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ABSTRACT

The objective of the ongoing research is to develop definite
mathematical techniques to evaluate or predict the hydrologic results of
actual or hypothetical atmospheric water resources programs.

Work performed to date has yielded very positive results. Three
different techniques utilizing runoff show that the chances of signi-
ficant evaluation of the Colorado River Basin Pilot Project for the planned

four or five years of operations are very high.
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A. INTRODUCTION

The purpose of this report is:

1. To summarize the activities sponsored by the Bureau of Reclamation,
Office of Atmospheric Water Resources, in the Hydrology Program of the
Civil Engineering Department of Colorado State University, for the period
July 1, 1968 to December 31, 1969.

2. To focus attention on the major results that may help the Bureau
in planning future programs,

3. To document in detail the various aspects of the work done, and

4, To briefly state the work planned for the next period, January

1, 1970 to June 30, 1971.

B. OBJECTIVES AND MAJOR RESULTS OF PROGRAM

The Colorado State University Hydrology Program has two clearly
defined objectives. They are the development of definite techniques to:

1. determine the hydrologic suitability of regions considered for
precipitation management and,

2. evaluate the results of future programs in general and of the
Colorado River Basin Pilot Project [1,2] in particular.

Work performed has yielded very positive results. Three different
techniques utilizing runoff show that the chances of significant
evaluation of the pilot programs for the planned four or five years of
operation are very high. Assuming that a uniform 10% increase in winter

precipitation is induced by the precipitation management program, it was



found that 3 and 6 years of operations for the Northern* and Southern
areas respectively (see Figures 1 and 2) would be necessary for evalua-
tion at the 95% significance level and 50% power. However, past
experiments in these areas indicate that if 10% is a reasonable
estimate for the Northern area, a 30% increase is more likely for the
Southern area [3]. In addition, the operations in these areas will
most probably be randomized on a 60-40 basis. Under these conditions
adjustment of the previously quoted numbers 3 and 6 years leads to the
results that 9 and 3 years would rather be needed. This means that
for a five Years plan of operations the chances of obtaining signi-
ficance in the Southern area are very good, i.e., much better than 50%.
On the other hand the corresponding chances in the Northern area are
much less than 50%.

These results suggest from a strict water resources evaluation
point of view that randomized operations be conducted in the South and

non-randomized ones be conducted in the North.

*In 1968, the Bureau of Reclamation adopted a plan to start pilot
programs for weather modification operations in the Upper Colorado River
Basin and two regions were selected for this purpose [1]. The first was
the Upper Basin of the Colorado River ** which will for brevity be re-
ferred to in this report as the Northern Project area (Fig. 1). The
second area was the San Juan Mountains region referred to as the
Southern Project area (Fig. 2). Since the initiation of the study,,

the plans of the Bureau were modified. Currently [2] only one area is
considered: the Southern area. Nevertheless, because they had al-
ready been calculated, the results for the Northern area are also
reported.

**The reader is warned for possible confusion. In this report the
expression "Upper Colorado River Basin'' refers to the Colorado Basin above
Lee's Ferry. On the other hand, the expression "Upper Basin of the
Colorado River" refers to a much smaller drainage basin including the
main stem of the Colorado close to its source and a few tributaries.

The limits of that basin are shown on Fig. 1.



1970000

& Runoff station utilized in the optimized ™
selection of basins. (Coded with seven
digit numbers)

e Additional runoff stations which are not
utilized in analysis. (Coded with seven
digit numbers)

A Transmountain diversion !’
® Precipitation station (Coded with eight
digit numbers) 40°

Fig. 1. General configuration of and location of gages
within the Upper Basin of the Colorado River



e Runoff Siations Utilized in the Analysis
Coded with CSU Station Numbers.

77090

=

107°

Figt 2, nge?al configuration of and location of gages
within the Colorado River Basin Pilot Project area



C. WORK DIVISIONS AND RELATION TO OBJECTIVES

1e major effort of the program focused on the development of
techniques of evaluation. Results from a prior contract (4) indicated
that years needed for evaluation would be in the range of 10 years
(assuming a uniform 10% increase in runoff). The results were based on
a target-control test for individual basins, using seasonal runoff as a
test variable and for basins in the Upper Colorado River Basin. It
seemed almost natural to investigate extensions of the method. Several
extensions were possible.

One of the first ideas to come to mind concerns the test variable:
seasonal runoff. With that variable the sample size is the same as the
number of years of experiments. Could not daily runoff be used? A
priori it would tremendously increase the sample size, a prime
determinant factor in the efficiency of a statistical test. It turned
out that the improvement was not as high as anticipated but the results
indicate that the method reduces the number of years on the average by
a factor of three (5) which is of course a result of high practical
significance.

Again the work done during the prior contract (4) considered evalua-
tion for individual basins. iould not the efficiency of evaluation be
increased by considering a group of basins? Because within a large
region there are many sub-basins this led to the next question: how
does one select, say, 6 basins out of 15 to insure positive results in
a minimum amount of time? iWnat weight should be given to each individual
basin within the combination? Fundamentally the low efficiency of the
two-sample tests is due to the high natural variability of runoff. A
procedure was developed (6) to select a combination of basins with

minimal variation. Application of the technique has indicated that



3 and 6 years for the Northern and Southern areas respectively would be
needed (assuming a uniform 10% increase in winter precipitation).

Finally a direct extension was carried. Retaining seasonal
flow as a test variable and the concept of a target and control, the
new procedure considers the multiple targets and controls case. The
value of this technique lies primarily in its realistic character for
evaluation of large scale operational programs.

Subsidiarily another division of effort was pursued. It is concerned
with the design and implementation of a computerized and efficient data
system.

In the following sections the achievements of each work division

are reviewed.

D. DAILY RUNOFF AS A TEST VARIABLE

Daily runoff would a priori seem to be a better variable for
evaluation than seasonal runoff because so many more observations are
available per year. Unfortunately sequential observations of daily
flow are not independent. To utilize this variable in the target
control conditional Student's t-test, only independent observations can
be used. To obtain a proper set of independent daily runoff observations
the stochastic structure of daily runoff has to be established. Studies
of many high elevation stations in Colorado have shown that (1) independence
could only be secured during the rising limb of the hydrograph, and
(2) that a lag time of 20 days between observations was required during
that period. That lag is the same for all the stations in Colorado, and
seems also valid for California's high elevation stations. The correla-

tion coefficient between target and control is always lower for daily



runoff than for seasonal runoff. This is a negative result. Neverthe-
less the efficiency of the target-control test is improved on the average
by a factor of three. Sample of results is shown in Table 1. (The
complete results are given in Appendix 2).

One area of future worthwhile investigation lies in the development
of a test that does not require independent observations. With such a

test the full potential of daily runoff might be realized.

E. OPTIMAL GROUPING OF BASINS

The problem of sélection of basins for evaluation can be formulated
as follows:

Given a large region consisting of N (say ;2) basins and the fact
that only a smaller number of them, n (say 5) can be used for evaluation
for economic reasons, what is the best way to select them to insure
minimal time evaluation?

It has been shown previously (4) that in the case of evaluation
using a single basin (case n = 1) the basin to be selected should be
the one with minimum value of the ratio C/E where C is the runoff
coefficient of variation and E the expected percentage increase.

