionally, use of the amplitudes reduces the

number of variables, and consequently the dimension of the problem is reduced. The use

of these transforms, however, somewhat obscures the physical relationship of the effects

of climate upon ring width. Fritts, Biasing, Hayden, and Kutzbach (1970) suggest that a

solution to this detrimental effect of principal components is in the "response function."

If the components are expressed in terms of the original variates, x 1 , x 2 ,...x„, Eq. (6) is

transformed to a linear equation in X called the amplitude. Each additional amplitude

changes the coefficients attached to the several N i terms, these changes being pro-

portional to the elements of the eigenvector (corresponding to the amplitude) newly

added. Thus,
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yt = 00 + 0 1 (an xi x+ a21 -2 + •••)	 for	 only

Or	 (7)

Yt	 00 + 01 at xi + 01 an X2 + • ••	 02 a n 	+ 02 a 22 X2	 •••

= 00 + x i (0 1 a ii + 02 a 12 ) + x2(0 1 a 21 + 02 a22 ) + ...	 for i and

where the a's are elements of the respective eigenvectors and the x's are observed

values of the climatic variables.

Thus, if the variable is factored out, the resultant term is the sum of the regression

coefficients times the eigenvector elements. Since these regression coefficients and

eigenvector elements are determined in an unbiased manner from observed values of the

variates, the results should represent a means of comparing the response of the dependent

variable to the respective independent variables. By plotting these sums of regression

coefficients times eigenvector elements for the same independent variables but different

dependent variables, one can compare "response functions" for various dependent

variables.

The ring-width response to the climatic input may reflect local topography and

the relative positions of the climatic stations and tree-ring sites. If the equation

Yt = 0Qt Yt-n)	 e	 (8)

is postulated for the ring width y at time t as a function of	 the weighted annual

precipitation at time t, the persistence y t _n in the ring-width structure, and some error

term e, then since the are orthogonal, it is possible to use multiple regression and the

F-level criterion to determine whether a particular mode in the annual precipitation

regime is important for inclusion in the prediction equation. In addition, this scheme

allows a determination of the relative importance of the variables in the over-all pre-

diction of the ring width from the local precipitation data.
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Bright Angel Creek

For the climate-ring width relationship at Bright Angel Creek, only the local

climatic data (from Bright Angel Creek Ranger Station) were used, as McDonald (1956)

has pointed out that the data from this station do not represent the climate from a larger

surrounding area. In addition, only the Dragon Creek (site 1) and Point Imperial (site 3)

tree-ring chronologies were used because of their statistical character as determined in

Chapter III; also, because of the rather poor response to the climatic parameters, their

"response functions" were not computed. In the multiple linear regression analysis of the

data, the first 8 amplitudes were used as determined from the eigenvectors of Fig. 6.

For the Dragon Creek chronology, an equation of the form of Eq. (6) was used

to test whether significant climatic information is present. Of variables included in this

equation, the most important was the first-order persistence, which accounted for 49% of

the total variance. Second was amplitude one, which, as will be recalled from Chapter III,

stresses the winter precipitation, December-March. However, inclusion of this variable in

the prediction equation accounts for only 11% of the total variance. The third most im-

portant variable was third-order persistence, which accounts for 8% of the total variance.

The last variable with a high enough F-level (i.e., F 4.0) to warrant inclusion is ampli-

tude five, which stresses winter and spring precipitation. This variable increases the pre-

dictability of the equation by about 3%. Of the four variables included, two are climatic

and two are persistent structure in the ring-width data themselves, and the climatic

• variables account for only 14% of the total of 71% of variance.

For the Point Imperial chronology, persistence is not an important factor, and

climatic data are more important in the prediction of a given ring width. The first vari-

able to enter was amplitude one, which accounts for 30% of the total. Again, this

variable represents the dominance of winter precipitation in the growth response of the

trees. The variable of next importance is the third amplitude, accounting for 8% of the

total variance, which stresses fall and spring precipitation and deemphasizes mainly

January precipitation. Of third importance is amplitude eight, also accounting for 8% of

the total, which emphasizes fall and summer precipitation but is included as a negative

element. In summary, 46% of the variance in the Point Imperial chronology can be

accounted for from precipitation data if the F-level criterion of 4.0 is used as the cutoff

for inclusion of variables in the equation.
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The above analysis indicates that only the Point Imperial (site 3) chronology con-

tains enough climatic information to warrant study, which substantiates what was de-

termined from the statistics derived in Chapter IV. In general, the lack of information in

the other series is due to their lack of sensitivity, that is, the large component of per-

sistence within the series and small year-to-year variability in the individual ring-width

indices. Thus, since the annual precipitation series are independent in time, serially corre-

lated ring-width series are not reflective of a large climatic component. This lack of sensi-

tivity is probably related to the heavy snow accumulation, which has the effect of an

annual precipitation regime of little or no variance as far as the available moisture for

tree growth is concerned. The series from Point Imperial is more sensitive probably be-

cause of its position on a well exposed point near the rim of the Grand Canyon and

because of its south-facing aspect. Both of these characteristics would tend to prevent

snow accumulation, allow temperature ranges more unfavorable for growth, and create

conditions more conducive to variable evaporation and transpiration rates—all resulting in

greater variability in the annual ring-width indices.

Upper San Francisco River

In the Upper San Francisco River Basin, the ring-width data are compared with

both the local precipitation and the regional temperature and precipitation.

Response to Local Precipitation. Table 16 shows the results of screening each

ring-width site against each local climatic station (Alpine, Jewett, Luna, Reserve).

This table establishes two pertinent points. First, all ring-width series except

Rainy Mesa correlate best with the Jewett station precipitation series. This is not un-

expected, as Jewett is the only station situated on a high plateau and not in a valley. As

most of the tree-ring sites are substantially removed from the valleys, the climatic

station—in this case Jewett—whose series best reflects this microclimate is the one that

would be anticipated to give the best results. Second, the individual ring-width series

respond quite similarly to the individual amplitudes. The greatest deviation from a par-

ticular suite of variables is in the Tularosa series, which tends to stress first order per-

sistence with the Alpine and Reserve precipitation series, second order persistence with

the Jewett series, and none at all with the Luna series. In no other case is prior growth

considered an important variable in the prediction equation.



Table 16. Comparison of Results from Eq. (8) Using Individual
Precipitation Stations.

Use of Eq. (8) to predict the width of annual ring indices from individ-
ual climatic stations, Upper San Francisco River Basin. The r2 values are
the percent variance of the individual ring widths accounted for by using
the amplitude shown. The amplitudes included in the regression are
listed as variables Nos. 1-12 in order of inclusion in the equation and
weight the climatic data according to the eigenvectors shown in Tables 3
through 6.a Best regressions are indicated by underlines.

Ring-width	 Precipitation station
chronology	 Alpine	 Jewett	 Luna	 Reserve

Fox Mountain
(site 1)

Alpine
(site 2)

2r = 57%	 r2 = 79%	 r2 = 65%	 r2 = 60%

4	 2	 2	 1
7	 4	 4	 7
1	 6	 6	 8

1	 12	 5
12

8

r2 = 58%	 r2 = 67%	 r2 = 64%	 r2 = 53%

4	 2	 4	 1
2	 6	 2	 7
1	 12	 7	 6
5	 4	 8	 4

7

Luna	 r2 = 72%	 r2 = 80%	 r2 = 68%	 r2 = 61%
(site 3)	 4	 2	 2	 1

1	 6	 4	 7
9	 12	 7	 6
2	 7	 6	 5
7	 4
6	 8

Tularosa Divide	 r2 70%	 r2 = 90%	 r2 = 77%	 12 = 48%
(site 4)	 13	 2	 2	 1

4	 12	 10	 13
2	 6	 4
6	 3	 7

11	 1	 5
7

14
8

Rainy Mesa	 r2 = 69%	 r2 = 67%	 r2 = 61%	 r2 = 73%
(site 5)	 4	 2	 4	 5

9	 6	 2	 1
7	 4	 7	 9
2	 12	 7
5	 2

ain this case, all 12 amplitudes (based on eigenvectors extracted
from covariance matrix of precipitation by water year) were potential
variables for prediction. Variables 13, 14, and 15 represent first, second,
and third order persistence, respectively. F >4.0 was used as the
criterion for entering variables into the prediction equation.

101
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Analyzing each site chronology for the response to the individual precipitation

stations shows the differences in the climatic series and the similarities in the tree-ring series.

The Fox Mountain (site 1), Alpine (site 2), and Luna (site 3) ring-width series are

predicted best from the Jewett precipitation series, then from the Luna or Alpine series, and

last by the Reserve series. Comparing the eigenvectors (Figs. 15 to 18) for each amplitude

from the different stations, it is readily apparent from the regression weights of their signs

that the tendency is to stress the fall-winter (November-January) precipitation and to de-

emphasize the summer (July-September) precipitation. The spring contribution is small

probably because of the low magnitude of the spring component in the annual regime.

The Tularosa Divide (site 4) series shows a tendency to stress first order persis-

tence with the Alpine and Reserve precipitation series and second order persistence in the

Jewett series. In addition, the order of amplitude importance is quite different from that

of the other chronologies for the same precipitation series.

The Rainy Mesa (site 5) series is predicted best from the Reserve precipitation

series and then from Alpine, Jewett, and Luna, in that order. More stress is placed on the

summer component of the annual precipitation regime (see eigenvectors 1 and 2 in Fig.

18), but the major component still appears to be the November-January precipitation

regime, based on the relative eigenvector weights and the corresponding regression co-

efficients and their signs.

Over-all, the response of the individual chronologies seems to be most related to

the macroclimatic elements of the individual climatic stations (i.e., the first few eigen-

vectors common to all stations). The Tularosa Divide series gives the maximum pre-

dictability of 90% from the Jewett series, but this is an inflated value related to the

persistence in the Tularosa Divide series itself (i.e., the percentage predictability due to

climatic faaors alone is relatively small). The responses of the Fox Mountain, Alpine, and

Luna series to the individual climatic series seem to be quite similar, with the Rainy Mesa

and Tularosa Divide series giving quite different results. (For example, compare the vari-

ables entered and percentage variance accounted for between each climatic station for

each ring-width series.)

Response to Regional Precipitation and Temperature. By using regional climate,

the response differences of each of the site chronologies can be compared more effec-

tively because the microclimatic aspects of the individual climatic stations are eliminated.
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Data on regional temperature are also available to be included as a separate variable. Two

cases are to be considered: response functions based on the water year and response func-

tion based on a 14-month growing season.

Using the water year as a time basis for comparison offers the convenience of

using a time period compatible with hydrologic criteria. In addition, Mitchell (1969) has

shown that the month of October represents the period of transition between the sum-

mer and winter precipitation regimes, and consequently use of the water year is compat-

ible with this transition in the "natural seasons." On the other hand, Fritts, Smith, and

Stokes (1965) and Fritts, Biasing, Hayden, and Kutzbach (1970) have shown that biologi-

cally there is reason to believe that the climate of the June-September period prior to

growth has some influence on the width of a given ring. Consequently, it is necessary to

compare the response functions based on the water year with those based on the

14-month period as postulated by Fritts et al. (1965, 1970).

(1) In the first case, the response functions of each site chronology to regional

temperature and precipitation are considered for the water year. The amplitudes have

been extracted from the correlation matrix because of the dimensional unit differences in

the two variables. Only 17 of the 24 total eigenvectors were used, as the 17 account for

96% of the total variance. The remaining 7 are not representative enough to be of inter-

est and are considered to represent "noise." Fig. 37 shows the response functions, deter-

mined from Eqs. (7) and the percent variance accounted for in the predictability of the

• ring widths of each site from the climatic variables of temperature and precipitation if

the respective weights are used. The equation chosen is based on the F-level criterion of

F 4.0. The graphs represent the sum of the products of the regression coefficients and

the eigenvector elements for the monthly values of temperature and precipitation of the

regional data. Thus, the points on the plots represent the effect of each monthly climatic

variable upon the value of the tree-ring indices of the individual chronologies.

For Fox Mountain (site 1), interpretation of the response function shows weights

for temperatures in October, August, and September are positive, indicating a positive

growth response to above-normal temperatures in these months. The weights for tempera-

ture in November, February-March, and May-July are near zero, indicating that tem-

peratures during these months have little or no effect on growth, and the weights for

temperatures of December-January and April are negative, indicating a negative growth
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Fig. 37. Response Functions Based on Water Year, Upper San Francisco River.

Relative weights ("response functions") by which the regional normalized total monthly precipitation
(solid line) and the regional normalized average monthly temperature in °F (dashed line) must be
multiplied to predict indicated percentage of variance in ring-width series. These weights are based on

the water year, October to September. Relative weights for persistence in the ring-width series, up to
3rd order, are indicated on the right. The percentage of total variance accounted for by ring-width
persistence is indicated in parentheses. Criterion for inclusion of variables is F.�.--4.0.
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response for above-normal temperatures and a positive growth response for below-normal

temperatures. As for precipitation, the response function weights for November, March,

May, and July indicate precipitation during these months has little or no effect on

growth; those of all other months indicate a positive effect on growth (i.e., above-normal

precipitation increases growth, below-normal precipitation results in less growth) with

December-February being dominant. Additionally, first and second order persistence in

the Fox Mountain series is important in prediction. Here, the weighting for climatic vari-

ables accounts for 59% of the variance, with 13% due to the persistence in the data.

Generalizing, the climatic factors most favorable for growth at the Fox Mountain site are

above-normal precipitation during October, December-February, April, June, August, and

September, coupled with below-normal temperatures in December, January, and April

and above-normal temperatures in October and August-September. Climatic factors least

favorable to growth are below-normal precipitation in any month but especially

December-February, above-normal temperatures in December-January, and April, and

below-normal temperatures in August, September, and October.

The response functions for Alpine (site 2) and Luna (site 3) are remarkably

similar but quite unlike that of Fox Mountain (site 1). Weights for temperature in March

and August are positive, indicating a positive growth response for above-normal tem-

peratures during these months. Temperature weights for November, January, April, May,

July, and September are negative, indicating a positive growth response for below-normal

temperatures during these months and a negative response for above-normal temperatures

during these months. Weights for total monthly precipitation are positive for all months

except August, which is negative. The weights for November, December, and June are

dominantly positive. In general, it can be said that for the Alpine and Luna sites,

above-normal temperatures in March and August associated with below-normal temper-

atures in all other months and above-normal precipitation in November, December, and

February-July results in the greatest growth response. The climatic variables weighted in

this manner account for 67% of the variance in the Alpine ring-width indices and 65% in

the Luna ring-width indices.

The response function for Tularosa Divide (site 4) series is substantially different

from the three sites previously described. The primary difference is that first and second

order persistence account for 50% of the variance explained by the prediction equation,
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while the climatic variables account for only 35%. Weights for the monthly temperatures

are positive in February, August, and September and negative in November, March, June,

and July, indicating that above-normal temperatures in February, August, and September

and below-normal temperatures in November, March, June, and July are associated with

greater growth. The weights for monthly precipitation values indicate that above-normal

precipitation in October-February, May, and June results in greater growth. In summary,

above-normal temperatures in February and August-September and below-normal tem-

peratures in November, March, and July associated with above-normal precipitation in

October-February and May-June result in greater ring-width indices in the Tularosa Divide

series. However, these climatic factors account for only 35% of the yearly ring-width

index variation.

The response function for Rainy Mesa (site 5) is most like those for Alpine

(site 2) and Luna (site 3) and quite unlike those for Fox Mountain (site 1) and

Tularosa Divide (site 4). The particular weightings for the climatic variables for this

site account for a greater percentage of the variance of the ring-width indices (70%) than

do those for any of the other sites. Weights for the temperatures of February-March and

September are positive, and those of October-January and April-August are negative,

December and April being dominant. The weights for precipitation are positive for all

months except August, with November-December, February-March, and September being

dominant. In summary, greatest growth as reflected in the ring-width indices occurs when

precipitation for November-December, February-March, June, and September are above

normal associated with above-normal temperatures in February-March and September and

below-normal temperatures in December and April-July.

(2)- To facilitate comparison of results in this basin with the model postulated by

Fritts et al. (1965, 1970), Fig. 38 shows the response function for each site for the

summer, fall, winter previous to the growth of the annual ring in addition to the sum-

mer concurrent with the annual ring. These graphs were determined from the correla-

tion matrix. They include 19 of the total of 28 eigenvectors, accounting for 96% of the

total variance. The remaining 9 eigenvectors are considered to represent negligible results.

Again, the equation represented by these graphs was chosen on the basis of the F-level

criterion of 4.0.
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Fig. 38. Response Functions Based on 14-Month Distribution, Upper San Francisco River.

Relative weights ("response functions") by which the regional normalized total monthly precipitation

(solid line) and the regional normalized average monthly temperature in °F (dashed line) must be
multiplied to predict indicated percentage of variance in ring-width series. These weights are based on

the 14-month seasonal distribution of Fritts et al. (1965). Relative weights for persistence in the

ring-width series, up to third order, are indicated on the right. The percentage of total variance

accounted for by ring-width persistence is indicated in parentheses. Criterion for inclusion of variables

is F
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For the Fox Mountain (site 1) chronology, the weights for temperature show

those for the previous July-August and for the concurrent June-July to be positive; those

for November-February are negative. The weights for the prior July, November-January,

and April-May precipitation station are positive. The weights for persistence show only

third order as important. Consequently, the weights indicate that the conditions most

favorable for growth are above-normal temperatures in the previous July-September and

the concurrent July and below-normal temperatures in November-February in association

with above-normal precipitation during the prior July, November-January, and April.

Comparison with the response function based on water year values shows no important

differences. Perhaps the greatest difference is that obviously some climatic information is

being omitted—that during the prior June-September—in the use of water-year data. In

the case of the response function for the 14-month period, 70% of the variation can be

accounted for by climatic variables whereas for the water year only 59% is climatic in

nature. Obviously, some climatic information is gained by using the 14-month period in

the case of the Fox Mountain chronology.

As before, the response functions for the Alpine (site 2) and Luna (site 3) series

are nearly identical, and consequently these will be analyzed together. The temperature

weights for these sites are positive for the prior July and concurrent July but negative for

prior September, December-January, and May. The weights for precipitation are positive

for the period prior September-concurrent May. Consequently, based on this analysis,

greatest growth occurs when above-normal temperatures occur in the prior and concur-

rent July, below-normal temperatures in prior September, December-January, and May

associated with above-normal precipitation during the period prior September-May of the

year the ring is actually formed. Comparison of the weights for the common period

between the response functions for the water year and the 14-month period show weights

that are not greatly different; mainly differences occur in the periods that are not corn-

mon. By including the August-September concurrent with growth and not the prior

July-September, about 10% less climatic information is contained in the water year re-

sponse functions.

The weights for the Tularosa Divide (site 4) series show temperature as being

negligible throughout with the exception of the July concurrent with growth; the weights

for precipitation are positive for October-February, April, and June-July concurrent with
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growth. First and second order persistence are still important. The weights for the two

response functions for the period common to both are nearly the same and consequently

their interpretation will not be repeated. However, it is noted that when the prior

July-September is included and the concurrent August-September omitted, the percentage

of variance in the ring widths attributable to climate increases from 35% to 55%.

For the Rainy Mesa (site 5) chronology, the response function for the 14-month

period shows weights for temperature as being near zero or negative. Those for prior

August, November, April, and concurrent June are negative. The weights for precipitation

are positive for November-February, April, and concurrent June. Greatest growth, there-

fore, is associated with below-normal temperatures in August, November, April, and con-

current June associated with above-normal precipitation in November-February, April,

and concurrent June. However, in this case by including the prior June-September and

deleting the concurrent August-September, 6% of the climatic information contained in

the ring-width variation is lost. Otherwise, the weights for the common period are not

vastly different.

By comparing the response functions based on monthly variables for the water

year against those based on the 14-month period postulated by Fritts et al. (1965, 1970),

it has been shown that by excluding the June-September period prior to actual growth

and including the period August-September concurrent with growth, in most cases, about

10% of potential climatic information is lost. However, in one case, Rainy Mesa, about

6% was gained. This might be attributed to differences in growing seasons at the various

sites. It happens that Rainy Mesa (site 5) is the lowest of all five sites (see Table 12) and

this, along with its eastern aspect, may cause the actual growing season to be somewhat

later than that of the other sites. In fact, examination of the core samples shows that, in

many cases, the outer ring was not complete in the Rainy Mesa series that was sampled

on August 9, 1968, whereas the outer rings on most of the cores from the other sites

were complete as of early August.

Although this comparison shows that in most cases some climatic information is

lost by using water-year monthly distribution for comparison with ring-width variation, it

seems that the amount of information lost compared to complications created by using

something other than the water year does not warrant replacing water-year comparisons

with the 14-month period.
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Response of Runoff to Climatic Variables

Comparison of the annual runoff at Glenwood with the precipitation amplitudes

at each climatic station gives insight into the significance of the station precipitation

regimes. To establish the runoff-precipitation relationship, we use the same approach as

was used to establish the ring width-precipitation association. In this case,

ft 	 +	 + Xr + ft-n + e

where

ft = annual runoff at Glenwood

Xr = amplitude of station precipitation

ft-n = prior runoff; n = 1, 2, 3

e	 -= error term.