Indeed, the pilot project areas involve many sub-basins within
their boundaries. In this case, it is advisable to choose a favorable
combination of sub-basins for evaluation. For this purpose, a new
variable Q* 1is constructed by a linear combination of n runoff

variables, Qi (A =5 2500, 1a6;

n
Q* = alQl + 02Q2 + oo anQn = E a.Q. (1)



TABLE 1

NUMBER OF YEARS REQUIRED FOR THE DETECTION OF A
10% INCREASE IN THE MEANS AT THE 95% LEVEL

Number of years
for significance

Target using
Correlation coefficient
coefficient of 4 months 6 months
with variation Seasonal Seasonal Daily
Identification Daily Seasonal 4 months 6 months flows flows flows

Target Control flows flows period period M4(yr) M6 (yr) Md(yr)

12 18 .710 .728 .246 .255 11 12 5

12 19 .798 .940 .246 .255 3 3 G.T.20
12 22,730 - .807 .246 A 8 9 <

12 30 .701 .785 .246 .255 8 10 10

16 18 .806 .969 .515 .504 6 6 1

18 12 .710 .728 +D75 «037 62 54 5

18 16  .806 .969 .575 D37 8 7 G.T.20
18 ey - 732 .811 575 537 45 39 G.T.20
18 30 .796 .877 575 537 30 27 3

19 12 .798 .940 S LA «312 4 4 1

19 22 .761 .792 8 1 312 15 14 2

21 18 ' .752 .811 .572 .510 45 35 1

21 S0 722 .848 +DIZ .510 37 29 10

22 12 7130 .807 .338 .326 16 15 2

22 19 .761 92 .338 .326 ) i 16 G.T.20
22 30 .720 .914 .338 .326 8 7 8

30 12 .701 .785 .428 413 28 26 6

30 18 .796 .877 .428 413 17 16 4

30 21 S .848 .428 .413 20 19 4

30 22 .720 .914 .428 .413 12 11 4

6 months: March-August
4 months: April-July

G.T. means greater than.



Where Qi is the runoff from an individual sub-basin. Much freedom is
gained from a combination of runoff variables from various basins such
as (1) compared to the use of a single basin runoff. The freedom gained
is twofold. First, there is freedom gained in the process of selecting
n basins among many. For example, where there are 15 ways of
selecting one basin out of 15, there are 3003 ways of selecting five
basins out of 15. Second, there is freedom gained in the process of
selection of the parameters a, once n sub-basins have been chosen,

The procedure is to minimize the C/E ratio of the combination
subject to a feﬁ constraints of a hydrologic nature. The constraints
require that the expectation of the random variable Q* be the mean
of the total runoff for the group of n basins, and that the expected
increase of the mean of Q* be that of the total runoff for the group
of n basins.

The efficiency of the procedure is illustrated in Figure 3 and in
Table 2. (The complete results are given in Appendix 3).

One area of future worthwhile investigation lies in the determination
of the reliability of the calculated number of years. Whereas this
number decreases with the size of the combination, its reliability also
decreases. In a certain sense an optimal size must exist at which the
additional decrease in the calculated number of years is not worth the

added variability and therefore risk.

F. MULTIPLE TARGET-CONTROL TEST

The advantage of such test using seasonal flow lies primarily in its
realistic character. There are indeed many targets and many controls in

large regions such as the pilot project area. Truthfully there are too
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TABLE 2

OPTIMAL COMBINATIONS OF GAGES FOR VARIOUS GROUP
SIZES IN THE UPPER BASIN OF THE COLORADO RIVER

Number of
Sub-basins Weight Number of
in Factor Years Needed
combination CSuU 1D Name o for Evaluation
1 1850000 Stillwater Creek above Lake Grandby 1.0 17
2 1800900 Strawberry Creek near Grandby 1.0 32
1850000 Stillwater Creek above Lake Grandby 1.0
1762500 East Fork Troublesome Creek near -2.38
Troublesome
3 1804500 Vasquez Creek near Winter Park +59 8.2
1930000 North Inlet at Grand Lake 2.39
1762500 East Fork Troublesome Creek near -1.83
Troublesome
4 1801800 Meadow Creek near Tabernash -4.00 6.0
1804500 Vasquez Creek near Winter Park .14
1930000 North Inlet at Grand Lake 300
1762500 East Fork Troublesome Creek near -3.60
Troublesome
1801800 Meadow Creek near Tabernash -6.99
5 1804500 Vasquez Creek near Winter Park 2.67 3.8
1810000 Willow Creek near Winter Park .34
1930000 North Inlet at Grand Lake 4.15
1762500 East Fork Troublesome Creek near -3.37
Troublesome
1801800 Meadow Creek near Tabernash -5.45
6 1801816 Ranch Creek near Frazer -2.31 2.9
1804500 Vasquez Creek near Winter Park 3.60
1810000 Willow Creek below Willow Creek D7
Reservoir
1930000 North Inlet at Grand Lake 4.51

11
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many. Again the real problem in the selection of several targets and
controls among many possible candidates. Two techniques were investigated
and applied for that purpose: principal components and canonical
variables analysis. For minimal time evaluation the latter is more
effective. Table 3 illustrates the results. It shows that for purpose
of evaluation a pair of combinations, the optimal pair, is more effective
than several but it is not as representative. (The complete results are
given in Appendix 4).

One area of worthwhile future investigation lies in a study of the

sensitivity of the results to fluctuations in various parameters.

G. HYDROLOGIC DATA SYSTEM

The effort was a continuation of a previous contract work. Daily
runoff data were added in a limited way to the system. Also a data
collection work was initiated for the headwaters of the Rio Grande and
tributaries. The additional collection is limited to stations within

the state of Colorado.

H. CONCLUSIONS

The work effort was rather rewarding. Several techniques of
evaluation have shown their value and their applicability. They show
that a positive hydrologic evaluation can be achieved for the Colorado
River Basin Pilot Project within the planned four or five years of
experiments with a high probability.

Work remains to be done to ensure complete rigor in the new procedures,

to test their general applicability and sensitivity. These techniques



TABLE 3

MINIMUM NUMBER OF YEARS TO DETECT THE INCREASE OF
10 PERCENT IN RUNOFF MEANS USING CANONICAL VARIABLES

No. of No. of Value Minimum number
canonical canonical of of years to
variables variables 2 detect the
Type in target in control  u'V 'u T2 increase, N* Remarks
_ 1 1 5.037 5.468 3 The minimum value of N*
Mot § g g'igz ;'gjg g is obtained from the
4 4 5.368 11.655 9 larger of N* = 12 BJET¥£
1 1 5.877 5.468 3 or N* = k+l where k
N-CN=-6 2 2 6.040 7.640 5 is the total number of
3 3 6.060 9.646 7 . .
4 4 6.124 11.655 9 variables in both target
and control.
1 1 15271 5.468 5
S-CS-4 2 2 1.305 7.640 6
3 3 1.388 9.646 7
4 4 1.581 11.655 9
1 1 1.423 5.468 4
S-LS-6 2 2 1.465 7.640 6
3 3 1.690 9.646 7
4 4 1.752 11.655 9
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were developed in parallel and independently. Better results can probably

be achieved by integrating them into a single technique.

WORK PLANNED FOR PERIOD JANUARY 1, 1970 - JUNE 30, 1971

In a meeting with Mr. P. Hurley and Mr. D. James of the Office of

Atmospheric Water Resources, on October 23, 1969 a work plan for the

second half of the contract period was discussed. This work plan calls

for:

a.

Careful selection of fairly large rivers, within the San Juan
Mountains area (Colorado River Basin Pilot Project area) to be
used for evaluation, e.g. Piedra, San Juan, Animas, Tomichi, etc.
Gathering of all pertinent hydrologic information on these
watersheds.

Application of all evaluation techniques developed under the
contract to these rivers and determination of tables of pro-
bability of attainment of statistical significance as a
function of the parameters (e.g. 4 or 5 years of operation, 5,
10...30, 35% increase in runoff, etc.)

Study of the effect of basin geometry and other characteristics
on the evaluation techniques.

Documentation of the recommended technique of evaluation in

a step by step procedure readily usuable by the contractors of

the evaluation.
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ABSTRACT

The purpose of this study was the development of a technique for rapid detection
of the occurrence of a suspected hydrologic change in high mountain watersheds. A
method has been developed that uses a sequence of independent daily flows.

This procedure is superior to previous ones based on seasonal or yearly flows.
The results of this investigation show the use of daily, instead of seasonal flow,
data in a Student t-test reduces the number of necessary years of data for detection
by an average of five in 14 out of the 20 cases studied, or by an average of three
for the 20 cases. All of the cases come from the Upper Colorado River Basin. The
study is particularly relevant to the planned cloud seeding operations of the Bureau
of Reclamation in high elevation areas of the Coloradoc Rocky Mountains.

The statistical procedure of detection relies on the Target Control concept and
the application of a conditional Student t-test, a test of the difference between the
adjusted means obtained by the regression lines between Target and Control for the seeded

and non-seeded periods.
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STATISTICAL DISCRIMINATION OF CHANGE IN DAILY RUNOFF

by

Andre J. Dumas* and Hubert J. Morel-Seytoux*#*

Chapter I

INTRODUCTION

1.1 Water resources planning. The increasing
demand, and in some parts of the world the desperate
need for water, has almost inevitably led men in
positions of responsibility to be concerned with the
problem of water shortage in particular and of water
resources in general [1l]. Planning of water resources
had, until the relatively recent past, been confined
primarily to the task of redistribution in space and
time of the naturally available water, or to the task
of better utilization and reutilization. It is only
recently that the idea [2] of increasing the water
supply beyond the natural yield of the hydrologic
cycle has started to be realized. At present at least
two engineered means of increasing the water supply
seem to hold promise for the near future: ocean water
desalination [3] and precipitation management [4].

The water situation is particularly critical in
the Colorado River Basin. The Colorado River system
is the largest in the United States that flows mainly
through lands with a chronic water deficiency for
cultivation of crops [5]. The average specific (or
unit) yield of the Lower Colorado River Basin is only
0.3 inches, the lowest yield in the United States for
a drainage area of this size [5]. (Unit yield is the
depth, in inches, of the cumulative volume of flow
during a given period, in this instance a year, when
volume is spread uniformly over the whole watershed.)
The Upper Colorado River Basin does not yield much
better, 2.2 inches. It outranks only a few basins,
the Rio Grande and the Missouri basins, but it is far
below the Mississippi's 10 inches and the Columbia's
16 inches. Since the 1940's, the basin's population
has increased rapidly with an accompanying growth in
demand on the region's water resources for irrigationm,
industrial and domestic uses [6]. Over the decade
from 1951 to 1960, the population of the five states
comprising the Upper Colorade River Basin has increased
by 40 percent, while over the same period the population
of the nation as a whole has increased by only 20 per-
cent [7]. Population projections and the associated
water demands indicate a need for actual importation
of approximately 3 million acre-feet annually by the
year 2080 [8]. Development of the vast oil-shale
resources alone would require an additional 1 million
acre-feet by the year 2000, assuming a daily oil
production vf four million barrels [5,8]. '"This
amount of water simply is not there now.'" [8]

Although "the Colorado Basin is closer than most other
basins in the United States to utilizing the last
drop of available water for man's needs.'"[5]

Of course there are alternatives to importation
to meet these demands: better utilization, reutiliza-
tion, desalination and precipitation management. Pro-
hibition by Congress to undertake studies of importa-
tion schemes for the next ten years emphasizes the seri-
ous need for considering the alternatives. Desalination
in the Upper Colorado River Basin appears largely un-
feasible at present. The lowest quoted cost estimate
suggests water in southern California may cost $35 per
acre-foot at the source, with storage, transport, and
delivery costs additional [5], and of course it is
uphill all the way.: Within 400 miles from the source
it is estimated the cost would have risen to $120 [8].
On the other hand the cost of water produced by cloud
seeding winter storms, from ground-based silver iodide
nuclei generators, is estimated at roughly $2 per acre-
foot, and under full scale operations it is estimated
an average additional 1.9 million acre-feet would
appear annually in the rivers [9]. The potential
economic and quantitative significance of precipitation
management is now reasonably well established.

1.2 E a f atmospheric water resources
. Successful water resources management

in this field requires techniques for detection and
measurement of the increase in water yield induced by
weather modification. The main difficulties in this
evaluation are caused by (a) the natural variability
of hydrologic variables which exceeds the expected
range of the increase induced by man, and (b) the
inaccuracy of the discharge measurements. Simple
statistical tests have been developed [10]. They
have not proven very sensitive and, as a result,
require long periods of observations, prior to and
during seeding operations, in order to give satis-
factory test results. Furthermore, these tests are
insensitive when experiments are performed during a
dry period of annual stream flow sequences. Therefore,
more sophisticated techniques were needed. The target
control concept was introduced, and different tests
were devised [10], including a Chi-square test and a
Student-t test. In a recent study [11], a target-
control Chi-square test was applied to the mean
annual or mean seasonal flows of some rivers and it
was shown the number of years M(or sample size)
necessary to detect, at the 95% level of significance
and 50% power a given percentage h of increase in
the yearly or seasonal flows was:

CZ
M= 4(1-p2) —";3 (1)
h
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where p 1is the correlation coefficient between the

target and the control watersheds, and C, ¢ is the coef-

ficient of variation of the target watershed., Calcula-
tions were performed for a few stations in the Upper
Colorado Basin to get an idea of what could be expected
if seeding operations were conducted in the area. In
particular the expected number of years to detect a 10%

increase was calculated [11]. The results are shown in
Table 1. The results are encouraging though still too
high. The best results, 4 and 6, have to be discounted
largely because of the proximity of the target and con-
trol and the resulting quasi-impossibility to prevent
contamination. What then can be done to reduce the
number of years needed to obtain significance?

TABLE 1

EXPECTED NUMBER OF YEARS TO DETECT A 10% INCREASE AT THE 95% LEVEL OF SIGNIFICANCE FOR A FEW PAIRS OF
TARGET-CONTROL STATIONS IN THE UPPER COLORADO RIVER BASIN, BASED ON SEASONAL RUNOFF

TARGET-CONTROL
TARGET CONTROL PAIR
Years
Coef- Coef- needed for
ficient ficient Signifi-
of Years of cance at
UsGs Drain- Ele- Varia- of Correla- 95% confi-
csu Station age vation tion csu Station Drain- Common tion dence
Number Name (sq mi) (ft) (%) Number Name age Record (%) level
1073440 Junction 26 7045 36 1073448 Hermosa 172 5 85 14
Creek near Creek
Durango, near
Colorado Hermosa,
Colorado
1073480 Animas 56 9617 27 1073448 Hermosa 172 25 20 6
River at Creek
Howards- near
ville, Hermosa,
Colorado Colorado
1278800 Dolores 105 8422 45 1073448 Hermosa 172 13 98 4
River Creek
below near
Rico, Hermosa,
Colorado Colorado
1550000 Roaring 1460 5720 33 1600000 Colorado 4560 58 89 9
Fork at River at
Glenwood Glenwood
Springs, Springs,
Colorado Colorado
1554236 North 41 8400 30 1594260 Fryingpan 90 23 91 7
Fork River at
Frying- Norrie,
pan near Colorado
Norrie,
Colorado

There are several avenues open to answer this
fundamental question. One avenue is to improve the
test to which the data are subjected. It was not
promising. Another avenue consists of grouping
observations in some favorable manner for several
targets, or better, for several targets and controls.
Both avenues are presently being pursued. The last
avenue, which is the subject of this study, looks for
an optimal test variable, given the test, i.e., a
single target-control conditional Student's t-test
8 ) S

First one must answer the following question:
which variable, annual, seasonal, monthly or daily
runoff, is a better detector? Theoretically this
question has been answered, in general and the daily
runoff variable is the most promising. The basic
underlying idea is that the shorter the time interval
--by which the time series of river streamflow is
divided into a discrete time series--the more inform-
ation one will derive. (Daily flow is defined in

this study as the average daily runoff at a section
of river, the averaging being done either from a
continuous record of an automatic recorder or from
river stage measurements taken at representative

time intervals to make interpolation and averaging
consistent.) From a practical point of view, however,
it is not so clear cut because the power of the
detection procedure depends not only on the sample
size, but also on the variability of the runoff

(which increases as the unit of time decreases), the
magnitude of the measurement error, the degree of
correlation between the variable in the watershed

of interest and a control watershed, the physical
nature of the suspected cause of the change in runoff,
and the magnitude of the resulting effect. The
purpose of this study was to initiate a preliminary
investigation of the practical value of daily runoff
for evaluation. The qualified conclusion of the
study is that, indeed, it has practical merit.