Using the above equation, the variables were determined for each precipitation station.

Because the individual X's are independent, their order of importance can be determined

by using a stepwise procedure, in which the variables are entered into the equation in

order of decreasing importance. Additionally, because the variables are independent, each

regression coefficient can be tested for significance using the F-level criterion.

Table 17 shows the results of comparing the runoff at Glenwood with the princi-

pal components of each of the climatic stations.

Table 17. Response of Annual Runoff at Glenwood, New Mexico, to Precipitation
at Four Climatic Stations Within the Basin.

Amplitudes are listed in order of importance, and inclusion in the equation is based
on the test of significance where the null hypothesis is that the regression coeffi-
cient is equal to zero.

Climatic	 Percent of variance of	 Station amplitude included in prediction
station	 runoff accounted for	 equation, by order of importancea

Alpine	 72	 4, 9, 7, 1, 2, 11,8
Jewett	 67	 2, 4, 6, 7, 5
Luna	 71	 2, 4, 9, 5, 7, 8
Reserve	 86	 1, 7, 4, 6, 3, 2, 14

aVariables 1 through 12 are amplitudes of precipitation data; variables 13

through 15 are first, second, and third order persistence, respectively.
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From this table, one can qualitatively place the relative importance of the precip-

itation station locations in the prediction of runoff from the basin. Table 14 showed that

the ring-width series from Fox Mountain, Alpine, Luna, and Tularosa correlate rriost

favorably with the Jewett precipitation series. However, the runoff series compares least

favorably with the Jewett series. The Rainy Mesa ring-width series correlates best with

the Reserve precipitation series, while the annual runoff also compares most favorably

with the Reserve precipitation. Consequently, it is to be expected that the ring-width

series that best correlates with the annual runoff series should be that of Rainy Mesa.

To evaluate the significance of the regional climate in the ring-width response and

its relationship to the prediction of runoff from these data, the relationship of runoff to

regional climate has been determined. Fig. 39 plots the response function of the runoff

to the regional temperature and precipitation. In this case, 17 eigenvectors have been

used for the field of independent variables. Using 7 variables, a total of 86% of the

annual runoff variance is accounted for. Of this 86%, 6% is due to third order persis-

tence; that is, one of the seven variables is the effect of third order persistence.

Analyzing Fig. 39, we see that the temperature in December, April, and May has

a positive effect on annual runoff, whereas the temperatures of November, January, March,

and July have a negative effect. All precipitation weights are positive, but those of Novem-

ber, January-February, April-May, and July-September are highly positive. Consequently,

above-normal temperatures in December and April-May and below-normal temperatures in

November, January, March, July, and September associated with above-normal precipitation

in November, January-February, April, and July result in the highest annual runoff values.

This scheme is physically conceivable when compared to the amplitudes of runoff (Fig. 22).

Snow during November, January, and February produces snowmelt runoff in March, and

if rain occurs in April and May, the resulting runoff is magnified by the antecedent mois-

ture. If December temperature is above normal, November snow produces runoff during

December. Precipitation during July with below-normal temperatures produces runoff, as

the evaporation-transpiration rate is reduced by the reduced temperature.

Comparing the runoff vs regional climate response functions with the ring-width

vs regional climate response functions illustrates the similarities and discrepancies be-

tween the two. Using the Rainy Mesa (site 5) series for comparison, we note that the
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Fig. 39. Response Function for Runoff Prediction, Upper San Francisco River.

Relative weights ("response function") by which the regional normalized total
monthly precipitation (solid line) and average normalized monthly tempera-
ture in °F (dashed line) must be multiplied to predict total annual runoff at
Glenwood, New Mexico. The persistence component is shown on the right.
For this case, r 2 = 86%, of which the persistence = 6%. Criterion for inclusion
of variables is F >4.0.
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runoff and ring-width responses to temperature are opposite from one another. For ex-

ample, high temperatures in December, April, and May promote runoff but inhibit tree

growth. High temperatures in September inhibit runoff but promote growth. On the

other hand, low temperatures in November, January, and July promote growth and run-

off. Precipitation in December and March promotes growth but has a nil effect on runoff;

July precipitation promotes runoff but has a negligible effect on growth. November,

January, February, and June precipitation affect runoff and growth in a similar way.

Thus there is a need for a complex multivariate relationship.

Relationships Between Runoff and Ring Width 

The objective of this investigation is to use the longer ring-width series to fore-

cast, or synthesize, the runoff from a given watershed. In addition, it is desirable to op-

erate in the time domain rather than in the frequency domain. A simple comparison of

runoff vs ring-width index mean value function for Bright Angel Creek (1924-1966) is

shown in Fig. 40, and for Upper San Francisco River (1929-1966) is shown in Fig. 41. In

both cases, the product moment correlation coefficient is approximately 0.7; that is, if

the runoff is predicted from the ring widths, about 50% of the variance in the runoff can

be accounted for. Several questions can be asked about these relationships: Is the mean

value function a maximum representation of the ring-width series, or can they be

weighted to permit a significant increase in variance to be accounted for in runoff pre-

diction? Second, if one also utilizes the persistence in the runoff series in the prediction

equation, can he increase the variance accounted for, or in other words reduce the error

in runoff prediction? Third, is it conceivable that by transforming the runoff data it will

be possible to reduce the over-all effect of some of the extreme values (see Fig. 21) on

the over-all relationship?

From the spectral analysis of the runoff and ring-width series in Chapters III and

IV, it is apparent that the persistence structure and the variance distribution with fre-

quency are different for the two series. The magnitude of the persistence is much greater

for the ring-width series than for the runoff series of either Bright Angel Creek or Upper

San Francisco River. This magnitude is not only greater in general but varies between

tree-ring sites within any given area. This can be attributed to microsite differences, and
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Fig. 40. Annual Runoff vs Mean Ring Width, Bright Angel Creek, 1924-1966.

Mean of ring widths is based on two sites, Dragon Creek and Point Imperial. The line shown is based
on F-test and orthogonal polynomials. Although the best-fit line by this test was a 2nd order
polynomial, it was felt that the two points at each end created a nonrepresentative condition and
that a straight line actually fit the data best.
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Fig. 41. Annual Runoff vs Mean Ring Width, Upper San Fran -Cisco River, 1929-1966.

Mean of ring widths is based on all five sites. The line shown is the best-fit line based on F-test and

orthogonal polynomials.
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these must be accounted for in any prediction model. With these types of differences

within site series within a basin, it is possible that some system of weighting or possibly

even the elimination of some series might increase the prediction capabilities.

In this investigation, the approach to this particular problem was again the multi-

variate tool, principal component analysis. In the general case, if we let the ring-width

index for the ith year at the jth site be zti , where for example in the Upper San

Francisco River basin i = 1,...,217 and j = 1,...,5, it is possible to place these series in matrix

form as

zt =

• Zii

•

Now it is possible to incorporate the persistence tendency into the matrix (and in this

case we include the persistence up to third order based on previous experience and upon

results in Chapter IV) by writing the matrix as

z.1 3,1 ••• ZH-32ili-F221 2iZ11

Zt-s

Z1_3 2 1 ... Z1_3 2i Z4-3 2 1 ... Z1-3 2j Z1-3 2 1 ... Zj3 , j Z11 Zii

The objective of this technique is the quantitative description of space-time var-

iability in the tree-ring site chronologies. This variability is represented in principal com-

ponent analysis by a partition of the variation of the ring-width series into a series of

orthogonal space-time functions and the corresponding amplitudes that vary only in time.

Consequently, in our multiple linear regression model we have a technique, not based on

any particular theoretical model, but in which we can take into account the relative value

of any particular site series plus the persistence in time for any particular series. Accord-

ingly, the amplitudes are subjected to stepwise multiple regression analysis so that the

more "significant" relationship might be revealed.
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In addition to the information within the ring-width series there is the potential

information within the persistence structure of the runoff series itself. It is therefore

postulated that a mixed model would be appropriate in a forecasting scheme that in-

cludes the relationship between runoff and ring-width series plus that inherent within the

runoff series itself. The postulated prediction model would be

ft = B O + B 1 + B2 ft-i + et-2 + et-3 + et , (9)

where

B's are least square regression coefficients,

Vs are the eigenvector values times the appropriate normalized data
(i.e., amplitudes),

ft _n are previous-year runoff values, and

et is the error resulting from inadequacy of the model itself.

Thus we have a prediction model that utilizes the ring-width series of a basin,

incorporates or allows compensation for the persistence in site-to-site series, and finally

allows for the persistence, if any, in the annual flow regime. More specifically, this last

factor permits adjustment between the two time series, ring-width and runoff, so that the

persistence in one can be adjusted to that of the other.

This technique is similar to that used by Fiering (1964), who avoided having to

select a "key" station record for synthesis by using several records within a basin to

derive a synthetic record. This method allows spatial and temporal variations within the

basin to be incorporated into the synthetic record. Fiering did not use the persistence in

the record as a separate variable, however, but incorporated it into the error term.

This technique eliminates the subjective selection of a combination of site series

from within the basin to obtain the maximum relationship. On the other hand, it allows

maximum spatial coverage of the basin while maximizing the prediction relation. Further-

more, the independent variables are statistically independent and allow the individual

variables to be assessed as to importance in the prediction equation.

As pointed out in Chapter II, there are certain limitations inherent in the use of

principal component analysis. Despite these limitations, it is felt in this case that (1) since

the tree-ring records are of comparatively long duration, stationarity can be assumed with
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reasonable assurance, and (2) since the series are within a fairly homogeneous climato-

logical area (i.e., a single watershed), it can be assumed that spatial hornoscedasticity

holds, that is, that correlation between the site series is uniform regardless of the magni-

tude of the annual ring width. We know this is not wholly true because of microsite

conditions, and for this reason it is probably desirable to eliminate such site series from

any composite function (e.g., site 4 in the Upper San Francisco River Basin).

The "flip-flop" nature of the eigenvector coefficients is compensated for in the

use of the least squares technique, where the sign of the regression coefficient compen-

sates for the sign of the principal component. Thus, this offsetting nature of the signs

allows physical interpretation of the "response functions" of the individual series.

Bright Angel Creek

For Bright Angel Creek, the amplitudes were extracted from the correlation ma-

trices of the Dragon Creek, Upper Watershed, and Point Imperial sites. The three sites

were used in order to obtain maximum aerial coverage for the basin even though the

Upper Watershed and Dragon Creek series are not ideal, as was shown in Chapter IV. The

eigenvector elements are given in Table 18. It is to be noted that these first eight, out of

the total of 12, account for 95% of the total variance, with the first eigenvector account-

ing for nearly half of the total variance.

Table 18. Eigenvectors for Three Sites, Bright Angel Creek, Including First, Second, and Third Order
Persistence for Each Site.

Eigenvector elements have been computed from the correlation matrix for the period
1753-1966 (214 years).

Dragon Creek
(site 1)

Upper Watershed	 Point Imperial
(site 2)	 (site 3) % of          

Eigen- Cur-	 Cur-
vector rent	 1st	 2nd	 3rd	 rent

Cur-	 total
1st	 2nd	 3rd	 rent	 1st	 2nd	 3rd	 var.

1 .276 .298 .302 .286 .309 .328 .330 .317 .253 .261 .251 .228 49

2 .344 .172 -.205 -.342 .362 .224 -.033 -.146 .270 .100 -.348 -.532 11

3 -.372 -.415 -.315 -.215 .298 .312 .381 .413 -.087 -.157 -.065 .050 10

4 -.320 .217 .204 -.349 -.140 .219 .200 -.182 -.370 .361 .402 -.339 8

5 -.130 -.137 -.366 -.266 -.102 -.074 -.186 -.058 .500 .548 .230 .316 7

6 .146 -.330 .242 -.211 .128 -.268 .212 -.174 .368 -.392 .524 -.192 6

7 -.002 .034 -.001 -.130 .541 .218 -.257 -.502 -.259 -.151 .126 .465 2

8 .551 .197 -.268 -.457 -.170 -.151 .061 .318 -.341 -.118 .190 .226 2
Total 95
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The elements of the first eigenvector can be associated with the mean value func-

tion for the three sites, as it is obvious that all three sites are weighted nearly the same,

as one would anticipate from the site statistics in Chapter IV (i.e, Point Imperial, Dragon

Creek, Upper Watershed in inverse order of magnitude, with the weights of first and

second order persistence being nearly equal and the third slightly less in all three cases).

The second eigenvector shows the weight distribution for each site similar to that of the

first except that the current-ring value has greater magnitude and second and third order

persistence are negative in all cases. This probably represents the first order dependence

structure within the series. The third eigenvector stresses the relative importance of each

site to the norm, with Upper Watershed and Dragon Creek representing extremes and

Point Imperial being nearly neutral (zero). The fourth eigenvector stresses the persistence

structure of first and second order, with Dragon Creek and Upper Watershed being nearly

alike in first and second order but differing greatly in current and third order. Point

Imperial shows greatly differing weights from the other two in current, first, and second

order, but is similar to Dragon Creek in third order. The fifth eigenvector stresses Point

Imperial, with the weights being opposite in sign from both of the other two series. The

sixth eigenvector stresses current and second order persistence. The last two eigenvectors

probably do not have any physical meaning because of orthogonality constraints. In gen-

eral, it can be said that the relative weights and signs of the elements within each of the

most important eigenvectors are reasonable in light of other statistics.

These relative weights when multiplied by the regression weights allow the

ring-width series to be compared with the annual runoff series and permit the annual

runoff series to be synthesized in accordance with Eq. (9).

The amplitudes derived from the eigenvectors of Table 18 were used to write an

equation of the form of Eq. (9) and an F-level cutoff for inclusion of variables was used

in accordance with the F-test criterion as specified in Brownlee (1965, p. 444). The num-

ber of degrees of freedom for the theoretical F in this case is F(r—q, n—l—r), where r is

the number of variables being considered, q equals 1, and n is the number of observa-

tions. At the 95% level of significance, Eq. (9) for the annual runoff data (in inches) is

ft = 5.82 + .622 1 + .756 2 — .573E 3 — .740E4 — 1.04E8 + e t (10)

where the standard error of ft = 1.56 and r2 = 0.512.
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The corresponding response function for this equation shows the relative impor-

tance of each site and its persistence in the use of this equation (i.e., the transform is

converted back to the original data).

Fig. 42 shows graphically how the three sites along with the persistence within

each site are weighted so that the maximum relationship can be developed between

ring-width and runoff.

Fig. 42. Relative Weights of Variables in Runoff Prediction Equation,
Eq. (10), Bright Angel Creek.

Relative weights for ring widths and their dependence structure for
prediction of runoff from ring widths. F-level criterion is used for
inclusion of variables; r 2 51%.

It is shown that, for predictive purposes, the sites ranked in order of importance

are Point Imperial, Upper Watershed, and Dragon Creek. The first order persistence is

comparable for all three sites. Second order persistence is positive for Dragon Creek and

negative for both Upper Watershed and Point Imperial. Third order persistence is greatly

positive for Dragon Creek and substantially negative for both Upper Watershed and Point

Imperial. This might be partly attributable to similar "trends" in the Upper Watershed

series and the runoff series but is probably more closely related to the frequency
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distribution within the two series (cf. spectral analyses). Also noteworthy is that the

persistence in runoff added nothing and the first order serial correlation of the residuals

was quite low (-0.14). In this case, using logarithmic transforms on the runoff and solv-

ing for Eq. (9) does not add to the relationship in that the F-test criterion leads to the

same variables as in Eq. (10) and increases the variance accounted for by only 1%.

The empirical model thus developed for this basin can be used to create a syn-

thetic trace for the runoff. However, it is necessary to develop some method of proof

testing the model.

One way to test the model is to evaluate the constants for some period less than the

total period of available record and then predict for the remaining period. This has been

done in this case by holding back 10 years of the available record for comparative purposes.

For the first test, the period 1937-1966 was used to compute the regression

coefficients, and these were used in turn to predict the values for the 10-year period

1927-1936. The result was predicted values that were higher than the actual values. The

reason for this is that the average ring-width index was larger for the predicted period

than for the calibration period; consequently the predicted runoff values are somewhat

inflated. The equation developed from the actual values accounted for only 15% of the

variance in the predicted period although it had accounted for about 60% of the variance

in the period for which the equation was developed. When the period 1927-1956 was

used to compute the regression coefficients and the period 1957-1966 was used as a

prediction period, the equation thus developed accounted for 60% of the variance in the

prediction period 1957-1966 (and 65% in the longer period). The regression coefficients

for this period are quite similar to those of Eq. (10).

The proof testing indicates that if the equation is developed for a period during

which a particular moisture regime is prevalent and then an attempt is made to use the

equation in a period during which another particular regime is prevalent, the equation

tends to give erroneous results. In other words, stationarity is critical in the estimate of

and the ultimate use of the regression coefficients. It is felt that the total period,

1927-1966, includes enough of the moist period during the first half of the century that

the equation thus derived can be used to satisfactorily estimate runoff for the period

1750-1966. In this particular basin, Bright Angel Creek, no data are known to exist that

can be used to check this assumption; however, in Upper San Francisco River basin there
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are some data that can be used to check the assumption and it seems to be justified in

that case.

Fig. 43 plots the synthetic runoff series developed from Eq. (10). On the basis of

previous discussions it is assumed that the greatest accuracy is in the narrow ring-width,

low-runoff regime. It is interesting to note that the variance for the runoff for the period

1924-1966 is 4.39 in. and the mean is 4.73 in. For the 214-year synthetic record the

variance is 4.20 in. and the mean is 5.82 in. The question thus arises, are estimates of the

mean and variance from the long synthetic period superior to those of the shorter

period? Matalas and. Jacobs (1964) and Julian and Fritts (1968) have considered this

problem. They have found that the lengthened sequence yields an unbiased estimate of

the mean, and if the product-moment correlation coefficient exceeds 1/N/N 1 —2, where

N 1 is the length of the concurrent period, then the reliability of this estimate of the

mean is greater than that based only on the observations for the short sequence. This is

based on the assumptions that the serial correlation of the series is zero, that the concur-

rent events for the two sequences have a joint normal distribution, that the relation

between the concurrent events is defined by a linear regression, and that no changes

occur in the hydrologic regimes with which the sequences are associated (Matalas and

Jacobs 1964, p. 1). In this case all the assumptions are presumed to hold and the correla-

tion coefficient between the runoff and ring-width series is about 0.7, which is substan-

tially greater than 1/N/N 1 -2 = 0.16. Thus the estimate of 5.82 in. of runoff for the

mean is a better estimate than 4.20 in. based on the 43-year record. However, as Matalas

and Jacobs point out, the estimate of the variance of the longer synthesized series tends

to yield a smaller variance than would real observations. Thus the estimate of 4.73 in.

for the variance for the period 1750-1966 is biased and not a better estimate than the

estimate of 4.39 in. for the period 1924-1966. If the actual runoff record is superim-

posed on the synthetic trace, the two can be visually compared. Most obvious discrep-

ancy is the tendency for the synthetic trace to underestimate the higher flow. This had

been anticipated prior to the actual analysis. In this particular watershed, the area is

small (101 sq. mi.), so runoff response to storms will be of small lag time and consequently

less reflected in the ring-width series. Additionally, the snow accumulation and the resul-

tant short-term melting in April and May tend to produce soil moisture of field capacity

for extended periods of time and thus reduce the response of the ring-width series.
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Upper San Francisco River

The development of a synthetic record for Upper San Francisco River is some-

what more involved than for Bright Angel Creek. From previous discussion it is apparent

that one problem is to decide whether all five sites or perhaps only four should be used

in the prediction scheme. Also, it is apparent from the scatter in the association between

large ring width and high runoff (Fig. 41) that log transformations could improve the

predictability of Eq. (9).

The analysis in Chapter IV indicated that characteristics (e.g., high first order

persistence) of Tularosa Divide (site 4) would result in a lower potential for hydrologic

information. Consequently the question arises as to whether this site should be used in

developing the basin ring-width series. If both the five-site scheme and the four-site

scheme are subjected to principal component analysis and then to multiple linear regres-

sion analysis, plots of the elements of the eigenvectors weighted in accordance with the

regression weights will show the effect of including site 4 in the over-all analysis. (See

Figs. 44 and 48.) The individual eigenvectors are shown in Table 19 along with the cor-

responding variance contributions.

Table 19. Eigenvectors for Four Sites, Upper San Francisco River, Including First, Second, and Third
Order Persistence for Each Site.

Eigenvector elements have been computed from the correlation matrix for the period
1753-1966 (214 years).

Eigen-
vector

Fox Mountain
(site 1)

Alpine
(site 2)

Luna
(site 3)

Rainy Mesa
(site 5) % of

total
var.