Chapter II

THE TARGET-CONTROL CONDITIONAL STUDENT'S t-TEST

2.1 An optimization problem in detection. The
problem of early detection of a change in watershed
runoff received impetus as controversy characterized
the field of weather modification. Early weather
modification experiments were conducted without much
care for the statistical design of the experiments.
In an early stage of a new science this oversight is
understandable. What purpose is it to draw tables of
the number of years for significance at a given level
versus all possible hypothetical percentage increases,
if even the order of magnitude of that increase is
totally unknown? The availability of the table would
not have affected the decision to proceed with the
experiments. On the other hand, once the order of
magnitude of the increase is known, the table becomes
crucial., It is crucial because the percentage increase
in runoff turns out to be small, on the order of 10%.
Careful inspection of the table becomes a requirement
in the design of new experiments. It may lead to a
variety of questions; e.g., will it be possible to
show significance at say the 90% level within the
contemplated five years of experiments? If not, can
significance be attained by shifting the experiments
to a different location? If not...well, how good
was the table in the first place?

At this point it is necessary to state clearly the
objective of a method of detection. For different
objectives different methods will be required. Ideally
one wants to find the technique that will permit one
to ascertain, in the minimum amount of time, that an
identified cause, e.g., cloud seeding, has affected
a selected measure of watershed response at a chosen
significance level. Once that technique has been
found, it becomes possible to calculate the number
of years needed for significance at a given power.

(The power is the probability that significance will
be attained within this number of years.) This number
of years depends on several parameters, the chosen
significance level, the chosen power, the degree of
certainty of identification of the cause (i.e., is
cloud seeding really responsible for the detected
change?), the selected response (e.g., hourly
precipitation, monthly runoff), the characteristics of
the watershed (i.e., the nature of the transfer func-
tion between cause and effect), and the magnitude of the
change in watershed response. Ideally one would like to
find the technique for which the calculated number of
years is minimum for all possible values of the previ-
ously listed parameters....Ilt cannot be done....Even
less ambitious optimization problems cannot receive a
general solution. A technique will be optimal for a
certain range of parameters but not for others [12].
One is therefore forced to limit the original ambition
to a more realizable level. Besides,the optimization
problem will not present itself usually in this uncon-
strained form. The detection scheme must be com-
patible with a variety of restraints of diverse nature.
For example, from a statistical point of view the
target-control pair Dolores-Hermosa (line 3 of Table

1) would be ideal. However, the accuracy of targeting
with ground-based generator is not sufficiently devel-
oped to permit such a close control.

Short of overall optimization one must settle for
suboptimization. Of course once this step is taken,

and there is no other choice, there is an infinite
variety of possible options. As discussed in the
Introduction there are several avenues for research.
In the present study the following suboptimization
problem was considered. Given that the cause of a
suspected change has been identified (be it cloud
seeding, timber cuts, etec.)--that its effect can be
measured as runoff, that the statistical technique to
which the data will be subjected is the single target-
control conditional Student's t-test--what is the
optimal test variable, seasonal or daily runoff? This
is the problem.

It is a much restricted problem in appearance
but an important practical one. This assertion is
validated by the conclusion of the study. Without
the benefit of the conclusion it could nevertheless
be inferred a priori from the following heuristic
reasoning. In the limited number of cases for which
formulae are actually available to calculate the
number of years, this number is inversely proportional
to the number of data per year. Using daily flow
versus a four-months seasonal flow could therefore
bring a reduction by two orders of magnitude. One
expects a greater variance for daily flow. Hecause
the number of years is proportional to this variance,
one expects a reduction in the potential gain from
using daily flow. Similarly the expected decrease
in the coefficient of correlation between target and
control will further limit the gain. It is difficult
to believe these effects could completely wipe out
a gain of 100! However, the most severe limitation
will come from the choice of the test itself. It
is therefore important to discuss this test and the
assumptions underlying its derivation. This is the
purpose of the next section.

One might ask, "Why not use a better test?" The
answer to this question is two-fold: if there is one,
it is well hidden in the literature, and second it is
fairly evident, from experience, that sophistication
in statistical techniques reaches rapidly a point of
diminishing returns unless paralleled with judicious
selection of variables to be tested and a thorough
knowledge of the particular local hydrologic conditions.
Again this point is justified by the conclusion of the
present study.

2.2 Target-control conditional Student's t-test.
The goal of weather modification experiménts is to
increase the runoff in the watershed, and it is logical
to postulate the null [12] hypothesis:

H : There is no change in mean runcoff due to
the weather modification experiments. This will be
tested against the alternative [12] hypothesis

Hy: There is a change in mean runoff caused
by man's weather modification experiments. If the art
of weather modification is advanced enough the
possibility of a decrease need not be considered and
a one-tailed [12] test is implied. If not, a two-
tailed [12] test is implied.

The level of significance o which is the
probability of rejecting a true hypothesis, will be
either 5% or 1%.



The target-control concept uses the relationship
existing between the streamflows, from a treated or
target watershed, to those from an adjacent and un-
treated watershed; the latter serving as a control to
the previous watershed, since its flows are not affected
by the cloud seeding operations. Additional information
from the control watershed can be used to discriminate
a change in the target watershed behavior. In other
words, it makes the target look as though it has an
effective coefficient of variation much smaller than
its actual pne, The larger the coefficient of correla-
tion between target and control the smaller the appar-
ent coefficient of variation of the target. This con-
cept assumes:

(a) The target and control streamflows are highly
correlated.

(b) The control watershed is sufficiently far
from the target watershed to preclude contamination,
but close enough to provide a high correlation.

(¢) The target streamflow observations are
independent.

With (x) being the series of independent flows for
the control and (y) the corresponding series for the
target, a bivariate normal distribution is assumed for
the joint series (x,y) for the non-seeded period. The
seeded period will provide two new sets of observations
(£) and (n); (£) and (n) being the sets of independent
flow values, respectively, for the contrel and the tar-
get. It is assumed that the coefficient of correlation
p between target and contrel has not changed during the
seeded period, and that the joint series (£,n) has also
a bivariate normal distribution.

When the above conditions are satisfied, any sig-
nificant difference in streamflow, taking into account
the relation between the two watersheds, beyond that
associated with a natural variation can be attributed
to cloud seeding effects.

Because variances of the target and control varia-
bles and their coefficient of correlation are assumed
unaffected by seeding, the two regression lines, one
for the sample before seeding, one for the sample after
seeding, are parallel (see Fig. 1). Then, the null
hypothesis is that the two populations have the same
regression line, that is, the difference in ordinates
at the origin AB is not significantly different from
zero. It should be noted that whether or not the
control mean has changed under seeded conditions will
not affect the test.

The null hypothesis can be formulated in this way:
the adjusted means of the two populations, T and
o
N atx=E = xo, are equal, whatever the value of xo.
o
The adjusted means are:

for the non-seeded period, ;; =¥ - B(x-x), and

o]
for the seeded period, W =T - B(£-E) .
o

Where b 1is the weighted average regression coefficient:
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Fig. 1 Target control regression lines before and
after seeding operations

The difference AB is:
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follows Student's t distribution with (N + M - 3)
degrees of freedom [13].
On the basis of the data, t, can be computed; a

subroutine has been written for this purpose [14], and
it performs a one- or two-tailed test by comparison of
£ with a table of the Student's t distribution as

a function of the number of degrees of freedom.



Chapter III

STREAMFLOW DATA USED FOR STUDY

All streamgage stations used in this study are
located in the Upper Colorado River Basin within the
State of Colorado. The target and control watersheds
must satisfy some criteria as closely as possible.
These conditions, which form the basis for the selec-
tion of the watersheds, are now discussed.

3.1 Physiography and location. The statistical
investigation of weather modification attainments as
presented in this paper were undertaken in connection
with a project of the Bureau of Reclamation, Office of
Atmospheric Water Resources. A pilot project to in-
crease winter precipitation over high elevation water-
sheds in two areas of the Upper Colorado River Basin
[15] is to be initiated in 1969.

The watersheds selected for this study are located
in the Upper Colorado River Basin and have elevations
as near as possible to the 9,000 feet level--a level
determined [9] as a requirement to start a nucleation
process in cloud seeding experiments. The majority of
the selected stations are about 7,000 feet high.