Cur-
rent 1st 2nd 3rd

Cur-
rent 1st 2nd 3rd

Cur-
rent 1st 2nd 3rd

Cur-
rent 1st 2nd 3rd

1 .244 .275 .269 .230 .230 .270 .271 .229 .233 .282 .288 .252 .207 .248 .246 .206 38

2 .272 .136 -.140 -.324 .327 .152 -.159 -.317 .351 .162 -.148 -.299 .334 .149 -.170 -.322 19

3 .284 -.189 -.228 .244 .273 -.248 -.217 .273 .261 -.257 -.202 .276 .259 -.259 -.231 .274 14

4 .171 -.331 .314 -.155 .139 -.312 .326 -.167 .138 -.296 .331 -.164 .137 -.312 .325 -.151 13

5 -.241 -.267 -.262 -.220 -.146 -.167 -.181 -.178 .049 .041 .063 .086 .378 .406 .406 .390 4

6 .306 .359 .367 .316 -.201 -.234 -.245 -.208 -.221 -.257 -.261 -.249 .178 .180 .151 .110 3

7 -.014 .079 .149 .130 -.332 -.348 -.306 -.287 .269 .338 .380 .336 .012 -.110 -.241 -.179 2

8 .179 .124 -.042 -.137 .152 .067 -.235 -.271 .171 .183 -.005 -.126 -.513 -.335 .265 .501 1

9 -.505 -.148 .104 .550 .438 .157 -.057 -.417 .055 -.066 .012 -.072 .024 .008 -.045 .010 1

10 -.045 .052 .105 -.134 -.265 .351 .196 -.219 -.143 -.023 .098 -.072 .435 -.367 -.382 .425
Total

1
96
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Subjecting the inclusion of the amplitudes into the prediction equation to the

results of the F-test previously mentioned, it happens that for the four-site series the

equation includes components one, two, four and five (F = 5.90). Consequently, for the

four-site ring-width series we arrive at a prediction equation of

ft = .906 + .074E 1 + .191E 2 + .030 4 + .188E 5 — .392ft _ 1 + et . (11)

The amplitudes used include 10 of a possible 16 eigenvectors and account for 96% of the

total variance. (See Table IV-4, Appendix IV, for relative weights to be used in Eq. (11)

for prediction of runoff using actual ring-width indices.)

For this equation, 72% of the variance in runoff is accounted for, the standard

deviation of the error is 0.22, and the first order autocorrelation of the error is —0.05.

Of the 72% variance accounted for, 13% is the result, of the inclusion of prior runoff in

the prediction equation. The relative weights are plotted in Fig. 44.

Fig. 44. Relative Weights of Variables in Runoff Prediction Equation, Eq. (11), Upper San Francisco
River, for Four Tree-Ring Sites.

Relative weights for ring widths and their dependence structure for prediction of runoff from
ring widths. Lagged dependent variables are shown on the right. F-level criterion, F >4.0, used
for inclusion of variables; r 2 = 72%.
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Of note is the prevalent role played by the Rainy Mesa (site 5) series in that all

four variables are positively weighted. Next in importance is Luna (site 2), with only the

third order persistence being negative, whereas Alpine (site 1) shows both second and

third order persistence as negative, and Fox Mountain (site 3) shows all three—first,

second, and third order persistence—as negative. Additionally, it is to be noted that only

first order prior runoff is included in the equation and that it is highly negative (e.g.,

—0.40). Statistically, this scheme seems meaningful in that from the persistence scheme

inherent in both the runoff series and the ring-width series we would expect the weights

to be as graphed in Fig. 44. That is, the sites with the lowest persistence (e.g., Rainy

Mesa) are given positive weights. Additionally, the negative nature of the prior runoff

component allows for adjustment of the greater persistence in the ring-width series to

more nearly match the runoff series.

The first eigenvector obviously represents a mean variance, as the values for the

four sites are nearly the same. The second eigenvector stresses the current value and first

order persistence of the four sites; the third stresses the current -and the third order

persistence; the fourth stresses the current and second order persistence; the fifth initiates

the distinction between the individual sites, Rainy Mesa being strongly positive, Luna

near zero, Alpine slightly negative, and Fox Mountain substantially negative. In the sixth,

• Fox Mountain is highly positive, Rainy Mesa less positive, and Luna and Alpine moder-

ately negative. The remaining four represent rather complex weightings and probably

represent orthogonality constraints and consequently have no physical meaning. It is

important to note here that about 84% of the variance is accounted for by different

weightings on the time dependence before any substantial difference is made in the

individual (spatial) site weights.

Eq. (11) was used to construct a synthetic runoff series for the Upper San

Francisco River for the period 1753-1966 (214 years). This series is plotted in Fig. 45

along with the record from a nearby site on the Gila River. It is noted that the estimate

of the mean is improved, as it is 0.65 in. for the 214-year period as opposed to 0. 5 4 in.

for the 39-year period. The actual values are tabulated in Appendix IV.
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If the same analysis is performed with the runoff transformed to logarithms, then

79% of the variance is accounted for; the standard deviation of the error term is 0.29,

and the first order serial correlation of the residuals is —0.15, not significantly different

from zero at the 95% level. In this case, both first and third order runoff are included in

the prediction and account for 16% of the variance. The equation for this case is

in ft = —.743 + .13 5 	+ .324 2 + .06 2 4 + .24 3 5 — .359ft .. 1 + .165f 3 + et 
(12)

at an F-level of 4.84. (See Table IV-4, Appendix IV, for relative weights to be used in

Eq. (12) for prediction of runoff using actual ring-width indices.)

Predicted runoff values for Upper San Francisco River based on this equation are

shown in Fig. 46 and tabulated in Appendix IV.

In general, the greatest fidelity in prediction is in the low-runoff,

narrow-ringwidth association, as is readily observed in Fig. 45 when one compares pre-

dicted values of runoff with the actual values at Red Rock on the Gila River. Not only

do the tree-ring values tend to predict high runoff values that are less than the actual

values (e.g., 1932, 1941, 1952, 1966), but in some cases (e.g., 1932 and 1952) the value

for the next year -seems to be effectively influenced so that the value for the following

year is overestimated. The inverse of this effect is in 1905, which followed an extremely

dry year. In this case, the ring widths give an estimate that is substantially lower than it

should be. In fact, it should be that the year of maximum runoff for the period

1905-1909 is 1905, not 1907 as shown by the synthetic trace. This can be attributed to

the carryover effect of the drought during the year 1904, restricting the maximum

response of the trees during the extremely wet year of 1905 in addition to the tremen-

dous precipitation received during November and December of 1905. In fact, a partial

runoff record exists for the period 1904-1914 for the Upper San Francisco River at

Alma, New Mexico, about 12 mi. upstream from the Glenwood station (U.S. Geological

Survey 1954). This allows an independent evaluation of the prediction equations. Table

20 compares actual values vs predicted values for five years that were not used in

developing the prediction equation. Note that the values include both extremes, wet and

dry, and that the values at Glenwood should be consistently larger than those at Alma

because of the larger drainage area (about 100 square miles).
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Table 20. Comparison of Gaged Values at Alma, New Mexico, With Predicted
Values for Glenwood, New Mexico.

Year
Actual values,
acre-ft

Predicted,
Eq. (11)

Predicted,
Eq. (12)

1905a 254,640 84,300 75,200
1906a• 75,670 67,600 50,250
1907b 135,920 150,000 219,100 
1910 11,840 34,400 50,000
1913 20,100 57,700 49,000

allov and Dec values missing.
bJan value missing.

From this tabulation it appears that Eq. (11) gives better estimates. This is probably

because the log transformation equation, Eq. (12), involves both the first and third order

persistence, which when used in the equation utilize estimated logarithmic values that

tend to be highly sensitive to slight differences because of potential sign differences.

Consequently, the slight gain in variance accounted for by going to logarithmic trans-

formations (7%) may not justify the use of the transform equation over the other.

Comparison of the correlograms for the two series with that of the runoff record

at Glenwood (Fig. 23) shows two things: (1) For comparable periods of record (39

years), the correlograms of the actual data (Fig. 23) and the synthetic data (Fig. 47a) are

very similar. For the log-transformed data (Fig. 47c), the lag two correlation tends to be

slightly higher, but it is still well within the 95% confidence interval, indicating no

significant difference between the two series. From Figs. 23 and 43a and 43e, the ten-

dency would be to suggest that the annual runoff series represents an independent ran-

dom (white noise) series. However, when the con-elograms of the lengthened series are

computed, it is apparent that they are quite different from independent data. For the

untransformed data, lags one, three, and four exceed the 95% confidence interval, which

is more than the one we would expect by chance alone if the series were indeed inde-

pendent. The transformed data show lags one, two, and four exceeding the 95% confi-

dence interval. Thus, the assumption that one would make on the basis of a 40-year

sample (i.e., that the series is independent) is not correct in the light of the outcome of

the correlograms based on 214 years.

The importance of Table 20 lies in the comparison of predicted value to the

actual value for the year 1905. It is obvious that the runoff predicted from the ring
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131

widths is grossly underestimated. The existing runoff record shows that the maximum

runoff occurred during February-April (196,000 acre-ft), not during the summer. Obvi-

ously, this much runoff at this time of year suggests excessive precipitation associated

with above-normal temperatures. Analyzing the response functions (Fig. 38) for the ef-

fects on growth under these conditions, we see that for the period December-April, the

condition for greatest response of the trees is above-normal precipitation associated with

below-normal temperatures. Fig. 39, the response function for runoff, shows the greatest

potential for runoff to be associated with above-normal temperatures accompanying

above-normal precipitation during the period December-April. Thus, if during the water

year 1905 December-April was warm and wet, as seems to be the case, the response of

runoff to this occurrence would be positive while the growth response would be negative.

Additionally, the runoff for this year is tremendously greater than for any year of

record since. For example, the runoff for 1941, the wettest year of the current record

1928-1966, was 177,130 acre-ft. The runoff for 1905 was 254,640 acre-ft, and it must

have been substantially greater than this because this value excludes November and

December runoff which are missing. Over and above the fact that 1905 was one of the

wettest years in recent history, historical and tree-ring records indicate 1904 to be one of

the driest. Thus, it is possible to conceive that under such adverse conditions—an ex-

tremely wet year following an extremely dry one, wet warm conditions during the winter

and the tremendous excess of precipitation—the tree might grossly underrespond to such

a moist year.

Now, turning attention to the effects of using five sites rather than just four in

the development of the prediction equation, we note that if the five sites are utilized and

the F-test criterion is used to determine whether a particular variable is to be included in

the prediction equation, the resulting equation is

ft = .995 + + — .224 5 — .240 7 + .228 8 — .437ft _ t + et . (13)

(See Table IV-4, Appendix IV, for relative weights to be used in Eq. (13) for prediction

of runoff using actual ring-width indicesj This accounts for 76% of the variance, with

17% due to previous runoff values f Thus, the result of including the fifth site is that

the total variance accounted for by the tree-ring series is 59%, which is the same as that
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using only four sites. In addition, the residuals are slightly more autocorrelated: R 1 =

—0.10 for the five-site series as opposed to R 1 = —0.05 for the four-site series. Nothing is

really gained by using the five-site series, Eq. (13). This fact is more strongly indicated by

a plot of the relative weights for each of the sites (Fig. 48). In this plot, it is obvious

that neither Fox Mountain nor Tularosa is really contributing much to the prediction. It

is interesting to note that for Tularosa only the second and third order persistence are

included in a positive fashion, with current and first order ring widths being negative.

Consequently, little is gained by including the fifth site in the prediction equation, and it

is deemed that the four-site series is a better series from which to develop the synthetic

trace.

Fig. 48. Relative Weights of Variables in Runoff Prediction Equation, Eq. (13), Upper San Francisco

River, for Five Tree-Ring Sites. -

Relative weights for ring widths and their dependence structure for prediction of runoff from

ring widths. Lagged dependent variables are shown on the right. F-level criterion, F 4.O , used

for inclusion of variables; r 2 = 76%.



CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

Conclusions 

In using standardized ring-width series to synthesize (i.e., reconstruct) runoff rec-

ords, several basic assumptions must be made:

(1) The seasonal distribution of precipitation has remained relatively constant,

so ring-width response and seasonal runoff response remain relatively constant. If in

fact there are shifts in the seasonal distribution of precipitation, these changes must

affect both the ring-width response and runoff response in the same way.

(2) Changes in physiographic controls within the basin have been negligible. Thus,

present-day rainfall-runoff conditions are indicative of the past, especially of the period

for which the synthetic trace has been developed.

(3) The tree species used in this study has responded to seasonal distribution of

temperature and precipitation of the past in a similar manner as during the period for

which the prediction equations have been developed.

(4) The tree-ring record used has not been subjected to any extraneous influence

such as fire or insect infestation, and consequently it is truly representative of climatic

response.

(5) The tree-ring record represents a stationary series for the period for which the

synthetic record is developed, and consequently the statistical tools are used legitimately.

With these assumptions, it is possible to evaluate the results of the study. The

most apparent result stemming from the design of the experiment is that not all drainage

basins Will yield dendrochronologie samples that are desirable for development of syn-

thetic runoff traces. For example, the tree-ring indices from Bright Angel Creek illustrate

that although microsite selection is important in the quality of the ring-width series, one

must also select regions within the forest itself in which tree response to climate is maxi-

mum (i.e., upper or lower forest border sites). However, even in catchments such as Bright

Angel Creek the ring-width series may contain some information of hydrologic interest,

but this information will be limited. For example, if one recognizes the limitations of the
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prediction equation for Bright Angel Creek (e.g., that it accounts for only 51% of the

variance in the runoff series), it is possible that a synthetic record may be of some value

to an investigator, especially for improved estimation of long-term means or relative

trends in the data. In regions where snow accumulation is great and the period of melting

is relatively short, such as at Bright Angel Creek, the ability of the trees to respond to

precipitation differences is severely limited because of the nature of the soil moisture

excess. A small watershed (e.g., 101 square miles for Bright Angel Creek) places severe

limitations on the ability of the ring-width series to faithfully reproduce the annual

runoff series because of the fairly fast rainfall-runoff response time of such a basin.

In larger watersheds, where runoff is basically a function of fall, winter, and

spring precipitation, the ability of ring-width series to predict annual runoff is substan-

tially greater. In fact, for the Upper San Francisco River basin, the ring-width series was

successfully used to predict up to nearly 80% of the variance in the runoff series.

Additionally the ring-width series can be used to get improved estimates of mean annual

runoff and to establish the existence of short-term trends in runoff records. (Long-term

trends are removed from the ring-width index series in the standardization operation.)

The synthetic traces developed in this study are based on ring-width series from

one species (Douglas fir) and consequently represent the selectivity of seasonal climate

inherent in this species. In the Upper San Francisco River basin especially, it is necessary

to keep this constraint in mind if the results of this study are used, as most of the

ring-width samples are from higher elevations around the perimeter of the basin. It could

be that, because of this sampling scheme, part of the hydrologic information that could

have been obtained from ring-width series was missed by sampling the one species. This

seems to be particularly valid in light of the high degree of correlation of the runoff

series with the Reserve precipitation series, Reserve being at a lower elevation and near

the center of the basin.

Over-all, it must be concluded that, in light of present knowledge, using

ring-width series to simulate runoff series holds considerable promise for synthesizing

past runoff records of a basin. However, the feasibility of doing so depends on the

climatologie and dendrochronologie situation within the basin itself and is not universally

applicable.
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The availability of such simulated series offers the hydrologist access to data

heretofore .unavailable. First, the improved estimate of the annual mean runoff is in itself

of considerable importance in such matters as water allocation. Improved estimates of- the

variance could also be attained by adding a noise component to the estimated value as

suggested by Matalas and Jacobs (1964). The improved estimates of variance would be

invaluable in, for example, reservoir design and operation. Individual yearly estimates

would be valuable to reservoir managers in decision-making processes. For example, in

power generation the ability to generate power depends on the head behind the dam. In

many cases, the manager of the power generation and distribution systems must be able

to estimate the amount of power he can generate at least one year in advance. Conse-

quently, he would like answers to such questions as: What is the probability of low

runoff for two, three, or four consecutive years? Or what is the probability that a wet

year will follow an extremely dry year? Or how many dry years (low runoff) can one

expect in any given 10-year period? Such questions are hard to answer on the basis of a

30- or 40-year runoff record. It is postulated that runoff records synthesized from

Aree-ring records could be of great assistance in such decision-making problems.

Recommendations

Although this investigation has shed some light on the feasibility of using tree-ring

records to augment hydrologic records, the direction of future research should be toward

insuring the reliability of such synthesized runoff records. The path of future study might

be recommended as follows:

(1) Investigate the usefulness of using different species in the ring-width series so

that climate at different elevations and for different seasonal responses might be incor-

porated into the ring-width series.

(2) The approach used in this study has been to use the data themselves to

develop an empirical relationship without in fact trying to establish theoretical models for

use in prediction. Further investigations are needed toward the use of a more theoretical

approach in trying to develop a prediction model from the statistics of the two series.

One such approach that has recently been developed_ has been pointed out to the writer

by Dr. D. G. Watts of the University of Wisconsin. This technique, known as dynamic

regression, offers the investigator the option of postulating a theoretical generating
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process for a series and reducing the series to a time series of uncorrelated residuals. The

statistical details of this technique, recently worked out by G. E. P. Box of the University

of Wisconsin and G. M. Jenkins of the University of Lancaster, have led to simple statis-

tical models of stationary and nonstationary time series that would allow modeling of

tree-ring and runoff series.

(3) The approach of the present study might be tested on other basins for which

dendrochronologie materials are already available so that the usability of the present tech-

nique might be more thoroughly assessed.

(4) Prediction equations (10), (11), (12), and (13) should be used only for the

basins for which they were developed. Even in these cases, it must be recognized that

they have limitations imposed by the assumptions on the statistical methods used in their

development, by the general sampling scheme, and by the fact that sampling was re-

stricted to a single species, Douglas fir. It is not recommended that these particular equa-

tions be applied to other basins, even basins having similar climatic and physiographic

characteristics, as their universality has not been established.



APPENDIX I

STATISTICAL TECHNIQUES

Pkincipal Component Analysis

To accomplish the objectives of principal component analysis, it is necessary to

form linear transformations as follows:

ti =3. x.	 i= 1,...m; m	 p,3
i=

in which xi denotes observations on the jth variate X, a ii represents an array of eigen-

vector elements, and j is the ith amplitude. There exist m sets of -values, each derived

by a linear transformation on the several variates X. The upper limit of the summation,

m, is less than p, the rank of the data matrix, when there is linear dependence among

two or more of the variates (Morrison 1967, p. 224). The linear transformation then

reduces the number of variates with which one must be concerned and consequently

reduces the dimension of the problem. Fiering (1964, p. 45) illustrates this point nicely:

"First, if all the data are linear functions of one of the variates, they are all linearly

dependent. Consequently, one variate expresses all the information contained in the en-

tire array, and m is unity, because only one component is required to express the

variation inherent in the entire data matrix. Conversely, if all the data are linearly inde-

pendent, it follows that m = p, because no amount of mathematical rearrangement can

reduce the number of variates required to express the information contained in the original

array." Most hydrologic data lie somewhere between these two extremes so that, perhaps,

most of the variation might be accounted for by as few as one-half the number of

original variates.

Since an infinite number of linear transforms is possible, the components must be

extracted by some method that will give unique and consistent results. The elements aii

are chosen so that the first set of new variates, , has maximum variance. The set 2 is

then chosen to be orthogonal with

	

	 and to have as large a variance as possible;	 is

chosen to be orthogonal with the previous components and to have as large a variance as
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possible. The process is continued until either all the variance is accounted for or m = p.

Now, two important results are obtained: (1) A transform is made, resulting in a set of

uncorrelated variates, and (2) these variates account for variation in the two-dimensional

sample space in descending order of magnitude.

Thus, in principal component analysis, we are using a technique for picking apart

the dependence structure among variables when no a priori patterns of causality are read-

ily available. That is, the observable variables are represented as factors of a smaller num-

ber of variables. In other words, the principal components are not of predetermined

form, but rather their form is developed as a unique function of the data sample to

which they apply. Each eigenvector describes a preferred mode of the distribution of the

variables involved in terms of its anomalous departure from the over-all mean distribu-

tion. In this sense, the eigenvectors have a more or less clear physical interpretation.

For simplicity, linear functions are difficult to surpass, and in the principal com-

ponent technique we think of the variables and their observations as linear compounds of

the eigenvectors. Formally, suppose we have a set of variables {X 1 ,...X} with a mean

vector p. and covariance matrix E whose elements we assume are finite. The rank of E is

il <p, and the q largest characteristic roots of E, X 1 > >Xq , are all distinct.

From this population, a sample of N independent observation vectors has been

drawn. The observations can be written as the usual N X p data matrix,

xlp

x	 I
XN p

The estimate of E is the sample covariance matrix S, where

S = [1/(n-1)]A.

where A =	 ( Xh -5- )( Xh

h= 1

where means the transpose.

xN 1
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The correlation matrix R, where

R = D(1/S i ) S D(1 /Si )

[D(•) denotes the diagonal matrix containing the reciprocals of

either the standard deviations or the square roots of the diagonal

elements A.]

may be used in place of S if the variable units are not homogeneous. Normally in such

cases the variables are first standardized by

Zii =

If the covariance form is used, the statistical appeal is greater because the ith principal

component is that linear compound of the observations that explains the ith largest

portion of the total observation variance. The maximization of such total variance of

standardized values has a rather artificial quality (Morrison 1967, p. 223). Furthermore,

the sampling theory of components extracted from correlation matrices is exceedingly

more complex than that of covariance matrix components.

The first amplitude of the observations X is that linear compound

= a n 	+ + ap iXp

=

where a n is the first element of the first eigenvector and x is the observational vector.

The sample variance of	 is

2 a. 1 a 1 sij

i=1 j=1

=aSa 1 .

and is greatest for all eigenvectors normalized so that a l a l = 1. To determine the

eigenvectors we introduce the normalization constant by means of the Lagrange multi-

plier k 1 and differentiate with respect to a l :
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(a/aa 1 )[% 2 + 32 1 (1—a 1 1a 1 )] = 2(S--2 1 I)a 1

The eigenVectors must satisfy the p simultaneous linear equations

(S-2 1 I)a 1 = 0.

If the solution to these equations is to be other than the null vector, the value of 2 1

must be chosen so that

IS — Q 1 1 1 = 0

and 2 1 is thus a characteristic root of the covariance matrix and a l is its associated

characteristic vector (eigenvector). To determine which of the p roots should be used,

premultiply the system of equations

(S-2 1 I)a 1 = 0

by a l i. Since a i 'a i = 1, it follows that

2 1 = a i l Sa i = s 1 2 .

Thus, the first amplitude of the complex of sample values of the variables X 1 ,	 Xp is

the linear compound

an Xi	 + ap i Xp

whose coefficients ail are the elements of the eigenvector associated with the greatest

characteristic root 2 1 (eigenvalue) of the sample covariance matrix of the variables. The

ail are unique up to multiplication by a scale factor, and if they are scaled so that a l 'a. 1

= 1, the characteristic root 2 1 is interpretable as the sample variance of .

In general, the jth amplitude of the sample of p-variate observations is the linear

compound
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whose coefficients api are the elements of the eigenvector of the sample covariance

matrix S corresponding to the jth largest characteristic root 2i . If Q Qj , the coefficients

of the ith and jth amplitudes are necessarily orthogonal; if 2 i = Q , the elements can be

chosen to be orthogonal although an infinite number of such orthogonal vectors exists.

The sample variance of the jth amplitude is 32i , and the total system is thus

kl	 +	 = tr S.

The importance of the jth amplitude is measured by

2i /tr S.

If the components have been extracted from the correlation matrix R rather than

S, the sum of the characteristic roots will be

tr R = p

and the proportion of the total "variance" in the scatter of dimensionless standardized

variables attributable to the jth component will be 2 i /p.

One of the basic assumptions underlying use of the principal component tech-

nique is that of at least weak stationarity. In other words, we are assuming that the

sample of observations used to construct the eigenvectors is indicative of any sample we

could have obtained. Thus, if a different gample were extracted from the same basic

population, the eigenvector would be the same with the exception of that variance due

to sampling. In extracting eigenvectors from either a covariance or a correlation matrix,

there is no need for an assumption of a statistical distribution for the variables (e.g.,

Gaussian) (Morrison 1967, p. 222).
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Multiple Linear Regression

Let us assume that a linear relationship exists between a variable Y and k-1

explanatory variables X2 ,X3 ,...,Xk and a disturbance term u. If we have a sample of N

observations on Y and the X's, we can write

Y	 Bi + B2 X2t + + Bk Xkt + ut

t = 1,2,...,N

The B coefficients and the parameters of the u distribution are unknown, and our

problem is to obtain estimates of these unknowns. The N equations (I-1) can be set out

compactly in matrix notation as

Y = XB + u

where

I	 =	 [

Now the problem is in the estimation of the vector of coefficients B, and

consequently we must make some assumptions. They are

(1) E(u) = 0
(2) E(uu i ) = o-2 IN

(3) X is a set of fixed numbers
(4) X has rank k<N

B 1
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The first assumption states that E(ut ) = 0 for all t, or, that is, that the u t are

random variables with zero expectation. The second assumption is in reality a double

assumption. Since u is an N X 1 column vector and u' is a row vector, the product uu'

a symmetric matrix of order N and, since the operation of taking expected values is to be

applied to each element of the matrix, we have

E(uu r ) =

E(u12)	 E(ui u 2 )	 .	 E(u i uN )

[ E(u 2 u 1 )	 E(u 22 )	 .	 E(U2 UN )

E(uN ti t )	 E(uN u 2 )	 E(u2 )

u2 	O 	.

0. 2

0 u	 0

which says that the u i have constant variance u2 (i.e. are homoscedastic) and are not

correlated.

From these assumptions, it can be shown that the fundamental result for the least

squares estimators is

-11 =	 x ' y

and these estimators are the best linear unbiased estimates (Johnson 1963, p. 110).

Clearly, there is no point in using a regression equation of Y on k variables Xi ,

i = 1,...,k unless it gives a significantly better fit than the regression equation of Y on a

subset of the Xi , i = 1,...,q. Brownlee (1965, p. 446) shows that the test of whether Xk

variables add to the fit of the -regression of Y on Xq is identical to the test of the null

hypothesis that Bi in the joint regression equation is zero. Provided the Bk are

uncorrelated, which they will be if. the Xi are uncon-elated, then each Bi can be tested

for significance, - using an F-test with (k—q, N-1—k) degrees of freedom, and that variable

can be used in the prediction equation if and only if it is significant and adds to the

prediction.
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In the techniques used here, the "independent" variables are in fact made to be

statistically independent by the orthogonal transformation performed in the principal

component analysis.

Now, the simple fact is that in using the multiple linear regression technique as in

this study, not all the assumptions (1) to (4) are completely filled.

First, the X's are not fixed as is specified in assumption (4) but are in fact

random variables. If the relationship of the "true" value is stochastic, the result is

X = x + u

Y = y + v

y = a + bx + e

where x = true value of X

where y = true value of Y.

If we assume that x, u, IT, and e all have independent, normal distributions, the y,x will

have a bivariate normal distribution and so will X and Y (Johnson 1963). We have

	ax 2 	crx 2 	au 2

	0 y 2	 B 2 ax2 +
 " e 2

 ± 07) 2

	Y 	 Bax 2

where oxy denotes the covariance of X and Y.

This result leads to an estimate of B that is almost an exact parallel of the

consistent estimate in the fixed-variate case (Johnson 1963, p. 162). Therefore, in

extending the regression equation to k variable s, we must assume a multivariate normal

distribution among the Y's and X's.

The assumption of serial independence in the disturbances E(u t u t+s) = 0 for all t

and s not equal to 0 is a crucial assumption. If the disturbance term is in fact

autoconelated, the consequence is that the sampling variance of the B's will be unduly

large. The usual t and F tests are not valid because of this. In addition, the predictions

will be inefficient; that is, predictions with needlessly large sampling variances will occur.
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Autocorrelation of residuals can be overcome by using transformations (e.g., first

differences of the variables weighted in accordance with their serial correlation). In this

study we accomplish this by using lagged dependent variables as independent variables

and by using the principal component transformation.

The problem of multicollinearity of the explanatory variables is eliminated here

by using the orthogonal transformations.

The assumption of homoscedasticity is vital for a uniform distribution of variance

in the residuals. If in fact this assumption does not hold, the result is a constant form of

err- or as a function of the explanatory variables. This problem can be overcome by using

transforms such as log transforms.

One of the problems of using lagged values of the dependent variables on the

right-hand side of the equation is that the resulting least squares values tend to be biased.

Johnson (1963, p. 212) shows that for the model

Yt	 A BYt-1 + et ,

where the e t 's are assumed to be serially independent, they are in fact not. One of the

conditions for the application of simple least squares is

E f et [Yt+.7--E(Yt+7)] I 	= 0

for all t and for 7	 -1, 0, 1, ...

This implies that e t should be independent of future values Yt+i ,Yt+2 , etc., as well as of

current and past values. In the lagged model, et influences Yt because of its relationship

to Yt _ i . Thus, while e t is independent of Y t ,Yt _ i ,..., it is not independent of Yt+i ,Yt+2 ,

etc. As a result, the least squares estimates will be biased, but if the disturbance term is

normally distributed, the estimates will have the asymptotic desirable properties of

consistency and efficiency. Thus there is some problem in using lagged dependent

variables.
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Estimation of Missing Monthly Precipitation Values

McDonald's method for estimating missing values (McDonald 1957) is identical to

the normal-ratio method of Paulhus and Kohler (1952) except that here it is applied to

missing monthly totals rather than to missing storm totals. Following the symbolism of

McDonald: Let Pik be the total precipitation reported for the ith month at the kth

station of a group of climatologie stations within the Bright Angel Creek area; let Pik be

the mean value for that kth station and ith time period over a specified long period of

years. If the jth station has no report for the ith period, then an estimate of this missing

value, denoted by Pii , is given by

P•• = n (137-j/137k)Pik •
k=1

The station whose missing datum is to be estimated is the "interpolation station," and

the several stations whose data are employed to carry out the estimate are "index sta-

tions." According to McDonald, one can expect an error of about 25% using this method.
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Table II-1. Precipitation at Bright Angel Creek Ranger Station, Arizona, for Water Years 1926-1966

(in inches).

WATER
YEAR LC7 n i139 DEC JAN FEN MAR APR MAY JUN JUL AUG SEP ANNUAL

1926 3.95 3.41 3.15 .72 2.62 8 2.56 8.87 1.65 .13 1.81 1.51 1.98 32.36

1927 .70 1.73 5.238 1.69e 8.3 8e 2.02 0 .64e 0.00 4.14 .88 4.59 5.49 35.49

1928 3.77 1.24 3.31 .91 4.760 1.80 1.13 1.27 .11 1.03 • 57 1.99 21.89

1929 1.95 1.40 2.270 3.85 3.428 1.30 .93 .48 .02 3.63 2 •45 2.23 23.93

1930 .46 .10 0.00° 5.27 3.34 2.41 .78 2.91 .99 3.25 2.76 1.75 24.02

1931 .33 3.11 0.00 1.30 4.34 .36 1.31 1.21 2.33 3.07 2.95 1.65 21.96

1972 .76 4.70 6.75 3.72 13.33 .95 1.05 2.84 .70 1.81 2.19 .61 39.41

1913 .57 .30 2.588 4.64 .01 .16 .88 1.40 .16 3.21 3.16 1.14 18.21

1 9 7 4 1.60 .73 .81S • 430 2.25e .01 .37 2.82 .29 .67 3.21 .76 13.95

1925 .6 0 3.48 1.248 5.49 4.70 6.16 2.12 1.59 0.00 2.45 2.62 1.44 31.89

1 9 36 .01 • 95 .99 8 2.14 4.95 5.76 .30 .21 .37 2.15 3.54 2.80 24.17

1937 2.23 .32 6.10 3.09 5.73 5.38 .91 .28 .57 1.77 1.09 5.42 32.89

1978 .010 .08 3.71 3.40 4.01 7.88 .22 1.47 1.35 .40 .87 .55 23.95

1939 .96 .47 4.47 4.13 2.25 3.08 1.36 .22 .01 .46 .29 12.31 30.01

1940 .37 1.47 .71 2.88 4.26 1.07 2.70 1.37 .08 .49 4.15 5.32 24.87

1941 2.36 1.51 4.15 3.91 5.40 4.50 6.16 .94 1.21 1.10 2.26 1.96 35.46

1942 4.1C .88 4.33 .63 3.94 2.38 1.91 .23 0.00 1.42 1 •52 .86 22.20

1 94 3 1.49 • 46 2.51 6.16 1.92 4.61 .930 0.00 .06 .68 4.01 1.43 24.26

1944 1.19 .26 1.24 2.50 4.56 3.28 1.97 .75 .02 .40 .34 .21 16.72

1945 .01 2.60 1.97 1.15 3.37 7.07 1.22 .12 .11 2.02 2.77 .04 22.45

1946 2.26 .21 3.69 1.75 .91 3.55 3.790 .18 0,00 3.14 1.91 1.04 22.43

1949 2.74 4.45 3.06 .93 .69 .50 .45 1.80 .26 .70 2.24 .20 18.02

194e 1.93 1.35 2.87 .67 2.62 2.42 .40 .30 1.06 1.08 3.04 1.27 19.01

1949 1.69 .02 2.98 6.67 2.84 1.03 .48 .99 3.13 .17 1.59 3.54 2.13

1950 1.31 .86 2.97 3.46 3.63 1.53 .08 .76 .26 3.14 3.13 1.60 20.73

1951 0.00 .33 .87 2.36 1.53 1.72 2.838 .89 0.00 1.09 8.34 1.20 21.16

1952 1.97 .93 8.84 6.88 .95 7.16 3.15 .20 .55 1.84 1.40 2.92 36.79

1953 0.00 1.92 1.95 1.87 .82 1.30 2.57 .52 .96 4.16 3.55 0.00 19.62

1954 1.24 .76 1.15 1.47 2.08 5.46 .15 .55 1.67 3.21 .39 1 •88 20.41

1955 .53 .17 1.38 2.56 3.13 .22 .30 .07 3.15 1.07 4.05 .02 16.65

19 5 6 0.00 3.86 2.38 4.63 .62 .27 .60 .78 .24 2.30 2.53 0.00 18.21

1 95 7 1.57 .01 1.64 7.73 2.36 1.24 2.33 4.67 1.37 3.14 3.96 0.00 30.02

1958 3.38 3.29 2.95 1.64 3.00e 5.81e 2.70 1.53 0.00 .54 3.31 4.17 32,79

1958 1.06 0 1.618 • 59e .798 4.538 .19e 3.068 .32 1.04 1.75 2.99 .36 18,28

1940 1.1E8 1.098 6.308 2.290 4.58 8 .268 1 •44e .41 .91 1.03 2.06 2.08 23.64

19 4 1 5.68 1.3 9 2.318 2.41e .38e 5.31e • 82e • 4q .12 2.62 4.28 1,32 26.14

1962 .64 1.698 3.27e 3.54 8 4.66e 2 •248 .33e 2.45 .97 .63 2.45 1.32 24.19

1963 .95 1.13 1.51°- • 848 2.96 8 1.45e 1.68 e .01 0.00 .09 8.16 1.96 20.74

1964 1.20
1 •66e • 588 2 • 3 3e • 45e 4 . 37 e 3 •89e 1.22 .57 2.29 1.92 1.06 21.55

1965 .02 2.448 3.59e 4.278 3,76e 4.69e 5.97e 5.66e 1.25 2.59 1.05 2 •85 38 •14

1966 1.02 5 •478 5 •13 8 1 •21 8 4.1oe 1.47e 1.67 8 .70 .95 3.96 2.10 .87 28.65

e = estimated
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Table II-2. Runoff at Bright Angel Creek near Grand Canyon, Arizona, for Water Years 1924-1966

(in acre-ft/b00 5 ).

WATER
YEAR OCT NOV DEC JAN FEB MAR APR MAY JUN JUL AUG SEP ANNUAL

1924 1.75 2.00 2.00 1..95 1.77 1.84 3.18 3.10 1.67 1.70 1.45 1.65 24.06

1925 1.37 1.34 1.54 1.44 1.36 1.63 3.03 2.44 1.45 1.41 1.38 1.38 19.77

1926 1.21 1.26 1.35 1.24 1.16 1.61 8.66 8.54 2.01 1.63 1.34 1.37 31.30

1927 1.34 1.33 1.52 1.36 2.35 1.82 6.42 10.38 2.22 1.64 1.58 1.76 33.72

1928 1.58 1.68 1.63 1.63 1.56 3.01 6.87 5.36 1.80 1.51 1.46 1.43 29.52

1929 1.42 1.45 1.45 1.45 1.34 1.47 3.38 4.60 1.55 1.51 1.40 1.34 22.36

1930 1.28 1.31 1.35 1.36 1.35 1.41 3.56 3.27 1.60 1.40 1.30 1.27 20.40

1931 1.33 1.31 1.35 1.36 1.34 1.40 2.13 1.84 1.24 1.19 1.20 1.17 16.86

1932 1.20 1.21 1.27 1.27 2.63 2.18 10.60 14.20 3.20 1.72 1.53 1.37 42.38

1933 1.43 1.44 1.39 1.43 1.22 1.44 1.64 2.14 1.51 1.22 1.24 1.03 17.13

1934 1.12 1.02 1.16 1.19 1.10 1.27 1.24 1.17 1.04 .97 1.15 1.07 13.51

1935 1.12 1.17 1.27 1.23 1.11 1.48 6.97 9.32 3.78 1.59 1.35 1.22 31.61

1936 1.14 1.16 1.24 1.23 1.41 1.49 7.21 4.53 1.44 1.45 1.69 1.32 25.31

1937 1.21 .1.23 1.22 1.21 2.45 2.03 8.54 15.73 3.16 2.12 1.45 1.57 41.92

1 9 38 1.50 1.51 1.62 1.55 1.61 3.61 12.89 11.57 3.04 1.98 1.82 1.59 44.34

1939 1.62 1.63 1.63 1.62 1.41 1.77 5.58 3.56 1.59 1.41 1.44 2.65 25.91

1940 1.72 1.52 1.51 1.67 1.86 3.05 8.96 5.05 1.93 1.43 1.35 1.48 31.53

1941 1.58 1.47 1.80 1.89 2.82 3.91 5.22 30.78 7.79 2.72 2.54 2.16 64.48

1942 2.69 1.81 2.03 1.91 1.67 1.78 6,66 4.20 1.94 1.81 1.74 1.68 29.32

1943 1.80 1.56 1.63 1.64 1.53 2.35 10.14 7.07 1.74 1.45 1.54 1.35 33.80

1944 1.62 1.44 1.62 1.63 1.60 1.80 2.31 7.51 2.49 1,64 1.32 1.35 .26.33

1945 1.36 1.40 1.47 1.45 1.36 1.55 3.50 8.19 1.76 1.68 1.56 1.38 26.66

1946 1.47 1.26 1.47 1.42 1.24 1.56 5.24 3.77 1.48 1.59 1.38 1.23 23.11

1947 1.42 1.41 1.46 1.52 1.33 1.79 2.59 1.82 1.26 1.21 1.47 1.23 18.51

1948 1.30 1.31 1.34 1.31 1.17 1.31 3. 03 3.29 1.43 1.27 1.69 1.09 19.54

1949 1.17 '1.06 1.30 1.28 1.28 1.37 4.64 4.00 1.49 1.13 1.04 1.06 20.72

1950 1.21 1.10 1.16 1..16 1.21 1.77 5.85 2.92 1.41 1.26 1.21 1.12 21.3 8

1951 1.17 1.19 1.23 1.26 1.10 1.22 1.44 1.83 1.25 1.19 1.24 1.08 15.20

1952 1.17 1.11 1.55 1.42 1.27 1.54 .8-.29 18.79 3.89 1.79 1.49 1.37 '	 43.68

1953 1.29 1.29 1.37 1.30 1.06 1.30, 1.60 1.46 1.07 1.23 1.30 1.08 15.35

1954 1.67 1.03 1.06 1.08 .97 1.37 3.24 2.54 1.14 1.04 .94 .93 16.43

1955 1.67 1.65 1.07 1.13 1.00 1.11 1.35 1.28 1.08 .92 .04 .88 12.90

1956 .94 1.65 1.08 1.22 1.00 1.37 2.66 2.43 1.15 1.05 1.07 .93 15.97

1957 1.64 1.03 1.12 1.26 1.32 1.56 3.93 7.20 4.38 1.59 1.55 1.12 27.1 0

1 9 58 1.22 1.36 1.33 1.22 1.32 1.82 8.03 23.12 2.34 1.79 1.54 1.56 46.65

1959 1.41 1.49 1.40 1.50 1.38 1.14 1.30 1.10 .00 .89 1.19 ..95 14.76

1960 1.67 1.18 1.31 1.29 1.23 1.48 3.54 2.66 1.29 1.15 1.08 1.07 18.35

1961 1.33 1.21 1.25 1.18 1.04 1.38 4.10 3.01 1.38 1.18 1.04 1.04 19.14

1962 .99 .99 1.36 1.47 1.68 1.38 5.17 2.59 1.11 1.13 1.23 1.35 20.46

1963 1.30 1.30 1.34 1.34 1.23 1.42 1.24 1.33 1.17 1.19 1.66 .88 15.40

1964 .98 :99 1.04 1.01 .93 .99 2.00 2.61 1.15 1.02 .96 .83 14.46

1965 .91 .99 1.08 1.03 .94 1.05 2.26 8.79 3.55 1.28 1.16 1.16 24.22

1966 1.07 1.65 1.53 1.28 1.03 2.01 4.71 2.04 1.11 1.06 1.12 1.08 19.69

*In the text, for purposes of comparison with precipitation, these values were converted to
inches by dividing by the total area of the catchment.



Table 11-3. Precipitation at Grand Canyon, Arizona, for Water Years 1924-1966 (in inches).