No restriction was imposed on the size of the
drainage area. Watersheds of more than 100 square
miles are preferred because they are more likely to
provide a more representative response to a man-made
increase in precipitation.

3.2 Availability of records. A rather sizable
number of data is required when working with daily
flows; therefore, the computations were handled by the
CDC 6400 computer at Colorado State University. Be-
cause better and fast processing of data can be done
on magnetic tapes, watersheds with available data on
these tapes were selected. Selection of thirty-one
stations in the Upper Colorado River Basin from a U.S.
Geological Survey tape was based on the accuracy of
historical records.

3.3 Virginity of the flows and accuracy of the
measurements. Most of the rivers of the Colorado River
Basin have been subjected at one time or another, to
some kind of human intervention, regulation or diver-
sion. For the purpose of detection of an increase due
to artificial precipitation, virginity of the flow is
strongly required because man-made diversions or
regulations by dams often far exceed the range of the
expected increase due to cloud seeding and are not
often consistent in time and in quantities from year to
year.

Streamflows affected by Transmountain Diversions
were excluded because such diversions generally involve
important quantities of water, and the data required
for corrections were not available.

Streamflows with upstream regulation or transbasin
diversions were excluded except where the dams causing
the regulation are small or the diversions are made for
irrigation of very small acreages. Streamflows with
intrabasin diversion for irrigation were accepted if
the size of the irrigated area was small.

For the spring season the United States Geological
Survey considers the accuracy of the discharge measure-
ments as good,

3.4 Correlation target-control. A high correla-
tion between target and control watersheds daily flows
is desirable for the purpose of this study. To dis-
criminate among the stations before starting the study
of the daily flows, the correlation between target an
control was estimated using seasonal flow, i.e., water
yield from March to August.

On the basis of these criteria, 10 stations were
selected (see Table 2, 3 and 4 and Fig. 2.
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Fig. 2 Location of the selected stations in the Upper
Colorado River Basin



TABLE 2

DESCRIPTION OF THE STATIONS SELECTED

Identi Ateation Drainage Length of Trans- Trans- Intra-
Tape USGS CSU  Elevation area record mountain Upstream basin basin
no. no. no. s sq. mi. year diversion regulation diversion diversion*
12 9.0825 1592140 6400 225 25 None None None irrig. for
2050 ac.b.
16 9.0975 1425625 6920 139 39 None None to irrig. irrig. for
280. ac. 1300 ac. a.
17 9.1045 1420800 7400 7 20 None small dam None None
18 9.1050 1420000 4800 604 21 None small dams None irrig. for
25000 ac. a.
19 9.1125 1378100 8008 295 38 None None None irrig. for
7400 ac. a.
21 9.1190 1377200 7628 1020 20 None None None irrig. for
24000 ac. a.
22 9.1245 1375400 7827 338 23 None None None irrig. for
24000 ac. a.
25 9.1345 1373020 7160 35 20 None small dam None small irrig.
no data
26 9.1435 1371810 6500 39 40 None small dam small- small irrig.
no data no data
30 9.1665 1277200 6924 556 48 None None None irrig.
2000 ac. b.

-
irrig. means irrigation;

ac. a, means acres above station; ac. b. means acres below station.

STATION DESCRIPTIONS

5 Identification
-l e
12 9,0825 1592140 Crystal River near Redstone, Colorado
16 0.0975 1425625 Buzzard Creek near Collbran, Colorado
17 9.1045 1420800 Mesa Creek near Mesa, Colorado
18 9.1050 1420000 Plateau Creek near Cameo, Colorado
19 9.1125 1378100 East River at Almont, Colorado
21 9.1190 1377200 Tomichi Creek at Gunnison, Colorado
22 9.1245 1375400 Lake Fork at Gateview, Colorado
25 9.1345 1373020 Leroux Creek near Cedaredge, Colorado
26 9.1435 1371810 Surface Creek at Cedaredge, Colorado
30 9.1665 1277200 Dolores River at Dolores, Colorado




TABLE 3

TARGET-CONTROL CORRELATION ON THE BASIS OF SEASONAL FLOWS

Identi-
fication

12

16

17

18 19 % 22 25 26

12
16
17
18
19
21
22
25
26
30

0.771
0.625
0.728
0.94

0.825
0.807
0.88

0,776
0.785

0.889
0.969
0.629
0.829
0.866
0.852
0.876
0,854

0.892
0.515
0.715
0.736
0.822
0.836
0.889

0.618

0.811 0.862

0.832 0.792 0.878

0.838 0.771 0.766 0.795

0.833 0.659 0.765 0.827 0.92

0.877 0.694 0.848 0.914 0.803 0,872

LENGTH AND

TABLE &

AVAILABILITY OF HISTORICAL RECORD FOR DAILY FLOWS

Station

Year

12

16

18 19 21 22 25 26

30

1894




Chapter IV

THE STOCHASTIC STRUCTURE OF DAILY FLOW

4.1 The naive approach. It might be summarily
inferred that the use of daily runoff instead of sea-
sonal runoff in the application of the test would only
entail a larger amount of data processing. However,
this quick extrapolation is erroneous for two Teasons:

(1) The daily flow observations for different days
of the year come from different statistical populationms,
and

(2) From day to day the flow values are highly
correlated.

For these two reasons the straight application of the
test to daily runoff for every day of the season and on
face value would violate the assumptions of the deriva-
tion of the test and invalidate the results of the test.
Assertion (1) is demonstrated in Fig. 3. The expected
value P(t), or more rigorously its estimate, B(t), of
the daily flow, Q(t), varies from one date to another.
In this study the time variable t takes only discrete
integer values, with t = 1 corresponding to the first
day of the water year, i.e. October lst, and t = 365 to
September 30. For convenience a table of correspondence
between calendar dates and values of t is given
(Table 5). The sets of Fig. 3 show that the standard
deviation also varies considerably from day to day. In
these figures, the coefficient of variation (ratio of
standard deviation over mean) is also given.

Assertion (2) is also clearly supported in Fig. 4
which shows the autocorrelation values, r(k), for all
dates of the year and for various lags.

4,2 Standardization of daily streamflows. To
overcome difficulty (1), i.e., the fact that daily flow
observations for different dates of the year come from
different statistical populations, it is necessary to
perform a transformation on the daily flow values.
Hopefully the transformed data will belong to the same
population. If Q(t) denotes the daily flow for date
t, P(t) its expected value, P(t) the estimate of P(t),
S(t) and §(t) the standard deviation and its estimate,
then the annual observation of Q(t), Qi(t) can be stand-
ardized by the transformation:

Qi{t) - B(t)
qi(t) e
s(t)

(3)

with i being an index referring to the year,

n
B(p) = %‘ £ Q(t) for any given t,

i=1

where n is the number of years with available records,
and

gz(t) = i

n
=tE 2
— ifl{qi{t) P(t)]“ for any given t.

The standardized daily runoff variable:

q(t) = 9&21_:_2121_ (4)
§(t)

is approximately normal if Q(t) is normally distributed,
with expected value approximately zero and variance
approximately unity. For the historical period of
record the sample estimate of the expected value of

q(t) is exactly zero and the estimate of the variance

is exactly one, from the very definition of q(t).

To pool together and use the daily flows for dif-
ferent t, as elements of one and the same population,
the series must be "stationary." In hydrologic investi-
gation, it is generally considered sufficlent to have
wide-sense stationarity. Wide-sense stationarity is
defined by the following two equations where E[ ] de-
notes the expected value:

E[q(t)] = Constant

oug;v[q(tqu(tz}] = C(tz—tIJ: a function of (tz—tl)ﬂk

From the very definition of q(t) the first condi-
tion is met and the second condition is met for tl = t2.

It remains to verify that the second condition is met
for various lag values. The dependence of a given day

ty with another day t, can be measured by the correla-

tion coefficient r, computed over the two samples of
n elements of the populations of the daily flow for
these two given days:

5ﬂv[q<tl),q(t2)]

£(k) = ,
[ﬁar{q(tl)lﬁar[q(tz)lﬁ

with k = (tz—tl).