WATER
YEAR OCT NOV DEC JAN FEB MAR APR MAY JUN JUL AUG SEP ANNUAL

1924 .36 .78 3.35 .18 .02 3.74 1.07 .37 0.00 2.24 .40 2.06 14.57

1925 1.71 .30 3.51 .19 .91 .94 1.0.0 .61 .97 2,07 2.40 3.47 17.48

1926 3.23 1.39 .99 .16 1.37 .92 3.96 1.38 .49 .58 2.48 1.94 18.59

1927 .53 .76 2.86 .79 4.39 .99 .40 .20 3.11 .94 3.77 3.40 22.14

1928 1.56 .96 2.43 .37 2.49 1.08 .75 .93 .14 .77 3.00 . 43 14.51

1929 1.25 1.01 1.24 1.26 1.79 .35 .42 .13 .05 3,32 2.32 .55 13.99

1930 .26 0.00 0.00 1.86 .92 1.01 .67 1.72 1.89 .93 13.31

1931 .26 1.36 .01 .57 1.86 .39 .96 1.30 ::: :::: 1.47 1.37 11.56

1932 .3 2' 2.34 2.45. 1.32 4.00 '	 .58 .15 1.41 .27 .95 1.44 .23. 15.44

1933. .95 .03 1.41 1.83 .10 '	 .10 .81 .73 .69 2.69 1.55 1.09 11.38

1934 .76 .40 .44 .20 1.18 .23 1.30 1.15 .16 1.47 2.19 .38 9.86

1935 .18 1.41 .68 1.52 1.16 2.02 .50 1.06 0.00 2.14 3.15 1.4 0 15.22

1936 .10 .49 .54, .18 2.72 1.7 0 .10 .20 .15 1.80 2.73 1.46 12.17

1937 2.18 .51 2.20 2.14 2.61 2.56 .70 .27 .09 1.68 1.22 5.86 22.02

1938 0.00 .62 2.12 1.39 2.90 3.82 .11 1.27 .99 .35 3.36 .32 16.65

1939 .66 .34 1.67 1.64 1.22 1.30 .97 .43 .01 1.55 .49 8.64 18.92

1940 .45 .72 .31 2.60 2.86 .	 .58 2.25 .28 .84 .27 3.57 3.92 18.65

1941 1.58 1.05 2.89 2.34 3.67 2.75 3.11 .89 .59 .96 2.11 1.76 24.00

1942 3.24 .42 2.49 .19 1.39 .75 .84 .01 0.00 1.80 1.21 .70 13.04

1943 .34 .49 1.96 2.14 .85 1.52 .58 0.00 0.00 1.24 2.43 1.03 12.58

1944 .98 ..27 1.22 .85 2.27 1.87 1.47 .66 . 09 .85 .36 .03 10.92

1945 ,45 1.31 .70 .68 1.36 2.56 .46 .66 .03 1.10 2.19 .19 11.09

1946 1.07 .02 2.93 1.33 .39 1.74 2.37 .37 0.66 3.78 2.92 1.62 18.54

1947 1.52 1.91 .75 .34 .25 .30 .33 .77 .21 1.22 3.22 .14 10.96

1948 1.78 1.14 2.10 .70 1.17 1.26 .24 .01 .52 1.98 2.64 .90 14.44

1949 1.72 .65 2.33 4.14 1.17 .80 .06 .70 .99 1.27 1.78 3.65 18.66

1950 1.25 .45 1.62 1.24 2.09 1.49 .01 .35 .02 2.22 .80 1.75 13.29

1951 .12 .11 .08 1.02 .92 .87 .86 .55 1.09 .67 3.84 1.25 10.29

1952 2. 90 ,56 4.21 2.39 .71 2.64 2.36 0.00 .53 2.17 2.00 2.52 22.59

•1953 0.00 1.46 1.04 .87 .31 .76 .91 .63 .40 2.81 3.56 0.00 12.15

1954 .39 .53 .33 1.05 .69 3.09 .01 .48 1.13 1.43 .66 2.75 12.54

1955 .36 .17 .70 1.72 1.60 '	 .31 .38 .12 2.54 1.38 2.09 .05 11.42

1956 0.00 .99 .69 1.63 .53 .10' .25 .32 .33 1.94 .35 .01 7.14

1957 1.09 0.00 1.05 3.74 .77 .81 .S'2 2.42 .59 1.67 3.84 .04 16.85

1958 3.33 2.46 1.02 .60 1.97 3.28 .86 1.30 .01 .17 2.93 3.85 21.78

1959 .70 .8 0 .23 .29 2.29 .01 ion .16 .81 .58 1.54 .28 9.50

1960 1.34 .92 3.77 1.34 2.73 .41 1.26 .40 .50 .37 1.20 2.26 16.50

1961 3.74 .58 1.37 .76 .30 2.70 ,63 .14 0.00 1.64' 4.18 1.44 17.48

1962 .20 .77 1.62 1.51 2.28 .95 .01 .52 1.16 .90 .92 .58 1 1.42

1963 1.36 .39 .86 .42 1.58 .74 1.09 .16 .01 .41 5.96 1.79 14.77

1964 .84 .74 -	 .14 .94 .07 1.99 2.24 .71 .65 1.11 1.13 .28 10.87

1965 .01 .79 1.52 1.62 1.55 1.91 3.23 3.00 .61 .74 .40 1.99 17.37

1966 .45 2.71 2.49 .30 1.85 .44 .69 .38 .16 2.78 2.20 .54 14.99

150



151

Table II-4. Precipitation at Alpine. Ranger Station, Arizona, for Water Years 1929-1966 (in Inches).

WATER
YEAR OCT NOV OEC JAN FEB MAR A Pk MAY JUN JUL AUG SEP ANNUAL

1929 2.80 1.62 1.61 1.10 .608 .80 1.56 2.04 0.00 6.05 2466 4.43 25.27

1930 1.82 .45 .05 2.43 .50 3.36 .20 4378 .29 4.22 3.46 1.73 18.85

1931 .80 3.53 .20 .51 2.42 1.42 2.05 .44 .97 5.41 6.21 5.88 29.84

1932 .54 4.30 1.65 3.30 2.340 1.50 2.12 .20 .20 4.08 3.42 1.04 24.69

1933 2.49 0.00 2.50 2.208 2.77e .110 .49 .00 .83 3.80 2.16 3.75 21.18

1934 2.30 2.80 .25 . 88 .90 .I5e .43 .668 .27e 1.46e 5.88 8 2.81 0 18.18

1935 .43 1.06 1.57 2.34 1.20 .93 .52 .82 .72 3.17 6.23 .68 19.67

1 9 36 .50 1.38 1.49 .52 .99 .82 430 .66 .37 3.06 5.00 3.24 18.33

1 9 37 .37 1.83 .93 1.31 2.45 1.04 6,05 .61 2.49 2.91 1.92 3.348 19.25

1938 1.84e . 0e 1.158 .50 1.53 7,48 .51 .20 2.17 2.268 2.82 1.53 17.24

1939 .01 .10 1.258 2.14 1.50 1.41 2.20 .01 0.00 1,72 3.94 2411 16.39

1940 ..57 1.66 1.65 .70 2.21 .54 1.10 1.56 .67 2.40 3.43 4.50 20.99

1 9 41 .86 1.78 3.398 1.44 2.07 2.08 1.68 1.50 ,65 2.10 3.48 4.62 25.65

1 9 42 2.79 1.64 2.01 1.98 .87 .76 .72 .01 .10 1.14 3.08 1.63 16.73

1 9 43 1.66 .01 1.88 1.92 1.03 .94 '	 .20 .58 1.59 1,89 5.66 2.70 20.06

1944 2.37 .01 1.49 .60 1.20 1,08 .34 .39 .69 2,43 2.038 3.83 16.46

1945 1.67 1.80 1,27 1.78 .10 2.38 .20 .17 .20 2.44 2.63 1.01 16.05

1946 1.59 .01 1.36 1.75 .18 .98 .65 .24 .84 2.86 4.23 2.86 17.05

1947 1.01 1.49 .92 .60 .24 .07 .10 1.07 .27 3.57 4.73 2.95 17.02

194 8 2.19 1.09 1433 .86 2.70 2.01 .03 .25 .78 2.51 3.78 1.82 19.35

1949 1,95 .12 3.00 6.99 .84 .91 .78 .27 1.18 4.02 3.41 1.30 24,77

1 9 50 1.45 .12 1.76 .71 .94 .80 .02 .06 .41 5.76 1.02 2417 15.24

1951 .30 .12 .04 1.38 .57 '58 1.06 .30 0.00 2.04 6.31 .75 13.45

1952 3.12 .e2 2.62 3.93 .49 1.37 1.74 .19 1,63 2.91 2.89 2,93 24.64

1953 0.00 1.57 .88 .03 .65 2.50 .89 .35 .67 4.49 1.50 .07 13.60

1954 .41 .65 ,65 .7n .06 3.91 .03 .74 .54 7.32 4.94 2.34 22.29

1955 1.05 .06 .29 2.40 .37 .29 .47 .96 1.18 2.66 4.29 .31 14.38

1956 .93 .35 .56 1.03 1.77 .05 .59 .30 1.06 2,54 2.50 .48 12.16

1957 .79 0.00 .12 3.02 .82 1.46 .90 1.60 2.17 5.40 8.79 .19 25.26

1958 3.88 .7? .23 .90 2.10 3.08 1.47 .61 1.26 2.77 4.10 3.61 24.73

1959 3.50 .84 .06 .34 1.23 .03 174 0.00 1.19 3.24 3.37 .37 14,91

1960 4.47 1.02 2.62 1.55 .91 .73 .23 .55 .49 1.61 3.78 1.78 19.74

1961 4.71 .19 1.98 o67 .41 1.39 .15 .07 .75 2.65 4.09 2.29 19,35

1 9 62 3.87 2.77 2.62 2.09 .80 .74 .40 .01 .74 1.63 .95 2.66 19.48

1963 3.40 1.74 1.70
0 2.50 1.20 .70 .50 .07 .12e .26 4.30 70.462.59

1 9 64 2.76 1.5e ,250 .61 1.12 .63 .92 .11 .65 6.54 4.81 4.62 24.60

1965 .26 2.11 1.38 2.4 1 1.87 .49 .77 .19 1,34 5,72 1.73 2.55 20.62

1966 .75 1.57 4.42 .73 1.14 .40 .29 .03 .41 4.03 3,35 2.68 19.79

_

e = estimated
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Table II-5. Precipitation at Jewett Ranger Station, New Mexico, for Water Years 1929-1966
(in Inches).

WATER
YEAR OCT NOV DEC JAN FEB MAR APR MAY JUN JUL AUG SEP ANNUAL

1929 1.70 .74 .26 .35 .53 .76 .68 1.07 .01 4.02 3.89 4.62 18.03

1930 .59 .47 .11 2.33 .66 .77 .24 .21 .16 3.16 3.04 2.41 14.15

1931 .04 1.20 .12 .42 1.86 1.01 1.89 .14 1.06 3.68 2.62 2.99 17.03

1932 .56 1.56 .85 1.14 1.12 .956 1.746 1.04 0.00 4.00 4.83 1.36 19.15

1933 1.358 0.00 1.12 1.73 1.40 .14 .59 .11 1.62 2.70 1.90 2.06 14.72

1934 1.26 .88 .01 .30 .75 .20 1.47 .60 .33 .75 5.02 2.97 14.48

1935 .40 .55 1.65 3.63 1.01 .85 .84 1.34 • 30 1.33 5.83 2.03 19.76

1936 .22 .60 1.91 .90 1.90 .35 .60 .50 1.25 1.73 2.51 3.05 15.52

1937 1.12 .10 1.15 5.13 1.46 .55 .08 1.26 1.25 2.10 2.20 2.32 14.72

1938. 1.76 6.66 1.03 .33 .78 1.60 .63 0.00 1.52 1.70 2.65 2.50 14.50

1939 .65 .01 .95 1.78 .49 1.55 .43 .54 0.00 .58 1.91 1.39 9.68

1946 1.16 .32 • 976 .43 1.83 .28 .98 1.61 .97 2.01 2.75 3.97 17.28

1941 .20 1.80 2.97 1.19 1.00 1.59 3.11 1.78 .52 1.87 2.53 4.49 23.05

1942 6.40 1.48 1.61 .62 .75 .36 1.04 0.00 .18 1.50 2.16 1.81 13.91

1943 1.03 0.00 1.17 1.19 .71 .68 .36 .52 1.33 2.48 5.77 .97 16.21

1944 .83 .05 .81 1.57 1.18 .59 .55 .01 .03 1.79 1.63 2.72e	 . 11.76

1945 • 99e 1.066 .988 ,85 .35 1.43 .36 .09 .12 1.48 3.58 .53 11.82

1946 1.22 0.00 .64 1.48 .18 1.03 .67 .03 '.38 2.36 2.87 2.98 13.84

1 9 47 .886 .54 .618 .61 .12 .04 .05 2.26 1.10 1.96 5.81 .82 14.80

1948 1.04 .68 .848 .56 2.15 1.10 0.00 .41 1.91 2.70 1.87 .90 14.16

1949 1.91 .08 1.58 2.36 .44 .53 .69 1.03 2.23 3.34 4.16 2.07 20.42

1950 1.62 6.00 1.39 .10 .59 .49 . 0 3 .	 .01 .09 4.33 .60 1.09 9.74

1951 .14 6.00 .61 .80 .406 .63 1.30 .22 .01 2.57 3.55 .89 10.60

1952 1.43 .43 2.00 2.14 .31 2.22 2.66 .25 1.93 3.52 1.29 1.42 19.60

1953 6 .00 .87 .36 .09 .47 1.82 1.15 .33 .68 4.42 1.28 .01 11.48

1954 .34 1.17 .47 .51 .16 3.27 .01 .37 .38 4.09 2.68 .69 14.14

1955 1.03 . 0 5 .22 5.20 .35 .04 .21 .78 .62 2.00 4.54 .23 11.27

1956 .92 .06 .60 .90 .93 .01 .54 .61 .34 2.58 1.11 .11 8.71

1957 .68 ' .01 .65 1.02 .31 .78 .37 1.16 1.38 1.81 8.87 .	 .97 17.41

1958 2.78 .65 .21 .71 .78 2.31 1.72 .04 .80 1.94 3.78 2.41 18.13

1959 1.32 .61 .01 .01 .75 0.00 .45 0.00 .90 3.47 4,69 .30 12.51

1960 2.89 .77 1.84 1.22. .16 .26 .18 .76 .86 .20 1.56 .65 11.35

1961 4.01 .13 .70 .31 .07 1.41 0.00 .04 .19 1.86 2.07 2.47 13.26

1962 3.01 .78 1.37 .73 .49 1.02 .47 . 0 2 .37 1.77 1.04 2.79 13.86

1963 1.78 1.05 .88 .78 .74 .17 0.00 0.00 .06 2.32 4.94 2.27 14.99

1964 1.60 .83 .07 .15 .26 .46 .76 .14 .14 3.82 3.79 3.68 15.70

1965 .22 .64 .79 .14 .58 .27 .75 .10 2.55 4.62 2.39 3.58 16.03

1966 .41 .35 4.38 1.39 .87 0.00 .06 0.00 1.02 1.03 4.76 2.3 7 16.64

e = estimated
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Table II-6. Precipitation at Luna Ranger Station, New Mexico, for Water Years 1929-1966

(in Inches).

WATER
YEAR OCT NOV DEC JAN FEB MAR APR MAY JUN JUL AUG SEP ANNUAL

1929 1.88 .98 .58 .62 1.10 .20 1.05 1.34 .25 3.47 3.83 3.35 18.65

1930 1.45 .28 .12 1.92 .30 1.60 .20 .48 .51 2.94 1.57

1931 .70 1.07 .25 .55 1.20 1.21 .50 .62 2.87 1 	,3 :79: 4.00 1:::8:

1932 .81 1.69 1.63 1.178 1.67 .72 :::: .64 .23 4.62 1.55 .56 16.30

1933 1.12 0.00 1.17 1.09 1.90 .01 .32 .04 1.63 3.51 1.85 1.90 14.54

1934 1.51 1.70 .25 .06 .34 .01 .97° .66 .19 1.61 4.31 1.53 13.14

1935 .31 .90 1.23 1.80 .82 . 61 . 99 . 92 .32 1.70 3.56 3.07 16.23 

1936 0.00 1.22 1.55 .67 .77 .43 .24 .46 1.31 3.23 4.63 3.21 17.72

1937 .64 1.18 .60 .97 .84 .93 .00 .72 1.16 1.33 .98 3.05

1938 1.03 .16 .67 .48 .80 1.86 .22 .05 2.12 1.90 2.17 1.65 :::::

1939 . 06 .06 .90 1.30 .638 1.05 1.35 .20 .01 1.61 1.30 2.96 11.43

1940 1.40 .81 •748 .18 2.048 .20 .77 1.78 1.11 2.97 4.17 3.42 19.59

1941 .58 1.58 2.05 1.62 1.33 1.97 2.35 1.75 1.23 3.51 4.24 24.04

1942 2.50 1.87 1.64 1.62 .49 .24 .43 .01 0.00 471 12::: 1.31 13.64

1943 .89 0.00 1.67 1.06 .35 .36 .31 .57 1.1B 3.07 2.07 1.75 13.28 

1944 1.43 .048 .838 1.05 .87 .50 e01 .59 0.00 2.12 1.57 2.45

1945 .77 1.34 1.05 .84 .09 .97 .21 .04 .17 2.39 2.96 .62

1

11.

116146

45

1946

1947

1.14

1.25

0.00

.69

,90

.55

.85

.36

.01

.15

.32

.19

.18

.03

.01

1.07

.30

.10

3.18

1.99

5.49

3.53

4.14

.67

6	 0

10.58

1948 1.68 .35 .72 .51 2.21 .53 .01 .05 .97 1.99 1.78 1.63 12.43 

1949 1.62 .01 3.01 3.60 .32 .70 .41 .21 .91 3.568 2.81 1.12

1829:4:1950 .79 .05 .99 .22 .44 .33 .01 .08 .25 4.98 .61 .71

1951 .22 .08 .03 .93 .42 .73 1.35 .14 0.00 2.55 4.56 .80 11.81 

1952 2.25 .54 2.16 3.28 .53 1.44 1.76 .20 1.63 1.68 1.95 1.12 18.54 

1953 0.00 .90 .35 .04 .82 1.94 .73 .24 .44 3.38 1.66 .01 10.51

.33 .43 .261954 .538 .12e 2.96e .02 .20 .09 2.78 1.75 .60

1955 1.28 0.00 .01 1.69 .20 .05 .25 1.18 .45 3.15 3.96 .05

1

12.27

::::1956 1.01 .10 .23 .81 1.11 .01 .25 .42 .49 2.78 1.45 .04

1957 .53 0.00 .18 2.10 .77 .92 .47 1.23 2.28 2.53 7.25 .04 18.30

1958 3.30 .54 .03 .46 1.55 2.14 1.35 .15 .73 .95 3.88 3.47

:::::1959 3.89 .44 .05 .36 .86 0.00 .40 0.00 1.31 3.24 3.76 .20

1960 4.12 1.10 1.65 1.15 .18 .37 .05 .44 .49 2,28 1.98 .92 14.73 

1961 4.34 .07 1.54 .41 .08 1.09 .03 .09 .44 1.68 2.24 1.59 13.60 

1962 2.44 1.60 1.49 .85 .13 .10 .27 .03 1.42 1.35 2.26 3.08 15.02 

1963 2.87 1.32 .85 .69 .59 .30 .58 .05 .16 2.00 2.13 2.59 14.13

1964 2.20 .72 .30 .19 .41 .32 .50 .01 .31 5.07 5.06 '	 5.33 20.42

1965 .17 1.14 .90 2.13 .70 .19 .81	 • .21 4.02 3.12 1.70 16.48

1966 .13 .92 4.76 .52 .79 .24 .14 .02 1::: 71.0.313 2.25 14.75

e = estimated
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Table II-7. Precipitation at Reserve Ranger Station, New Mexico, for Water Years 1929-1966

(in Inches).

WATER
YEAR CCT NOV DEC JAR FER MAR APR MAY JUN JUL AUG SEP ANNUAL.