By the nature of the standardization procedure this
expression reduces [16] to the simpler form:

n
"~ l
r(k) = f

q,(t;)q.(t,) . 5)
i=1 , Ml s Ll

The computation of r(k) was performed for differ-
ent values of t2 and k; tz varying from 1 to 365 and

k from 1 to 37. Analysis of the results points to the
following:

(a) For a given value of k, r(k) varies signifi-
cantly for different tys that is, from day to day, and
the assumption, r(k) depends only on k = tz—tl, cannot

be considered as valid throughout the whole year. In
other words, the standardization did not yield station-
arity in the wide sense.

(b) For a given day (tz), r(k) decreases and

tends toward zero, as k increases.



However, it is possible to consider that the coef-
ficient of correlation, depends only on k for some
period of the year (see Fig. 4). This period is the
spring season, more precisely it extends from March to
June.

For the spring season it is legitimate to consider
that the conditions of stationarity in the wide sense
are met. It is then possible to consider, as is usually
done [17], that the mathematical expectation of both
q(tl) and q(tl)q(tz)——obtained by averaging over an

ensemble of realizations of the time series--can be
replaced by the time averages of the same quantities
over one realization. The advantage of this procedure
is to permit the use of a sample of larger size. Proper
application also requires that correlation between
ordinates of the random function q(t), taken at differ-
ent instants of time, should decrease with sufficient
rapidity, since it is only in this case that one reali-
zation with respect to time can be approximately con-
sidered as a set of several independent realizationms,
and that the difference between means obtained by these
two methods vanish. This latter condition is accepted
on the basis of the results found for r(k).

The serial correlation coefficient Ri(k) for a

given realization i, that is for a given year i can
be computed. Again by the nature of the standardization
procedure [16] the expression is simple:

1622 B pee), ofs
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Characteristics of the daily flow random function Q(t),
for Station 12 -- Crystal River near Redstone, Colorado

P(t): Expectation of Q(t)
S{c): Standard deviation of Q(t)
CV(t): Coefficient of variation of Q(t)

B
1
Ri(kJ . tﬁa q,(8) q,(t-k) (6)

In eq. (6) a and B are the indexes of the days which
respectively begin and end the considered spring period.
For a station with n years of historical records, n
values for R(k) can be computed for every value of k.
If all the realizations have been obtained under iden-
tical conditions, it is suggested [18] that each of
them should be analyzed by the method indicated above.
Then the estimated values of the mathematical expecta-
tions and correlation functions should be averaged over
all the realizations.

The average of the Ri(k) over all realizations i
is:

= 3 2
R(k) =k Ri(k) ‘
i=1

(7

Based on the correlograms, i.e., graphs of R(k) versus
k, it is possible to determine a minimum lag beyond
which the standardized daily flows can be considered as
independent. The resulting series of spaced standard-
ized daily flows then satisfies the conditions of appli-
cability of the target-control test.
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520 £ S(t), cfs -

240 B

160 3
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= 365

Characteristics of the daily flow random function Q(t),

for Station 16 -- Buzzard Creek near Collbran, Colorado
PLE): Expectation of Q(t)
S(t): Standard deviation of Q(t)
CV(t): Coefficient of variation of Q(t)

Figure 3
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Characteristics of the daily flow random function Q(t), Characteristics of the daily flow random fumetion Q(t),
for Station 17 -- Mesa Creek near Mesa, Colorado for Station 18 -- Plateau Creek near Cameo, Colorado
P(t): Expectation of Q(t) P(t): Expectation of Q(t)
S(t): Standard deviation of Q(t) s(t): Standard deviation of Q(t)
cV(t): Coefficient of variation of Q(t) CV(t): Coefficient of variation of Q(t)
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Characteristics of the daily flow random function Q(t), Characteristics of the daily flow random function Q(t)

for Station 19 -- East River at Almont, Colorado for Station 21 -- Tomichi Creek at Gunnison, Colorado
P(t): Expectation of Q(t) P(t): Expectation of Q(t)
S(t): Standard deviation of Q(t) S(t): Standard deviation of Q(t)
Cv(t): Coefficient of variation of Q(t) CV(t): Coefficient of variation of Q(t)

Figure 3 (continued)
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Characteristics of the daily flow random function Q(t),
for Station 22 -- Lake Fork at Gateview, Colorado

P(t): Expectation of Q(t)
s(t): Standard deviation of Q(t)
CV(t): Coefficient of variation of Q(t)
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Characteristics of the daily flow random function Q(t),
for Station 26 -- Surface Creek at Cedaredge, Colorado

P(t): Expectation of Q(t)
S(t): Standard deviation of Q(t)
Ccv(t): Coefficient of variation of Q(t)
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Characteristics of the daily flow random function Q(t),

for Station 25 -- Leroux Creek near Cedaredge, Colorado
P(t): Expectation of Q(t)
S(t): Standard deviation of Q(t)
CV(t): Coefficient of variation of Q(t)
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Characteristics of the daily flow random function Q(t),
for Station 30 --Dolores River at Dolores, Colorado

P(t): Expectation of Q(t)
S(t): Standard deviation of Q(t)
CV(t): Coefficient of variation of Q(t)

Figure 3 (continued)
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Figure 4 An illustration of r(k) versus time for Station 12 and different values of k
-r(k) has not been computed and has been set up equal to zero for the first k
days of the water year
TABLE 5
CORRESPONDENCE BETWEEN CALENDAR YEAR DATE, WATER YEAR DATE AND DAY INDEX
Oct. Nov. Dec. Jan. Feb. MARCH
Water Year Day  Water Year Day Water Year Day Water Year Day Water Year Day Water Year Day

Date Index Date Index Date Index Date Index Date Index Date Index
1-1 1 2-1 32 3-1 62 4-1 93 5-1 124 6-1 152
1-2 2 2-2 33 3-2 63 4-2 94 5-2 125 6-2 153
1-3 3 2-3 34 3.3 64 4-3 95 5-% 126 6-3 154
1-4 4 2-4 35 3-4 65 4-4 96 5-4 127 6-4 155
1-5 5 2-5 36 3-5 66 4-5 97 5-5 128 6-5 156
1-6 6 2-6 37 3-6 67 4-6 98 5-6 129 6-6 157
1-7 7 2-7 38 3-7 68 4-7 99 5-7 130 6-7 158
1-8 8 2-8 39 3-8 69 4-8 100 5-8 131 6-8 159
1-9 9 2-9 40 3-9 70 4-9 101 5-9 132 6-9 160
1-10 10 2-10 41 3-10 71 4-10 102 5-10 133 6-10 161
1-11 11 s L] 42 3-11 72 4-11 103 5-11 134 6-11 162
1-12 12 2-12 43 3-12 73 4-12 104 5-12 135 6-12 163
1-13 13 2-13 44 3-13 74 4-13 105 5-13 136 6-13 164
1-14 14 2-14 45 3-14 75 4-14 106 5-14 137 6-14 165
1-15 15 2-15 46 3-15 76 4-15 107 5-15 138 6-15 166
1-16 16 2-16 47 3-16 77 4-16 108 5-16 139 6-16 167
=17 17 2-17 48 3-17 78 4-17 109 5-17 140 6-17 168
1-18 18 2-18 49 3-18 79 4-18 110 5-18 141 6-18 169
1-19 19 2-19 50 3-19 80 4-19 111 5-19 142 6-19 170
1-20 20 2-20 51 3-20 81 4-20 112 5-20 143 6-20 171
1-21 21 2-21 52 3-21 82 4-21 113 5-21 144 6-21 172
1-22 22 2-22 53 3-22 83 4-22 114 5-22 145 6-22 173
1-23 23 2-23 54 3-23 84 4-23 115 5-23 146 6-23 174
1-24 24 2-24 55 3-24 85 4-24 116 5-24 147 6-24 175
1-25 25 2-25 56 3-25 86 4-25 117 5-25 148 6-25 176
1-26 26 2-26 57 3-26 87 4-26 118 5-26 149 6-26 177
1-27 27 2-27 58 3227 88 4-27 119 5-27 150 6-27 178
1-28 28 2-28 59 3-28 89 4-28 120 5-28 151 6-28 179
1-29 29 2-29 60 3-2 90 4-29 121 5-29 e 6-29 180
1-30 30 2-30 61 3-30 a1 4-30 122 5-30 - 6-30 181
1-31 31 o g o 3-31 92 4-31 123 5-31 e 6-31 182
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TABLE 5 (continued)
CORRESPONDENCE BETWEEN CALENDAR YEAR DATE, WATER YEAR DATE AND DAY INDEX

April May June July Aug. Sept.

Water Year Day Water Year Day Water Year Day Water Year Day Water Year Day Water Year Day
Index Date Index Date Index Date Index Date Index Date Index

7-1 183 8-1 213 9-1 244 10-1 274 11-1 305 12-1 336
7-2 184 8-2 214 9-2 245 10-2 275 11-2 306 12-2 337
7=3 185 §-3 215 9=3 246 10-3 276 11-3 307 12=3 338
7-4 186 8-4 216 9-4 247 10-4 277 11-4 308 12-4 339
7=5 187 8-5 217 9-5 248 10-5 278 11-5 309 12-5 340
7-6 188 8-6 218 9-6 249 10-6 279 11-6 310 12-6 341
=7 189 8-7 219 9-7 250 10-7 280 11-7 311 12-7 342
7-8 190 8-8 220 9-8 251 10-8 281 11-8 312 12-8 343
7=9 191 8-9 221 9-9 252 10-9 282 11-9 313 12-9 344
7-10 192 8-10 222 9-10 253 10-10 283 11-10 314 12-10 345
7-11 193 8-11 223 9-11 254 10-11 284 11-11 315 12-11 346
7-12 194 8-12 224 9-12 255 10-12 285 11-12 316 12-12 347
7-13 195 8-13 225 9-13 256 10-13 286 11-13 317 12-13 348
7-14 196 8-14 226 9-14 257 10-14 287 11-14 318 12-14 349
7=15 197 8-15 227 9-15 258 10-15 288 11-15 319 12-15 350
7-16 198 8-16 228 9-16 259 10-16 289 11-16 320 12-16 351
7-17 199 8-17 229 9-17 260 10-17 290 11-17 321 12-17 352
7-18 200 8-18 230 9-18 261 10-18 291 11-18 322 12-18 353
7-19 201 8-19 231 9-19 262 10-19 292 11-19 323 12-19 354
7-20 202 8-20 232 9-20 263 10-20 293 11-20 324 12-20 355
7-21 203 8-21 233 9-21 264 10-21 294 11-21 325 12-21 356
=22 204 8-22 234 9-22 265 10-22 295 11-22 326 12-22 357
7-23 205 8-23 235 9-23 266 10-23 296 11-23 327 12-23 358
7-24 206 8-24 236 9-24 267 10-24 297 11-24 328 12-24 359
7=25 207 8-25 237 9-25 268 10-25 298 11-25 329 12-25 360
7-26 208 8-26 238 9-26 269 10-26 299 11-26 330 12-26 361
7=27 209 §-27 239 9-27 270 10-27 300 11-27 331 12-27 362
7-28 210 §-28 240 9-28 i 10-28 301 1128 332 12-28 363
7-29 211 8-29 241 9-29 272 10-29 302 11-29 333 12-29 364
7-30 212 8-30 242 9-30 273 10-30 303 11-30 334 12-30 365
o == 8-31 243 9-31 ——— 10-31 304 11-31 335  —-=== -——
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Chapter V

DATA PROCESSING AND ANALYSIS

The statistical techniques described in Chapter IV
will be applied to the 10 watersheds selected in
Chapter III.

5.1 Characteristics of the daily flow time series.
The mean P(t) and the standard deviation §(t) for a
given day (t) were computed for every day and for every
station. Sets in Fig. 3 show the results for P(t) and
S(t) plotted as a function of t for each station.
All the watersheds have hydrographs very similar in
shape. They show a rise in P(t) and 5(t) during the
spring season corresponding to the snowmelt with a
decline beginning in June and ending in August which
leads to a slowly decreasing or steady flow of small
amplitude for the winter season. It corresponds to the
time when the watershed is covered with snow and the
stream is ice-packed. The coefficients of variation

r(K)

1.0
Station 12
08 Day 273
06
04 \ A\
Not significantly
A ro diffrent from zero
0 .“/%
Q2 N
0 5 10 15 20L %F 30 35 40 45
1.0 -2
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08 \ Day 1737 W)
0.6
x 06 : —L
ool 2l ™ L N e 1,
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Figure 5 An illustration of r(k) versus

15

8(t)

B(t)

against t. They show a period of low values from
January to June which coincides with the rising limb of
the hydrograph. This period of the rising limb, which
for other reasons will be selected as the period of
study, is also the period with relatively smaller C_.
This constitutes a definite advantage for the purpoge
of detection.

for a given day Cv(t) = were computed and plotted

5.2 Autocorrelation analysis. The autocorrela-
tion r(k) for the 10 stations was computed for every
day and for different values of k varying from 1 to
37. The results are shown on Figs. 4 and 5 for stations
12 and 30.
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- 0.6 h“
< \‘
04 \\
\ 7
02— ir Y
0
r", ¥
0
(0] 5 10 15 20 25 30 35 M@0
Lag K
1.0
Station 30
0.8 \- Day 193
__0s \\
=5
0.4 L o~
Nl
H'\
1 < \
o I
0 5 10 1850020 125, @20. 35 40
Lag K
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Figure 4 shows that r(k) tends to be
of the days t for the period:
to June 30th (t = 273).

independent
March 19th (t = 170)

On the basis of this new period, during which the
conditions of stationarity are satisfied R(k) was
computed for every year (the results of this computa-
tion are shown for Station 18 in Table 6-a) then its
mean R(k) and its variance var [R(k)] (see Table 6-b).
This was done for k varying from 1 to 34 by using the
formulas described in Chapter IV, where a = 170 and
B = 273. Sets in Fig. 6 show the plot of R(k) versus
k.

An attempt to verify the assumption that consecu-
tive years are independent was made by computing the
correlation coefficient between two consecutive years,
each day being paired with the same day for the follow-
ing year, that is, R(k) was computed over two years
with k = 365. It showed insignificant correlation.

5.3 Selection of a sequence of independent daily
flows. On the basis of the various sets in Fig. 6, a
lag common to the 10 stations was selected: K = 20
days. TFor this lag R(k) is considered as nonsignifi-
cantly different from zero.

Lag K = 20 yields a sample of seven independent
daily flows values for the selected spring period, and
for t equal respectively to: 153, 173, 193, 213, 233,
253, and 273 which correspond respectively to March 2,
22; April 11; May 1, 20; and June 10, 30. (As a side
line it may be worthwhile to comment somewhat on this
apparently highly wasteful procedure. Many daily run-
off data are apparently not utilized. Appendix 1 shows
that little or nothing would be gained by developing
higher order models of the stochastic structure of daily
flow for the purpose of detectiom.)

5.4 Target control correlation. The coefficient
of correlation between the stations (one being con-
sidered as a target, the other as a control) was com-
puted on the basis of the selected independent daily

flow series (Table 7). It was also calculated with
other independent daily flow series corresponding to
the day-index:

t = 150, 170, 190, 210, 230, 250, 270

that is, for seven days each year corresponding to the
dates: February 27; March 19; April 8, 28; May 18;
June 7, 27.

As expected, the coefficients of correlation com-
puted in these two manners were not found significantly
different. These results are summarized in Table 7.

The results show that the correlations target-
control computed with the daily sequences are consist-
ently lower than those computed with the seasonal flows
(see Table 3). This is natural because, as the time
interval over which the flow is averaged becomes
shorter, the watersheds must have very close behaviors
to be correlated. In other words, the seasonal flows
of two rivers may be correlated, not because the be-
havior or the patterns of their daily streamflows are
exactly the same, but because compensations occur
throughout the season, which make their seasonal flows
vary in the same way.