1929 1.77 .80 .28 .25 1.28 1.41 0.00 2.96 2.59 2.26 14.81

1930 .96 .36 0.00 1.07

::: I:::

.48 0.00 .72 3.15 1.48 1.18

1931 .40 2.13 .05 .30 1.07 .45 2.22 .42 .56 1.60 1.78 2.87 1113:::

1932 .4e 1.30 2.25 1.23 2.14 .56 1.54 .37 .22 4.78 2.14 .83 .	 17.84

1933 1.07 0.00 .78 1.02 .66 0.00 .80 .04 1.79 2.62 3.66 1.06 13.52 

1934 1.17 1.14 0.00 .04 .36 .24 .87 .18 .28 1.88 3.63 1.67

1935 0.00 ,9e .92 1.02 .89 1.10 .83 .87 .54 1.28 4.56 1.27 11414:2:

1936 0.00 .31 .55 .72 1.62 1.02 .32 .43 1.79 1.33 1.97 3.09

1937 .87 1.19 .85 1.50 1.34 1.42 0.00 1.13 1.00 1.56 1.10 2.31 :::1257

1938 1.07 0.00 .92 .18 .85 3.00 .51 0.00 2.38 2.14 1.82 2.81

1939 0.00 0.00 .81 1.23 .85 1.82 1.10 .17 0.00 .66 2.52 1.16

10756.31 8271940 1.05 .70 .30 .78 2.54 .23 .23 1.36 1.25 1.30 3.99 3.44

1941 .74 2.32 3.12 1.56 1.37 ..95 2.90 1.17 .94 2.15 2.35 4.13 23.70

1942 2.60 1.97 1.25 .96 .638 .26 .43 0.00 . 13 .86 3.18 .92 13.19

1943 1.95 0.00 1.18 .63 .36 .70 .45 .07 1.22 2.58 4.45 2.84

1944 .67 .05 .83 1.04 .75 .90 .32 .52 .20 2.00 2.62 3.93 :::::

1945 1.85 1.61 .86 1.09 .11 1.69 .08 .01 .17 1.92 1.84 .39 11.62 

1946 2.19 0.00 .780 1.69 •06 .72 .64 .01 .37 1.63 2.23 3.380 13.70

1947 1.78 .47 .92 .42 .26 .06 .12 .79 .52 2.05 6.19 .45

1948 1.398 1.34 1.16 .59 2.48 1.96 0.008 .26 1.06 2.52 1.04 .76

4.011 4 164 51949 .89 .148. 2.318 3.30 .52 .64 .59 •37 .46 2.83 1.32 3.06 16	 3

1950 1.19 .10 1.69 .55 .72 .39 0.00 0.00 .17 2.90 .82 1.27 9.80

1951 .60 0.00 .18 1.22 .67 .63 1.08 • .25 0.00 1.56 3.80 1.08 11.07 

1952 1.60 .65 2.23 3.16 .32 1.94 1.10 .27 1.74 2.78 2.02 .38 18.19

1953 0.00 2.6361 .17 0.00 .76 2.51 .95 .16 .69 2.62 .72 .03 11.24 

1954 .26 .74 .07 .57 .440 4,58 .02 .26 .12 1.30 1.99 .87 11.22

1955 .99 0.00 .16 2.16 .18 0.00 .15 .88 1.00 3.27 4.02 0.00 12.81

1956 1.31 .02 .74 1.01 .66 0.00 .14 .49 .93 2.27 1.45 .13 9.15

1957 .70 .05 .14 2.40 .77- 1.00 .50 1.40 1.84 1.13 6.21 .06 16.20

1958 3.52 1.10 .46 '.36 1.19 3.39 1.82 .32 .54 1.69 3.58 3.34 21.31

1959 2.02 .61 .01 .23 1.24 0.00 .39 0.00 .39 4.48 2.77 .54 12.68

1960 3.37 .74 2.52 2.20 .19 .34 .02 .31 .32 1.20 1.73 .82 13.76

1961 4.05 .01 1.22 .34 .02 1.53 .06 .01 .33 1.30 1.33 2.31

1962 3.32 1.84 2.09 1.43 .50 .16 .51 0.00 .02 2.73 .43 3.96

1963 1.57 .97 1.93 .94 .59 .7•8 .60 .09 .01 .97 3.16 2.42

13.511 509 21964 1.20 .96 .14 .06 .17 .66 .49 409 .15 1.40 3.39 4.81 1

1965 .13 .87 1.06 2.00 1.09 .58 .89 .04 .70 2.34 3.32 3.40 16.42

1966 .42 .82 6.06 .49 .82 .11 0.00 0.00 .58 1.19 2.86 3.98 17.33

e = estimated
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Table 11-8. Precipitation for "Southwestern Mountain Region" for Water Years 1932-1966 (in Inches).

WATER
YEAR

.	 . OCT NOV DEC JAN PEU MAR APR MAY JUN JUL AUG SEP

32 .64 1.16 .71 .95 .88 .87 .51 .54 .41 4.16 3.14 .79

33 .87 0.00 1.17 .52 .79 .05 .32 .41 2.08 3.56 2.21 2.00

34 1.82 1.02 .23	 . .12 .44 .59 .72 .65 .28 1.83 4.03 1.36

35 .54 .68 .93	 ' 1.31 .93 .38 .56 1.19 .23 1.31 3.68 2.72

36 .30 1.12 .99 .99 .94 .29 .42 .76 .58 1.66 2.59 2.82

37 .37 .51 .45 .63 .90 .97 .09 1.38 1.54 1.54 1.59 2.36

3 8 1.32 .11 .58 .41 .80 1.04 .39 .09 1.89 2.21 1.59 3.08

39 .09 .13 .89 1.24 .73 1.24 .66 .13 .19 1.97 1.92 2.18

40 1.28 .83 .54 .58 1.71 .51 .56 1.09 1.35 2.40 2.76 2.77

41 .45 1.72 1.76 1.40 1.17 1.60 1.86 1.80 1.14 2.55 2.64 3.84

42 1.67 .76 1.14 .51 .56 .16 .78 .02 .16 1.70 3.26 1.63

43 1.06 .02 1.20 .82 .20 .86 .20 .41 1.76 2.32 2.66 1.73

44 .45 .24 .86 .46 .53 .40 .21 .37 .23 2.64 3.35 2.81

45 1.34 1.14 .73 .92 .09 .73 .15 .02 .06 1.51 2.58 .43

46 1.22 .01 .64 1.37 .07 .42 .26 .16 .26 2.54 3.80 1.81

47 .82 .71 .36 .47 .13 .25 .06 .87 .56 1.10 4.56 .56

48 .48 . .58 .68 .41 2.28 .63 .02 .26 1.33 1.48 1.69 1.12

49 1.35 .08 1.36 1.90 .53 .35 .55 .48 .88 2.99 1.59 2.53

50 .52 .08 .70 .23 .28 .35 .19 .01 .19 3.15 1.14 1.56

51 .39 .01 .02 .54 .30 .45 .72 .08 .01 1.54 2.47 .35

52 1.05 .35 1.14 1.12 .27 1.01 1.26 .57 1.48 1.94 2.12 1.07

53 0.00 .67 .34 .05 .64 1.27 .71	 . .11 .67 2.77 1.58 .03

54 .33 .36 .30 .29 .10 1.38 .16 .58 .50 2.33 2.85 1.67

55 .88 .01 .13 .83 .18 .11 .09 .58 .37 2.57 3.66 .11

56 .83 .05 .30 .71 .78 .01 .17 .19 .54 2.01 1.53 .06

57, .49 .01 .10 .97 .41 .77 .70 .84 .69 3.25 4.81 .24

58 2.24 .52 .16 .54 .93 2.15 1.10 .27 .72 1.83 2.45 2.72

59 1.92 .38 .06 .16 .53 .12 .46 .74 2.19 4.12 .07

60 2.06 .41 1.65 1.07 .28 .21 .08 .41 .64 1.64 1..53 018_

61 2.66 .05 1.09 .48 .12 . 84 .16 .03 .70 1.89 2.44 1.89

62 1.43 1.24 1.42 .86 .18 .44 .33 .01 .44 3.14 .79 2.90

63 1.45 .71 1.40 .65 .85 .24 .24 .05 .16 1.53 3.94 2.29

64 1.01 .69 .07 .13 .66 .45 .65 .33 .11 2.67 2.58 3.39

65 .13 .47 .63 .85 .57 .31 .56 .28 1.12 3.38 3.10 2.45

66 .25 .40 2.93 .60 .54 .12 .19 .03 1.35 2.52 3.07 2.11

Data from Decennial Census of United States Climate (U.S. Weather Bureau 1963), for New Mexico.
The region is designated "Region 4, Southwestern Mountains."



Table 11-9. Temperatures for "Southwestern Mountain Region" for Water Years 1932-1966
(°F, Monthly Averages).

WATER
YEAR OCT NOV nEc JAN FEB MAN APR MAY JUN JUL AUG SEP

32 57.3 37.4 27.6 26.2 38.6 39,5 49.7 55.7 64.0 66.9 67.6 60.6

33 50.3 41.1 26.4 26.8 29,2 41.8 43,3 53.0 65,1 69,1 66.8 64.4

34 54.1 42.7 38.1 31.6 38.8 45.8 50.6 61.5 64.2 70.8 68.5' 60.4

35 53.4 41.4 34.4 36.1 38.3 41.4 48.4 51.4 65.7 69.2 66.6 60.0

36 52.1 39,4 32.2 29.9 35.2 41.0 48.7 57.5 67.6 69.7 68.1 59.3

37 49,8 34.2 33.2 22.3 33.5 3 8.0 48.0 58.1 64,9 70.3 69.3 61.9

38 52.4 4 9 .5 33.8 32.3 36.5 40.9 48.1 55.8 65.3 67.3 66.6 59.8

39 52.2 36.4 35.1 30.7 28.5 42.3 49.8 51.2 67.5 70.4 67,8 63.1

40 50.3 41.6 37.8 33.6 35.7 43.2 48.8 58,3 66.4 69.2 66.6 61.6

41 50.0 39.6 38.1 33.6 38.6 40.4 41.8 56,4 6 1 .5 67.0 66.2 60.6

4? 50.7 40,9 34.1 32.4 31.9 37.? 47.9 55.5 65.8 69.7 66.2 60.5

43 50,2 44.3 36.3 34.0 38.9 42.0 52.1 57.9 64.6 68.7 68.8 61.6

44 49.9 40,2 32.2 30.1 34.2 3 0.6 45.7 55.5 64.1 68.6 67 • 8 60.6

45 52,5 38.3 31.7 32.6 38.2 39.5 45,6 57.1 62.6 69.6 69.4 61.6

46 57.7 40.0 29.6 27,5 34.4 41.6 52.5 55.6 67.5 69.0 6 7 .5 63.4

47 50,4 37.6 37.3 28,8 38.9 42.2 47,9 58,2 63.8 71.8 67.2 63.5

48 54.1 36.2 30.1 32.5 34.2 35.6 51.2 58.4 66.0 70.7 69.6 63.6

49 51.5 36.4 35,4 25,9 32.5 41.0 48.2 56.1 65.5 69.4 67,6 63.7

50 49,6 45.0 30.5 33.8 39.2 42.6 51,1 55.9 66.7 68.7 66.6 59.8

51 57.6 44.4 38.6 32.7 35.6 40.7 48,4 57.7 64,8 72.8 69.1 64.2

52 51,7 39.6 33.0 36.5 35.1 36.4 48.3 58.1 67.1 69.2 69.9 62.8

53 53.7 35.3 31.4 37.7 32.9 42.3 48.1 52.3 67.3 70.3 67.1 62.6

54 50.5 4 0 .4 28.2 34.3 39.2 40.1 52.6 57.8 65.0 71.0 66.2 63.1

55 53.9 42.0 32.2 28.3 29.5 40.0 46.0 54.5 63.9 67.8 67.4 61.7

56 53,3 41.5 36.7 36.9 30.1 42.2 46,7 58.7 68.1 66.4 64,6 63.4

57 5 7 .4 35.5 31.5 35.7 43.8 41.8 46,8 52.7 6 5,4 70.0 65,7 59.9

58 49.5 36.4 35.9 30.3 38.4 36.9 47.0 56.9 68.2 69.9 68.8 61.9

59 510 41.0 36.9 33.7 34.7 39.4 50.5 55.7 67.2 69.9 66,8 60.4

60 51.7 39.4 39.9 26.5 31.4 43.5 44,7 55.1 66.8 68,6 68.5 62.6

61 49.8 41.5 29,4 32.1 36.4 41,4 48.2 56.1 66.6 69.3 67.5 59.3

62 50.5 38.2 31.1 32.2 -38.7 36.0 51.4 54.7 62.4 67.7 68.2 62.1

63 52.0 43.2 35,6 29.1 37 4 0 40,6 414,6 58.4 62.8 70.7 66.3 62.7

64 53.6 41.5 32.6 27.1 27.8 36.5 44,8 56.2 63.8 69.9 67.0 60.6

65 5?,? 38.5 32.6 34,5 32.1 37,0 46,6 53.0 60.9. 68.3 66.4 59.0

66 51.2 42.5 32.8 27,1 28.7 41,2 48:6 57.7 63.9 70.8 67.4 60.6
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Data from Decennial Census of United States Climate (U.S. Weather Bureau 1963), for New Mexico.

The region is designated "Region 4, Southwestern Mountains."
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Table II-10. Runoff at San Francisco River near Glenwood, New Mexico, for Water Years 1928-1966
(in acre-ft/1000*).

WATER
YEAR OCT NOV DEC JAN FE8 MAR APR MAY JUN JUL AUG SEP ANNUAL

1928 2.46 2.10 1.94 1.88 2.54 4.98 3.35 3.27 1.14 3.17 4.15 1.78 32. 7 6

1929 2.08 2.20 1.96 1.91 1.82 1.91 2.08 1.44 1.08 3.11 6.33 3.33 29.25

1930 2.99 1.67 1.83 2.22 1.98 7.08 8.05 2.29 1.33 6.65 5.13 3.64 44.86

1931 1.55 1.71 1.42 1.42 4.97 2.30 5.81 6.98 1.50 2.63 8.77 9.19 48.25

1932 3.35 2.94 3.41 3.00 27.17 33.82 17.26 6.76 1.82 4.30 6.76 2.38 113.00

1933 207 2.00 204 1031 3.89 11.40 4.31 3.31 2.44 3.89 3.82 3.16 44.14

1934 2.99 3.38 301 1.93 1.68 1.20 1.12 1.08 .69 1.72 9.94 2.81 31.55

1935 1.55 1.52 1.76 4.06 3.79 5.98 3.91 2.62 1.65 1.14 4.44 3.26 35.68

1936 2.18 1.90 2.23 1.70 3.33 5.21 6.84 2.76 1.21 2.09 2.79 3.79 36.03

1937 2.16 2.25 2.14 1.89 20.39 22.90 11.60 4.46 1.41 1.68 1.65 2.58 75.11

1938 2.19 1.72 1.71 1.56 1.37 6.12 2.33 1.69 1.76 2.55 2.11 4.31 29.42

1939 1.19 1.23 1.46 1.64 1.59 9.17 6.86 1.56 .84 1.10 3.00 2.22 31.86

1940 2.25 1.65 1.69 1.73 3.72 5.23 2.36 1.91 1.16 2.80 10.84 6.12 41.46

1941 2.62 2.49 14.44 15.10 22.08 41.11 30.48 27.97 4.82 3.53 4.83 7.26 177.10

1942 6.06 4.71 900 6.61 4.67 8 .133 9.49 3.46 1.62 1.71 4.11 1.81 62.08

1943 2.0? 1.86 2.12 2.27 1.86 2.07 1.40 1.64 1.16 2.37 3.11 1.73 23.81

1944 2.70 1.98 1.91 1.81 1.65 2.09 1.35 1.16 1.08 1.96 3.113 3 .95 24.82

1945 1,75 1.84 205 1.93 2.78 7.19 8.39 3.72 1.26 1.51 5.23 1.60 3.9.25

1946 2.1n 1.58 1.45 1.62 1.39 1.37 1.03 1.04 .64 1.84 6.28 5.03 25.76

1944 2.8n 1.96 1.91 1.69 1.31 1.14 .83 .95 .78 .93 4.43 1.43 20.17

1948 102 1.33 1.32 1.35 1.81 8.2 0 9.94 1.35 .95 1.72 1.29 .68 30.97

1949 1.04 1.52 5.21 27.27 7.61 32.58 14.19 6.32 2.25 3.89 3.65 2.22 107.75

1950 1.80 1.40 1.86 1.90 1.48 1.38 1.05 .95 .63 2.93 1.35 1.05 18.18

1951 1.36 .84 1.11 1.29 1.33 1.02 .91 1.13 .88 1.02 3.87 .94 15.70

1952 1.64 1.51 1.78 26.74 3.19 4.92 15.96 6.83 2.99 2.24 2.36 1.36 71.52

1953 .9 1.37 1.67 1.45 1.15 2.10 1.16 1.11 .93 1.56 1.71 .55 15.66

1954 .74 .72 .80 1.15 1.04 6.42 1.15 1.30 1.27 2.21 9.30 1.70 27.80

1955 1.37 1.15 1. 0 7 1.25 1.14 .86 .61 .58 .73 4.67 8.45 1.14 02.92

1956 1.87 .44 .88 .83 .86 .87 .62 .53 .34 1.00 1.13 .46 10.12

1957 .64 .64 .83 1.24 ..93 1:01 .61 1.78 1.02 2.07 24.09 3.14 37.99

1958 2.28 2.27 1.37 1.17 1.30 29.50 32.92 8.36 1.50 1.07 2.61 6.46 90.81

1959 3,08 1.98 1.42 1.35 1.04 .70 .80 .69 .56 3.24 8.51 1.30 24.67

1960 2.28 4.35 4.36 10.30 4.65 18.95 4.90 2.20 1.15 1.16 .84 .85 55.99

1961 2.57 1.30 1.14 1.14 .97 1.36 1.38 1.27 .91 ..91 2.04 4.08 19.07

19 9 2 2.74 2.85 7.15 6.50 24.99 7.90 16.88 4.35 1.41 1.46 .97 2.12 79.32

1963 2.49 1.79 2.94 2.17 4.63 2048 2.97 1.62 .82 .81 6.00 4.53 32.96

1964 2.85 209 1.95 1.59 1.15 .79 .67 .88 .79 3.38 5.48 9.79 31.41

1965 1.55 1.40 1.70 3.87 3.94 5.76 7.52 3.14 1.25 4.07 '3.58 3.23 41.01

1966 .60 1.31 36.43 13.01 3.79 38.95 13.75 4.78 1.95 1.63 3.46 4.02 123.70

*In the text, for purposes of comparison with precipitation, these values were converted to
inches by dividing by the total area of the catchment.
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DRAGON CREEK

ID

	

MAP	 NUMBER	 1

	DATE	 0	 1	 2	 3	 4	 5	 6	 7	 8	 9	 0	 1	 2	 3	 4	 5	 6	 7	 8	 9

TREE	 RING	 INDICES	 NUMBER	 OF	 SAMPLES

190100

1695	 -	 90	 73	 78	 89	 93	 1	 1	 1	 1	 11700	 74	 79	 92	 56	 67	 86	 93	 87	 81	 128	 1	 1	 1	 1	 1	 1	 1	 1	 1	 21710	 137	 99	 106	 107	 95	 93	 86	 114	 168	 114	 2	 2	 2	 2	 2	 2	 2	 2	 2	 21720	 118	 95	 34	 .	 78	 115	 105	 107	 102	 92	 58	 2	 Z	 2	 2	 2	 2	 2	 2	 2	 21730	 55	 67	 46	 48	 53	 39	 69	 77	 86	 74	 2	 2	 2	 2	 2	 2	 2	 2	 2	 21740	 60	 96	 48	 62	 67	 90	 105	 99	 52	 83	 2	 2	 2	 2	 2	 2	 2	 2	 2	 31750	 80	 78	 74	 78	 93	 89	 78	 79	 88	 92	 3	 3	 3	 3	 3	 4	 LI	 4	 4	 41760	 83	 83	 78	 77	 113	 100	 95	 96	 76	 79	 5	 5	 5	 5	 5	 5	 5	 5	 5	 51770	 82	 89	 79	 47	 63	 79	 86	 81	 59	 81	 5	 5	 5	 5 	's 	5	 5	 5	 5	 51780	 74	 96	 46	 113	 138	 88	 79	 103	 89	 95	 5	 5	 5	 5	 5	 5	 5	 5	 5	 51790	 81	 92	 116	 104	 136	 128	 108	 118	 100	 125	 5	 5	 5	 5	 5	 5	 5	 5	 5	 51800	 122	 86	 124	 104	 89	 69	 91	 79	 95	 84	 5	 5	 5	 5	 5	 5	 5	 5	 6	 61810	 63	 107	 108	 65	 88	 97	 121	 93	 90	 92	 6	 6	 6	 6	 6	 7	 7	 7	 7	 71820	 96	 123	 112	 137	 129	 119	 143	 138	 156	 113	 7	 7	 8	 8	 9	 9	 9	 9	 9	 91830	 110	 130	 153	 135	 106	 132	 11,13	 113	 128	 138	 10	 10	 10	 10	 10	 10	 10	 10	 10	 101840	 117	 46	 --87	 ICI	 84	 76	 33	 67	 93	 122	 10	 10	 10	 10	 10	 10	 10	 10	 10	 101850	 96	 100	 104	 126	 101	 132	 95	 108	 133	 1C7	 10	 10	 10	 10	 10	 10	 10	 10	 10	 101860	 113	 116	 143	 112	 86	 106	 222	 182	 206	 170	 10	 10	 10	 10	 10	 10	 10	 10	 10	 101870	 190	 132	 91	 107	 91	 97	 74	 94	 81	 66	 10	 10	 10	 10	 10	 10	 10	 10	 10	 101880	 47	 64	 54	 71	 73	 89	 58	 62	 87	 129	 10	 10	 10	 10	 10	 10	 10	 10	 10	 101890	 116	 121	 99	 72	 105	 123	 66	 97	 114	 49	 10	 10	 10	 ID	 10	 10	 10	 10	 10	 1 01900	 70	 77	 73	 135	 88	 84	 120	 147	 164	 160	 10	 10	 10	 10	 10	 10	 10	 10	 10	 101910	 111	 172	 147	 114	 139	 143	 145	 103	 94	 118	 10	 ID	 10	 10	 10	 10	 10	 10	 10	 101920	 97	 121	 106	 101	 85	 65	 90	 112	 99	 80	 10	 10	 10	 10	 10	 10	 10	 10	 10	 10193 0 	98	 75	 78	 82	 81	 127	 86	 117	 118	 95	 10	 10	 10	 10	 10	 10	 10	 10	 10	 101340	 120	 133	 114	 84	 91	 82	 89	 83	 81	 84	 10	 10	 10	 10	 10	 10	 10	 10	 10	 10
1950	 95	 66 ,	 81	 94	 92	 78	 78	 77	 82	 55	 10	 10	 10	 10	 10	 10	 10	 10	 10	 10
1960	 64	 53	 60	 48	 50	 70	 74	 58	 10	 10	 10	 10	 10	 10	 10	 10

UPPER WATERSHED

00	 190300
MAP NUMBER	 2

TREE RING	 INDICES	 NUMBER OF SAMPLES
DATE	 0	 1	 2	 3	 4	 5	 6	 7	 8	 9	 0	 1	 2	 3	 4	 5	 6	 • 7	 8	 9
1613	 42	 75	 71	 68	 116	 156	 99	 1	 1	 1	 1	 1	 1	 1
1620	 IGO	 Ill	 51	 44	 48	 57	 42	 57	 63	 70	 1	 1	 1	 1	 1	 1	 1	 1	 1	 1
1630	 76	 53	 27	 91.	 76	 98	 102	 111	 117	 116	 1	 1	 1	 1	 1	 I	 1	 1	 1	 1
1640	 117	 110	 81	 81	 81	 76	 83	 80	 101	 77	 1	 1	 1	 1	 1	 1	 1	 I	 1	 1
1650	 105	 170	 66	 96	 57	 55	 67	 66	 62	 57	 1	 1	 1	 1	 2	 2	 2	 2	 2	 2
1660	 52	 60	 66	 67	 82	 82	 79	 76	 66	 87	 2	 2	 3	 3	 3	 3	 3	 3	 3	 3
1670	 76	 75	 66	 68	 83	 75	 86	 89	 97	 71	 3	 4	 4	 4	 4	 4	 4	 4	 4	 4

'1680	 142	 100	 95	 119	 100	 115	 85	 138	 116	 129	 4	 4	 4	 4	 4	 4	 4	 ta	 ta
1690	 105	 123	 139	 118	 105	 124	 116	 118	 126	 118	 5	 5	 5	 5	 5	 5	 5	 5	 5	 6
1700	 103	 112	 113	 88	 106	 128	 123	 90	 100	 105	 6	 6	 6	 G	 6	 6	 6	 5	 6	 6
1710	 123	 109	 123	 103	 97	 86	 106	 120	 135	 93	 6	 6	 7	 7	 7	 7	 7	 7	 7	 7
1720	 138	 143	 34	 99	 92	 98	 97	 87	 74	 58	 7	 7	 7	 7	 7	 7	 7	 7	 7	 7
1730	 82	 98	 76	 49	 71	 27	 62	 60	 67	 62	 7	 7	 7	 7	 7	 7	 7	 7	 7	 7
1740	 62	 101	 74	 124	 126	 112	 121	 135	 79	 117	 8	 8	 8	 8	 8	 8	 8	 8	 8	 8
1750	 95	 38	 67	 87	 34	 71	 83	 104	 84	 90	 8	 8	 8	 8	 8	 8	 8	 8	 8	 8
1760	 100	 116	 123	 102	 137	 115	 141	 136	 125	 Ill	 8	 8	 8	 8	 8	 8	 8	 8	 8	 8
1770	 133	 128	 120	 103	 1.04	 104	 101	 81	 71	 83	 8	 8	 8	 8	 8	 8	 8	 8	 8	 8
1780	 67	 76,	 76	 90	 113	 83	 85	 121	 99	 88	 8	 8	 8	 8	 8	 8	 8	 8	 8	 8
1790	 95	 90	 102	 91	 95	 110	 106	 107	 93	 100	 8	 8	 8	 8	 8	 8	 8	 8	 8	 8
1800	 103	 76	 95	 74	 80	 67	 79	 77	 69	 86	 8	 8	 8	 8	 8	 8	 8	 8	 9	 9
1810	 104	 99	 99	 72	 87	 99	 115	 105	 80	 79	 9	 9	 9	 9	 9	 9	 9	 9	 9	 9
1820	 81	 91	 101	 117	 133	 143	 145	 136	 154	 123	 9	 9	 9	 9	 9	 9	 9	 9	 9	 10
1830	 119	 139	 135	 147	 127	 149	 104	 120	 115	 131	 10	 10	 10	 80	 10	 10	 10	 10	 10	 10
1840	 113	 117	 79	 109	 104	 89	 117	 94	 134	 173	 10	 10	 10	 10	 10	 10	 10	 10	 10	 10
1850	 162	 124	 155	 140	 131	 131	 88	 98	 118	 87	 10	 10	 10	 10	 10	 10	 10	 10	 10	 tO
1860	 99	 86	 112	 92	 76	 82	 117	 133	 142	 131	 10	 10	 10	 10	 10	 10	 ID	 10	 10	 10
1870	 153	 100	 103	 94	 87	 95	 83	 105	 84	 GO	 10	 10	 10	 10	 10	 10	 10	 10	 10	 10
1880	 85	 90	 95	 84	 102	 130	 116	 108	 115	 110	 10	 10	 10	 10	 ID	 10	 10	 10	 10	 10
1890	 127	 122	 105	 80	 83	 91	 71	 93	 102	 67	 10	 10	 10	 10	 10	 10	 10	 10	 10	 10
1900	 81	 87	 71	 110	 98	 118	 118	 129	 120	 133	 10	 10	 10	 10	 10	 10	 10	 10	 ID	 10
1910	 120	 135	 130	 116	 134	 120	 111	 116	 109	 110	 10	 10	 10	 10	 10	 10	 10	 10	 10	 10
1920	 109	 120	 114	 145	 141	 149	 125	 134	 123	 110	 10	 10	 ID	 10	 10	 10	 10	 10	 10	 10
1930	 108	 90	 81	 89	 97	 89	 69	 105	 109	 89	 10	 10	 10	 10	 10	 10	 10	 10	 10	 10
1940	 103	 107	 93	 75	 74	 49	 56	 65	 77	 57	 10	 10	 10	 10	 10	 10	 10	 10	 10	 ID
1950	 64	 56	 68	 62	 72	 66	 57	 SO	 69	 60	 10	 10	 10	 10	 10	 10	 10	 10	 10	 10
1960	 54	 59	 65	 62	 69	 12	 53	 68	 10	 10	 10	 10	 10	 10	 10	 10



160

POINT IMPERIAL

DATE

1617

TREE

2

RING

3

INDICES

5 6

ID
MAP NUMBER

7	 8

206	 194

190400
3

9

156

0 1

NUMBER

2	 3

OF

4

SAMPLES

5	 6 7

1

8

I

9

1
1620 267 281 154 51 49 76 36 45 43 116 1 1 1 1 111111
1630 95 66 29 1135 96 121 183 101 108 88 1 1 1 1 1 1 1 1 1 1
1640 155 107 121 91 106 109 71 173 127 121 I 1 1 1 1 1 2 2 2 2
1.650 101 146 140 128 55 96 83 74 72 58 2 2 2 2 2 2 2 2 2 2
1660 70 154 111 67 70 43 44 50 25 67 2 2 2 2 2 2 2 2 2 3
1670 41 54 70 103 124 68 101 96 116 76 3 3 3 3 3 3 3 3 3 3
1680 13 6 181 138 158 66 36 51 88 104 106 3 4 4 4 4 4 4 4 4 4
1690 87 80 111 113 110 103 114 55 114 116 4 4 4 4 4 4 4 4 4 4
1700 121 139 111 47 74 112 89 56 70 83 5 5 5 5 5 5 5 5 5 5
1710 125 65 124 69 123 88 57 87 173 205 5 5 5 5 5- 5 5 5 6 6
1720 207 199 58 131 87 100 151 96 59 24 6 6 6 6 6 6 6 6 6 6
1730 65 82 73 47 44 24 65 52 95 28 7 7 7 7 7 8 8 8 8 8
1740 63 118 71 129 117 95 150 169 49 177 8 8 9 9 9 9 9 9 9 9
1750 78 94 48 80 71 77 62 84 90 113 9 9 9 9 9 9 9 9 9 9
1760 135 106 88 79 108 77 123 140 94 117 9 9 9 9 9 9 9 9 9 9
1770 143 162 124 78 111 148 125 106 94 97 9 9 9 9 9 9 9 9 9 9
1790 91 109 86 137 174 8 6 85 144 86 77 9 9 9 9 9 9 10 10 10 10
1790 86 121 165 147 83 152 107 95 65 87 10 10 10 10 ID 10 ID 10 10 10
1800 78 61 74 48 80 61 91 84 78 66 10 10 10 10 10 10 10 10 ID 10
1810 46 98 116 54 101 111 142 127 76 129 10 10 10 10 10 10 10 10 10 ID

1820 70 109 73 31 108 108 119 116 157 71 10 10 10 10 10 10 10 10 10 10
1830 109 161 129 148 126 165 124 167 157 159 10 10 10 le 10 10 10 10 10 10
1840 168 102 79 111 117 58 85 44 115 119 10 10 10 10 10 10 10 10 10 10
185 0 125 98 110 114 78 138 107 88 117 66 10 10 10 10 10 10 10 10 10 10
1860 72 60 144 70 38 80 144 137 164 150 10 10 10 10 10 10 10 10 10 10
1870 137 91 94 73 86 84 59 71 73 22 10 10 10 30 10 10 10 10 10 10
1880 61 66 57 57 83 91 72 63 74 89 10 10 10 10 10 10 10 10 10 10
1890 120 126 122 100 84 109 41 89 112 18 10 10 10 10 10 10 10 10 10 1 0

1900 76 76 41 99 31 89 118 150 153 131 10 10 10 10 10 10 10 10 IC 10
1910 133 149 157 114 135 160 133 152 121 118 10 10 10 10 10 10 10 10 10 10

1920 134 115 132 130 97 74 117 136 126 62 10 10 10 10 10 10 10 10 10 10

1930 97 99 118 85 62 131 86 127 100 90 10 10 10 10 10 10 10 10 10 1 0

1940 116 146 131 105 114 84 98 7 6 115 102 10 10 10 10 10 ID 10 10 10 10

1950 39 58 109 88 107 69 76 95 103 54 10 10 10 10 10 10 10 10 10 0 0

1960 95 89 69 28 110 90 93 89 10 10 10 10 10 10 10 10

U. CENTRAL wATERsHEo

DATE

1708

0 1

TREE

2

RING

3

INDICES

4	 5 6

ID
	MAP 	 NUMBER

	

7	 8

102

190500
4

9

93

0 1

NUMBER

2	 3

OF

4

SAMPLES

5	 6 7 8

1

9

1

1710 107 91 101 113 118 154 145 127 144 126 I 1 1 1 I 1 1 1 1 1

1720 191 180 105 139 127 108 113 88 118 84 I 1 L 1 I I 1 1 1 1

1730 113 111 99 79 119 67 78 42 64 69 1 1 1 1 1 I 1 1 1 1

1740 93 74 58 79 109 110 109 93 52 72 1 1 1 I 1 1 1 1 1 I

1750 58 54 35 34 37 31 43 70 92 108 I I 1 1 I 1 1 1 I 1

1760 134 141 121 107 129 104 92 110 98 87 2 2 2 2 2 2 2 2 2 2

1770 99 113 98 87 69 61 81 63 49 61 2 2 2 '2 2 2 2 2 2 2

1780 69 76 70 121 16 6 143 145 152 76 74 2 2 2 2 2 2 2 2 2 2

1790 80 86 104 114 113 148 103 100 72 99 2 2 2 2 2 2 2 2 2 2

1800 84 82 105 112 111 95 104 114 117 117 2 2 2 2 2 2 2 2 3 3

18 10 80 98 88 80 90 105 117 85 61 81 3 3 3 3 3 4 4 4 4 5

1820 72 77 69 92 106 106 109 95 106 79 5 5 5 5 5 6 6 7 7 8

1830 94 90 96 106 86 108 84 101 103 116 8 8 8 8 8 8 8 8 8 8

1840 109 98 80 97 97 99 116 112 146 143 8 8 8 8 8 8 8 8 9 9

1850 132 122 131 117 112 122 103 98 114 104 9 9 9 9 9 9 9 9 9 9

1860 92 92 110 97 64 76 105 106 105 100 10 10 10 10 10 10 10 10 10 10

1870 120 97 101 101 89 91 82 99 90 51 10 10 10 10 10 10 ID 10 10 10

1880 75 80 61 70 79 112 101 105 117 117 10 10 10 ID 10 10 10 10 10 10

1890 129 131 127 125 105 116 60 84 84 48 10 10 10 10 10 10 10 10 10 10

1900 69 75 50 89 51 85 92 101 120 125 10 10 10 10 10 10 10 10 10 10

1910 123 136 125 118 103 119 133 121 114 123 10 10 10 10 10 10 10 10 10 10

1920 109 125 106 117 94 90 112 125 129 115 10 10 10 10 10 10 10 10 10 10

1930 115 114 112 109 94 113 101 112 101 102 10 10 10 10 10 10 10 10 10 10

1940 118 122 114 105 113 96 101 88 91 101 10 10 10 10 10 10 10 10 10 10

1950 103 74 914 104 89 97 85 94 97 96 10 10 10 10 10 10 10 10 10 10

1960 96 100 95 43 80 19 16 79 10 10 10 10 10 10 10 10



QUARRY PIT RIDGE

DATE

1836

0 1

TREE

2

,

RING

3

INDICES

4	 .5 6

48

ID

7

34

MAP NUMBER

8

82

9

95

190600
5

0 1 2

NUMBER

3

OF

4

SAMPLES

5	 6

1

7

1

8

2

9

2
1840 97 85 82 85 96 73 94 86 124 121 3 4 4 4 4 4 4 4 4 4
1850 124 100 106 102 119 104 95 94 123 111 4 5 5 5 5 5 5 6 6 6
1860 110 94 107 83 58 81 89 86 97 90 8 8 8 8 10 ID ID 10 10 10
1870 101 84 112 105 102 107 99 110 112 65 10 !O 10 10 10 10 10 10 10 10
1880 86 105 90 102 107 125 101 100 116 127 10 10 10 10 10 10 10 10 10 10
1890 123 119 104 97 103 97 77 114 115 73 10 10 10 10 10 10 10 10 10 10
1900 81 90 66 95 66 93 116 95 117 119 10 10 10 10 10 10 10 10 10 10
1910 95 115 111 129 112 117 128 11 11 100 123 10 10 10 10 10 10 10 10 10 10
1920 100 121 1 07 113 88 87 102 110 106 112 10 10 10 10 10 10 10 10 10 10
1930 121 115 111 124 106 114 114 112 109 104 ID 10 10 10 10 10 10 10 10 10
1940 117 122 109 92 99 97 82 86 83 93 ID 10 10 10 ID 10 10 10 10 10
1950 94 79 94 97 97 96 75 92 89 73 10 10 10 10 10 10 10 10 10 10
1960 83 95 82 43 94 101 116 99 10 10 10 10 10 10 10 10
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FOX MOUNTAIN

DATE

1628

0 1

TREE

2

RING

3

INDICES

4	 5 6

	ID 	 -
	MAP	 NUMBER

	7 	 8

74

9

132

193000
I

0 1 2

NUMBER

3

OF

4

SAMPLES

5	 6 7 8

1

9

1
1630 115 63 42 108 123 83 93 105 55 129 1 1 1 1 1 1 1 1 1 1
1640 138 105 70 86 106 97 105 130 74 152 3 3 3 4 4 4 4 4 4 4
1650 119 119 86 85 85 109 91 80 82 99 4 4 4 4 4 4 4 4 4 4
1660 102 129 112 98 89 89 185 72 67 69 4 4 4 5 5 5 5 5 5 5
1670 67 87 106 96 106 85 85 75 62 88 5 5 S	 5 5 5 5 5 5 5
1680 126 89 94 100 63 55 91 94 133 177 6 6 6 6 8 8 8 8 8 8
1690 155 95 174 123 123 101 70 96 83 153 9 9 9 9 9 9 9 9 9 ID
1700 99 180 136 118 78 65 100 67 63 68 10 10 10 10 10 10 10 10 10 10
1710 128 105 124 108 108 88 68 113 90 62 10 10 10 10 10 ID 10 10 10 10
1720 127 158 139 134 74 90 144 83 52 36 12 13 14 14 14 14 14 14 14 14
1730 62 62 58 31 58 28 57 59 87 69 14 14 14 14 14 14 14 14 14 14
1740 60 65 82 124 86 115 172 201 16 158 14 14 14 14 14 14 14 14 14 14
1750 104 148 69 71 92 78 58 81 108 123 14 14 14 14 15 15 15 15 15 15
1760 69 102 122 62 145 137 161 94 129 113 15 15 15 15 15 15 15 15 15 15
1770 144 159 104 63 86 91 87 60 89 80 15 15 15 15 15 15 15 15 15 15
1780 62 82 48 105 121 44 87 121 100 78 16 16 16 16 16 16 16 16 16 16
1790 133 135 119 200 108 118 90 69 93 109 17 17 17 17 17 17 17 17 17 17
1800 111 87 100 60 106 96 27 115 79 104 18 18 18 18 18 18 18 18 18 18
181 0 114 50 96 57 04 159 195 113 54 40 18 18 18 18 18 18 18 18 18 18
1820 74 102 44 75 79 97 92 90 150 98 18 18 18 18 18 18 18 18 18 18
1830 176 145 181 199 168 176 106 157 10 6 159 18 18 18 18 18 18 18 18 18 18
1840 101 •	 77 65 68 121 104 113 60 148 137 18 18 18 18 18 18 18 18 19 19
1850 163 77 147 84 81 121 103 73 145 74 20 20 20 20 20 20 20 20 20 20
1860 80 36 54 34 26 72 92 74 129 164 20 20 20 20 20 20 20 20 20 20
1870 111 66 30 44 70 60 60 99 98 85 20 20 20 20 20 20 20 20 20 20
1880 49 58 125 98 87 139 93 119 130 108 20 20 20 20 20 20 20 20 20 20
1890 08 125 94 32 51 73 118 10E 162 45 20 20 20 20 20 20 20 20 20 20
1900 63 71 24 89 8 93 90 131 136 99 20 20 20 20 20 20 20 20 20 20
1910 73 118 158 76 155 179 152 155 104 219 20 20 20 20 20 20 20 20 20 20
1920 174 121 127 96 155 45 141 116 137 114 20 20 20 20 20 20 20 20 20 20
1930 165 146 185 179 131 179 127 105 71 82 20 20 20 20 20 20 2 0 20 20 20
1940 93 160 116 72 88 103 64 51 128 146 20 20 20 20 20 20 20 20 20 20
1950 44 66 138 96 66 54 5 9 52 125 27 20 20 20 20 20 20 20 20 20 20
1960 130 74 98 63 51 143 95 39 20 20 20 20 20 20 20 20

DATE 0 1

TREE

2

RING

3

INDICES

4	 5 6

ID
HAP NUMBER

7	 a

191000
2

9 0 I

NUMBER

2	 3

OF

4

SAMPLES

5	 6 7 8 9

1666 es 75 111 68 1 1 1 I
1670 57 141 180 157 207 197 84 100 90 98 1 1 I 1 1 1 1 1 1 I
1680 119 155 129 177 93 28 125 128 99 128 1 1 1 1 I I 1 I 1 1

1690 162 77 164 144 138 165 85 88 61 112 1 1 1 1 1 I 1 1 1 1

1700 141 176 108 135 98 46 76 42 47 59 1 1 1 1 I 1 1 1 I I

1710 115 77 97 78 85 95 69 110 106 83 1 1 1 I 1 1 1 I 1 1

1720 112 116 70 79 50 84 127 63 0 35 I I 1 I 1 1 1 I I 1

1730 28 46 57 0 19 0 39 21 10 35 I 1 I 1 1 I 1 I 1 I

1740 82 87 91 101 98 108 152 173 28 141 2 2 2 3 3. 3 3 3 3 3

1750 68 123 77 26 83 65 28 76 78 131 6 6 6 6 6 6 6 7 7 7

1760 74 69 135 87 187 122 144 128 155 107 7 7 7 7 7 7 7 7 7 7

1770 159 143 95 67 95 112 98 50 95 82 8 8 8 8 9 9 9 9 9 9

1780 35 73 38 131 137 48 76 169 80 84 9 9 9 10 10 10 10 10 10 10

1790 139 139 129 249 96 225 147 62 88 71 10 10 10 10 10 10 10 10 10 10

1800 57 51 73 30 103 67 38 115 99 132 10 10 10 10 10 10 10 10 10 10

1810 154 82 93, 49 63 143 182 112 19 33 10 10 10 10 10 10 10 10 10 10

1820 35 124 44 46 99 104 92 67 167 98 10 10 10 10 10 10 10 10 10 10

1830 125 81 126 186 150 148 68 151 111 180 11 11 11 11 11 11 11 11 11 11

1840 154 64 25 133 184 140 93 46 126 158 12 12 12 12 12 12 13 13 13 13

1850 168 51 161 76 81 117 117 49 67 58 13 13 13 14 14 14 14 14 14 14

1860 117 61 72 41 52 92 122 141 162 165 20 20 20 20 20 20 20 20 20 20

1870 131 58 68 41 102 92 63 124 71 77 20 20 20 20 20 20 20 20 20 20

1880 63 59 141 125 131 154 72 79 100 102 20 20 20 20 20 20 20 20 20 20

1890 92 133 03 63 24 65 68 74 100 57 20 20 20 20 20 20 20 20 20 20

1900 36 68 31 93 24 105 113 149 169 168 20 20 20 20 20 20 20 20 20 20

1910 109 145 161 96 132 185 17 0 199 121 176 20 20 20 2 0 20 20 20 20 20 20

1920 173 99 106 86 157 69 145 121 135 97 20 20 20 20 20 20 20 20 20 20

1930 102 123 148 143 77 133 103 131 72 92 20 20 20 20 20 20 20 20 20 20

1940 96 149 126 53 74 99 27 63 87 119 20 20 20 20 20 20 20 20 20 20

1950 65 22 125 77 44 40 29 75 103 72 20 20 20 20 20 20 20 20 20 20

1960 91 70 94 68 54 142 117 70 20 20 20 20 20 20 20 20
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LUNA

DATE

1666

0 1

TREE

2

RING

3

INDICES

4	 5 6

105

ID
MAP NUMBER

7	 8

77	 56

192000
3

9

46

0 1

NUMBER

2	 3

OF

4

SAMPLES

5	 6

1

7

2

8

2

9

2
1670 40 78 69 77 110 78 52 64 64 97 2 2 2 2 2 2 2 2 2 3

1680 92 84 80 69 60 3 6 78 64 84 123 3 3 3 3 3 3 3 3 3 3
1690 127 101 100 95 122 112 74 67 73 116 3 3 4 4 4 4 4 4 4 4

1700 103 116 87 112 100 77 90 78 71 51 4 4 4 4 4 4 4 4 4 4

1710 122 69 117 80 114 103 51 91 72 72 4 4 4 4 4 4 4 4 4 4

1720 122 125 84 81 44 80 164 114 37 42 4 4 4 4 4 4 4 4 4 4

1730 80 81 81 43 61 29 69 81 97 112 4 4 4 4 4 4 4 4 5 5

1740 97 120 115 147 126 135 188 211 52 177 5 5 5 5 5 5 5 5 5 5

1750 126 177 127 61 122 91 76 91 125 124 5 5 5 5 5 5" 6 6 6 6

1760 92 95 142 99 147 135 156 143 148 161 7 7 7 7 7 8 8 8 8 8

1770 149 137 117 40 82 98 106 59 85 95 8 8 8 8 8 8 8 8 8 8

1780 58 123 47 148 154 45 66 122 67 92 10 10 10 10 10 10 10 10 10 10

1790 117 146 114 200 GI 120 89 79 87 82 10 10 10 10 10 10 10 10 10 10

1800 57 54 83 36 103 102 58 122 105 136 10 10 10 11 11 11 11 11 11 11

1810 129 98 107 59 84 162 219 119 39 42 11 11 11 11 11 11 11 11 11 11

1820 67 113 55 6.:8 98 102 129 97 166 114 11 11 11 11 11 11 11 11 11 11

1830 168 119 143 162 178 144 96 121 117 168 12 12 12 12 12 12 12 14 14 15

1840 136 90 63 112 156 131 141 63 138 152 18 18 18 18 18 18 18 19 18 18

1850 160 72 139 109 72 104 96 69 107 78 18 18 18 18 19 19 19 19 19 19

1860 108 56 48 47 31 80 107 110 116 132 19 20 20 20 20 20 20 20 20 20

1870 114 47 71 40 83 82 84 1 0 6 81 88 20 20 20 20 20 20 20 20 20 20

1880 80 68 126 124 117 120 76 86 88 81 2 0 20 20 20 20 20 20 20 20 20

1890 93 121 81 58 58 .67 88 115 175 82 20 20 20 20 20 20 20 20 20 20

1900 70 61 34 109 20 118 124 190 205 161 20 20 20 20 20 20 20 20 20 20

1910 123 141 152 100 128 175 160 164 100 167 20 20 20 20 20 20 20 20 20 20

1920 203 5 4 105 .69 128 56 112 105 122 81 20 20 20 20 20 20 20 20 20 20

1930 106 105 142 124 58 129 11 0 106 81 66 2 0 2 0 20 20 20 20 20 20 20 20

1340 66 135 99 35 63 80 19 70 83 42 20 20 20 20 20 20 20 20 20 20

.1950 36 22 114 52 39 30 35 61 105 40 20 20 20 20 20 20 20 20 20 20

1960 102 63 86 72 48 118 111 39 20 20 20 20 20 20 20 20

TULAROSA DIVIDE

DATE

1 7119

0 1

.

TREE

2

RING

.3

INDICES

4	 5 6

10
	MAP 	 NUMBER

	7 	 8

195000
4

9

114

0 1

NUMBER

2	 3

OF

4

SAMPLES

5	 6 7 8 9

1

1750 69 115 97 155 89 76 100 89 83 103 1 1 1 1 1 1 1 1 1 1

1760 73 47 86 83 129 99 128 119 153 168 1 1 1 1 1 1 1 1 1 1

1770 132 84 123 138 108 44 50 86 67 65 1 1 1 1 1 1 1 1 1 1

1780 97 108 47 68 98 124 152 115 75 76 1 1 1 1 1 1 1 1 1 1

1790 92 133 137 178 125 90 102 116 77 96 3 3 3 4 4 4 4 4 4 4

1800 101 104 127 68 112 82 46 83 97 118 4 4 7 7- 7 7 7 7 7 8

1810 135 97 120 82 109 150 164 115 52 41 8 8 8 8 8 8 8 8 8 8

1 820 43 105 38 87 82 88 63 73 118 81 8 8 8 8 9 9 9 9 9 9

1830 140 150 162 149 136 124 58 65 60 127 9 9 9 10 10 10 10 11 11 11

1840 122 77 50 54 85 102 107 45 108 148 12 12 13 13 13 13 13 14 14 14

1850 125 74 116 102 81 121 124 114 158 112 14 14 14 14 15 1 6 16 17 17 18

1860 117 55 88 43 69 87 123 127 123 133 18 19 19 19 19 19 19 20 20 20

1870 124 72 :	 44 69 79 72 66 96 97 112 20 20 20 20 20 20 20 20 20 20

1880 77 107 140 114 95 151 94 112 116 113 20 20 20 20 20 20 20 20 20 20

1890 91 123 68 41 34 51 88 74 125 88 20 20 20 20 20 20 20 20 20 20

1900 49 66 31 65 18 89 103 153 160 114 20 20 20 20 20 20 20 20 20 20

1910 112 152 192 124 201 190 21 0 163 83 197 20 20 20 20 20 20 20 20 20 20

1920 187 94 112 82 109 41 126 113 145 88 20 20 20 20 20 20 20 20 20 20

1930 159 131 168 176 115 121 111 118 111 77 20 20 20 20 20 20 20 20 20 20

1940 94 139 100 72 54 63 47 70 79 101 20 20 20 20 20 20 20 20 20 20

1950 44 34 90 61 34 28 36 46 75 59 20 20 20 20 20 20 20 20 20 20

1960. 110 77 130 73 103 143 103 82 20 20 20 20 20 20 20 20



RAINY MESA

ID	 194000
MAP NUMBER	 5

DATE 0 1

TREE

2

RING

3

INDICES

4	 5 6 7 a 9 , 0 1

NUMBER

2	 3

OF

4

SAMPLES

5	 6 7 8 9

1520 54 38 42 74 36 22 112 68 30 98 1 1 1 1 1 1 1 1 1 1

1530 80 26 22 109 107 42 129 127 28 69 1 1 1 I 1 I 1 1 1 I
1540 119 107 30 117 54 55 58 61 67 77 1 1 1 1 2 2 2 2 2 2

1550 131 104 106 220 102 202 153 121 80 57 2 2 3 3 3 3 3 3 3 3

1560 34 104 51 55 85 155 36 56 55 95 3 3' 3 3 3 3 3 3 3 3

1570 107 61 58 31 15 60 64 85 74 32 3 3 3 3. 3 3 3 3 3 3

1580 48 111 133 81 74 32 86 95 117 70 3 3 3 3 3 3 3 3 3 3

1590 69 99 43 69 152 112 116 79 58 78 3 3 3 3 3 3 3 3 3 3

1600 72 85 93 157 127 111 95 113 141 164 3 3 3 3 3 3 3 3 3 3

1610 115 99 93 78 99 63 105 111 139 97 3 3 3 3 3 3 3 3 3 3

1620 178 216 120 69 42 69 32 106 91 175 3 3 3 3 3 3 3 3 3 3

1630 154 102 SG 99 139 124 79 62 92 135 3 3 3 3 3 3 3 3 3 3

1640 146 100 48 129 118 67 105 105 66 98 4 4 4 4 4 _ 4 4 4 4 4

1650 121 197 84 92 62 153 105 84 70 78 4 4 4 4 4 4 4 4 4 4

166 0 137 135 100 93 62 119 93 76 36 82 4 4 4 4 4 4 4 4 4 4

1670 14 109 137 104 109 91 108 95 '44 69 4 4 4 4 5 5 5 5 5 5

1680 117 99 67 71 69 32 102 93 105 134 5 5 5 5 5 5 5 5 5 5

1690 131 82 151 146 150 100 79 93 125 123 5 5 5 5 5 5 5 5 5 5

1700 118 181 106 152 94 90 94 61 85 29 5 5 5 5 5 5 5 5 5 5

1710 164 133 129 ,	 64 107 69 24 81 93 78 6 6 6 6 6 6 6 6 6 6

1720 105 92 112 101 96 91 149 98 49 49 9 9 9 9 9 9 9 9 9 9

1730 88 50 78 44 73 54 60 66 66 67 9 9 9 10 10 10 10 10 10 10

1740 56 81 85 100 87 102 181 166 38 129 10 10 10 10 10 10 10 10 10 10

1750 122 128 83 93 120 153 113 67 124 160 13 13 13 13 13 13 13 13 13 13

1760 111 112 148 106 135 153 167 127 143 141 15 15 15 16 16 16 16 16 16 16

1770 132 187 118 45 87 89 85 65 113 89 16 -	 16 16 16 16 16 16 16 16 16

1780 67 107 88 160 160 62 92 113 70 91 16 16 16 16 16 16 16 16 16 16

1790 73 115 111 208 96 160 163 105 105 123 18 -	 18 18 18 18 18 18 18 18 18

1800 101 105 109 80 126 94 59 107 97 109 18 18 18 18 18 18 18 18 18 18

1910 127 82 120 90 87 151 202 108 44 47 18 18 18 18 18 18 18 18 18 18

1820 52 107 44 92 89 86 86 72 145 114 18 18 18 18 18 18 18 18 18 18

1830 139 97 127 154 155 130 75 108 101 151 20 20 2 0 20 20 20 20 20 20 20

1840 132 88 74 98 121 99 122 38 120 140 20 20 20 20 20 20 20 20 20 20

1850 152 82 124 110 103 114 134 96 124 88 20 20 20 20 20 20 20 20 20 20

1860 112 41 95 41 56 87 100 99 118 105 20 20 20 20 20 20 20 20 20 20

1870. 98 77 62 56 55 62 58 99 82 80 20 20 20 20 20 20 20 20 20 20

1880 57 73 124 92 97 97 91 89 92 82 20 20 20 20 20 20 20 20 20 20

1890 91 113 63 52 59 64 83 93 158 111 20 20 20 20 20 20 20 20 20 20

1900 76 105 90 90 38 110 105 162 131 119 20 20 20 20 20 20 20 20 20 20

1910 108 111 141 101 149 186 163 123 89 112 20 20 20 20 20 20 20 20 20 20

1920 129 63 57 76 125 36 127 90 94 61 20 20 20 20 20 20 20 20 20 20

1930 121 150 147 151 59 93 94 117 109 98 20 20 20 20 20 20 20 20 20 20

1940 109 153 113 61 79 90 62 61 91 112 20 20 20 20 20 20 2 0 20 20 20

' 1950 66 59 104 58 84 46 55 108 1 1 8 39 20' 20 20 20 20 20 20 20 20 20

196 0 122 87 100 84 51 138 140 57 20 20 20 20 20 20 20 20
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APPENDIX IV

SYNTHETIC RUNOFF VALUES

Table IV-I. Synthetic Values for Total Annual Runoff (Inches), Bright Angel Creek.

1 2 3 4 5 6 7 8 9

1750 3.50 4.72 4.46 3.78 5.40 5.68 5.64
1760 6.43 6.04 4.76 3.68 5.79 5.08 6.63 8.33 5.51 4.40
1770 6.46 7.11 5.14 1.94 3.50 5.84 4.64 3.10 2.63 3.86
1780 3.82 4.37 3,99 6.19 9.16 4.21 3.67 7.93 5.86 3.40
1790 4.32 6.21 8.43 7.01 4.57 7.32 7.43 6.66 4.77 5.72
1800 6.64 4.84 6.02 5.03 5.21 5.29 5.61 5.08 4.04 4.13
1810 3.76 6.04 6.73 2.91 4.85 6.83 7.61 6.88 3.79 5.23
1820 4.25 5.53 5.57 6.57 8.75 8.74 9.15 8.21 9.70 6.83
1830 6.24 9.98 9.04 8.44 7.72 9.61 6.90 7.05 8.11 8.03
1840 8.00 5.87 3.54 5.39 6.22 3.80 4.40 3.40 6.26 8.86
1850 7.81 5.31 5.94 6.58 5.38 7.16 6.49 4.57 7.15 5.22
1860 5.02 5.59 9.08 7.06 3.53 5.55 10.59 10.91 12.07 12.97
1870 11.33 8.45 6.69 6.70 5.73 5.31 4.43 4.73 4.89 1.87
1880 3.11 4.75 3.83 2.55 4.16 5.60 4.69 3.20 4.00 4.92
1890 6.78 7.90 7.40 4.68 4.21 5.52 3.03 5.20 7.85 2.23
1900 3.28 5.45 2.59 5.61 4.46 5.71 8.91 9.11 8.67 8.62
1910 8.35 10.24 10.14 7.03 8.77 9.53 7.92 8.02 7.28 6.71
1920 6.27 6.55 7.10 7.46 6.56 4.66 5.43 6.71 5.62 3.30
1930 4.42 5.04 5.08 4.39 3.15 6.21 5.01 6.32 7.55 5.20

1940 6.71 8.66 7.41 5.32 5.40 3.94 3.81 4.24 5.79 5.44

1950 4.14 2.57 5.01 5.38 4.79 3.88 3.66 4.35 5.27 3.04

1960 3.39 3.98 2.75 1.11 3.68 4.72 3.04
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	Table IV-2.	 Synthetic Values for Total Annual Runoff (Inches),
Upper San Francisco River near Glenwood, New Mexico.

1	 2	 3	 4	 5	 6	 7	 8 9

1750 0.61 0.48 1.16 0.77 0.57 0.92 1.24
1760 0.78 0.68 0.96 0.88 1.08 0.92 1.34 0.64 1.04 0.78
1770 1.09 1.04 0.78 0.00 0.24 0.63 0.76 0.23 0.62 0.64
1780 0.52 0.61 0.53 1.32 1.29 0.60 0.22 0.80 0.72 0.40
1790 0.45 1.00 0.70 1.49 0.47 0.99 0.42 0.86 0.30 0.79
1800 0.66 0.52 0.67 0.42 0.91 0.70 0.49 0.61 0.82 1.06
1810 0.77 0.60 0.59 0.35 0.73 1.11 1.88 0.84 0.00 0.00
1820 0.31 1.01 0.38 0.52 0.49 0.98 0.64 0.47 1.08 0.80
1830 1.15 0.40 0.99 0.87 1.21 0.69 0.11 0.53 0.45 1.26
1840 0.69 0.54 0.00 0.70 1.19 0.97 0.70 0.00 0.83 1.00
1850 1.43 0.12 0.77 0.43 0.78 0.47 1.05 0.50 0.72 0.51
1860 0.91 0.10 0.68 0.07 0.47 0.52 1.05 0.90 0.88 0.83
1870 0.62 0.02 0.06 0.20 0.57 0.55 0.47 0.67 0.60 0.57
1880 0.19 0.44 0.94 0.95 0.78 0.53 0.48 0.40 0.44 0.61
1890 0.46 0.74 0.43 0.14 0.00 0.47 0.74 0.79 1.22 0.64
1900 0.44 0.36 0.63 0.82 0.19 0.96 0.77 1.70 1.06 1.05
1910 0.39 0.69 1.00 0.65 0.81 1.24 1.42 0.82 0.26 0.71
1920 0.84 0.37 0.00 0.09 0.88 0.10 0.84 0.37 1.04 0.00
1930 0.73 0.72 1.20 0.89 0.19 0.38 0.36 0.76 0.30 0.60
1940 0.55 1.26 0.84 0.22 0.06 0.57 0.33 0.28 0.60 1.00
1950 0.30 0.01 0.65 0.61 0.36 0.00 0.36 0.63 1.08 0.41
1960 0.77 0.36 0.93 0.26 0.42 0.88 1.10.

Table 1V-3.	 Logarithms of Synthetic Values for Total Annual Runoff (Inches),

Upper San Francisco River near Glenwood, New Mexico.

0 1 2 3 4 5 6 7 8 9

1750 - - - -1.19 -0.61 -0.01 -0.56 -0.81 -0.10 0.30
1760 -0.50 -0.45 0.02 -0.34 0.25 -0.04 0.62 -0.41 0.20 -0.11

1770 0.15 0.31 -0.31 -1.52 -1.08 -0.75 -0.66 -1.34 -0.73 -0.76

1780 -1.06 -0.66 -1.05 0.39 0.33 -0.78 -1.03 -0.34 -0.65 -1.00

1790 -0.89 -0.07 -0.49 0.84 -0.76 0.13 -0.70 -0.45 -0.97 -0.51

1800 -0.60 -0.99 -0.60 -1.14 -0.29 -0.64 -1.05 -0.56 -0.52 0.02

1810 -0.36 -0.69 -0.59 -1.17 -0.59 0.14 1.32 -0.15 -1.76 -1.94

1820 -1.38 -0.34 -1.34 -0.97 -0.90 -0.37 -0.59 -0.99 0.21 -0.43

1830 0.26 -0.78 0.06 0.06 0.32 -0.18 -1.28 -0.52 -0.89 0.33

1840 -0.41 -0.81 -1.55 -0.63 0.20 -0.21 -0.38 -1.62 -0.26 -0.02

1850 0.52 -1.24 -0.23 -0.83 -0.58 -0.76 -0.14 -0.83 -0.56 -0.81

1860 -0.29 -1.53 -0.70 -1.60 -1.29 -0.86 -0.35 -0.28 -0.23 -0.18

1870 -0.56 -1.53 -1.58 -1.53 -0.99 -1.05 -1.08 -0.68 -0.83 -0.84

1880 -1.40 -1.09 -0.22 -0.35 -0.38 -0.62 -0.90 -0.94 -1.01 -0.73

1890 -0.97 -0.51 -0.99 -1.51 -1.71 -1.16 -0.71 -0.60 0.25 -0.70

1900 -0.96 -1.02 -0.90 -0.49 -1.60 -0.16 -0.56 0.91 0.31 0.12

1910 -0.57 -0.44 0.13 -0.59 -0.20 0.52 0.68 0.01 -0.91 -0.08

1920 -0.15 -0.95 -1.58 -1.50 -0.27 -1.75 -0.32 -0.99 -0.22 -1.39

1930 -0.57 -0.37 0.13 -0.03 -1.19 -0.77 -0.98 -0.52 -1.19 -0.82

1940 -0.79 0.25 -0.32 -1,29 -1.39 -0.87 -1.37 -1.38 -0.84 -0.21

1950 -1.34 -1.71 -0.62 -0.97 -1.21 -1.93 -1.38 -0.86 -0.28 -1.19

1960 -0.40 -1.14 -0.37 -1.21 -1.22 -0.18 -0.13 - - -
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