It is also interesting to note that two watersheds
may be located very far from each other and still have
a relatively strong correlation between their stream-
flows. This is true of stations 30 and 18 (correlation:
0.80) or 12 and 22 (correlation: 0.73). This is an
encouraging result for weather modification detection
purposes, because in seeding operations one does not
want the control watershed to be contaminated.

Table 7-a shows:
1 pair of stations with correlation higher than 0.8.

10 pairs of stations with correlation higher than 0.7.

25 pairs of stations with correlation higher than 0.6.

TABLE 6-a AN ILLUSTRATION OF THE RESULTS FOR R(k) VERSUS 1lag K, FOR THE 21 YEARS OF RECORDS
M=1,2,...21) OF STATION 18
Results for R(k) versus K: (RBAR) and variance [R(k)]: VARR
Lag K: 1 2 3 4 - 6 7 8 9 10 11
M= 1 .89117 .,79937 .72617 .67208 .62119 .52429 ,39939 ,32450 ,23784 ,18869 .10400
M= 2 .90524 .75891 .61607 .49990 .38523 .26144 ,14073 .03643 -.03271 -,09594 -,11508
M= 3 ,96603 .,91948 .88975 .86393 .82367 .78994 ,76262 ,73106 .69323 ,61876 .54268
M= 4 ,92754 81227 .,71462 .62888 .55847 .49730 .44267 .39597 .36363 .31572 ,24389
M= 5 ,91464 .78240 .68440 .63731 .61105 .55869 ,49321 ,44984 .41670 35221 ,25898
M= 6 .93453 ,84195 .,75075 .66109 ,59460 ,51760 .43586 .36974 .32826 .28143 ,23170
M= 7 .90636 .81200 .72884 .66020 .57004 .47908 .44629 .42808 .37459 ,29908 ,22691
M= 8 .96002 ,88670 .81319 ,75222 ,71446 ,68337 .65451 .61628 ,56563 ,51144 46377
M= 9 ,80001 ,54861 ,38941 .26301 .,27640 .,33259 .30671 .29953 .34472 ,33942 ,30106
M=10 .89944 ,74780 .62635 .55672 55071 .56733 ,57457 ,54087 .51272 ,51965 .52369
M =11 .91035 .77985 .61044 .41922 ,23392 .06886 -,05557 -,12137 -,15254 -,15905 -,13583
M =12 ,85875 ,63606 .47568 .42163 .41935 .,36431 .28297 ,23562 ,23465 .25437 ,22512
M=13 .81742 .57140 ,48592 .45930 .40385 .34745 ,30957 ,27403 .26608 ,29073 ,30285
M =14 ,85671 ,66483 ,53293 .48257 .46408 ,42905 ,30189 ,21606 ,12727 ,05396 -,02975
M =15 ,91943 .80444 ,72939 ,67484 ,63542 .59070 ,53643 .50372 ,44925 ,40649 .39105
M =16 .88110 .68996 .50379 ,35706 .26836 ,24631 ,27572 .28289 25899 ,18409 .08928
M=17 ,92126 .81891 ,72869 .64028 ,55918 .47548 .,37984 .27726 .19115 ,11774 .06340
M=18 ,91409 ,79255 .69596 .62263 .58797 .53088 .43827 .33713 ,22244 15960 .15279
M=19 .76101 ,46935 .32371 ,30880 ,32115 ,22494 ,08901 -.02586 ~,13716 -,23384 -,26185
M =20 ,74451 .38231 ,11296 .04305 .05559 .05693 -.05124 -,18334 -,22566 -.20471 -,12980
M=21 .98410 .96769 .95483 .94240 .92753 .90870 .88378 .85961 .84390 .81300 .79428
RBAR .B8922 ,73747 .62352 ,55082 ,50392 .45025 ,38321 .32610 ,28014 ,23871 .20205
VARR .00401 .02160 03814 ,04297 ,04219 .04529 ,05600 .06693 ,07239 ,07219 .06696
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TABLE 6-a° (continued)

AN ILLUSTRATION OF THE RESULTS FOR R(k)

VERSUS lag K, FOR THE 21 YEARS OF RECORDS

Lag
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~.13541
-.08353
.41385
.04298
-,11816

7320

1834
1790
7310
4418
1377
5282

5177
6523
3259

7819
1568

7125
-.01693

.05238

.09356
.05163
+20201
.04194
.20454
.45860
.30785
.13393
.18764
+23573
.14346
.09943
01626
.29357
.00255
.13891
.15880
07979
.43651
.03439
.17381

.02445

04434

08006
.12691
-,18903
-.06188
-.20017
-.44648
.24187
11851
-.18630 -.18250
.17705 13359
-,07513 -,03699
-.11423 -.12765
09864 ,07083
-,23012 -,12634
-.03061 -.05424
10123 ,07441
-.18174 ~-,19746
-,10426 -,10644
39275 .38123
-.05870 -,14157
-,20034 -,23270

08370
.20808
=.16157
=-+15377
~,18905
-.41193
.22661
.08649

-,03533 -,04082

03741 .,03487

.13270
.26414
-.13156
-.20057
-.18414
-.35784
.22485
.04930
-.16438
.09802
-.00065
-.13546
03877
-.01203
-.12832
.055590
-.21038
-.13817
.36663
-.16265
-.24164

-.03988

.03426

17
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TABLE 6-b
AUTOCORRELATION R(k)

Values of its Mean R(k) and of its Variance Var [R(k)] versus k

Station 12 16 17 18 19 21 —22 25 26 30
Lag K
days R(kK) Var(R) R(k) Var(R) R(k) Var(R) R{k) Var(R) R(k) Var(R) R(k) Var(R) R(k) Var(R) R(X) Var(R) R(k) Var(R) R(k) Var(R)

1 .931 .0006 .912 ,002 .924 .0014 .889 .004 .,940 .0008 .954 0006 .927 .001 .916 .001 .897 .003 .923 .002
2 .809 .0037 .78 .013 .823 .008 .737 .021 .842 .005 .869 .004 .793 .009 .795 .008 .775 .008 ,806 .009
3 .689 ,008 .679 .026 .739 .017 .623 .038 .,742 .012 .785 .011 .661 .019 .694 .018 .661 .018 ,699 .020
4 584 .01} - . 682 033 670° .025  55Y (043" G52 020 710 .019 550 .025° @613 027 " (568 ' J027 ' (607 030
5 .490 ,001 .545 ,034 .607 .033 .504 .042 .573 .028 ,645 .026 .450 .030 .545 .036 .492 .037 .531 .037
6 .404 .015 .489 ,038 .540 .042 .450 .046 ,502 .035 .585 .032 .360 .035 .479 .047 .433 .046 .466 .042
7 .330 .020 .427 .046 .474 .049 ,383 .056 .439 .040 ,534 .035 .286 .039 .413 .058 .377 .058 407 .046
8 J272 024 3690 L0530 416 053 ¢ 3260 067 L3BS5 0450 493 037 227 046 354 067 & G327 G069 355 5049
9 .224 ,027 .320 .059 ,368 .059 .280 .,072 ,336 .048 .456 .036 178 .051 .305 .072 .284 .076 .310 .052
10 180 ;025 ,2B2' 064 325 061 . .239 072 290 054 422 .G37 @ (135 051 @ .Z64 .O70 @ 248 08D .27) (054
11 138 028 .250F (D65 288 ..D66 - 0202 0670 245 058, 384 04T - G101 (0487 S 2390.063 ¢ L2200 081 TLZER | /0SS
12 .100 .028 .219 .064 .251 .070 .167 .064 ,206 .065 ,345 .047 .073 .047 .196 .060 .189 .085 .209 0S5
13 .059 .031 191 063 215 072 (132 (064 171 069 302 056 @ 054 0460 .I63 .05% @ 161 090 182 | [O57
14 .021 .034 .166 .063 .18 .072 .101 .063 .137 .069 ,259 .,065 .040 .046 .135 .059 ,136 .099 .158 .059
15 -.011 .036 .146 .063 163 .071 074 ,063 107 ,067 .220 .075 .029 .046 .113 .061 117 107 .136 .061
16 =.040 D33 JI21 064 143 071 .060 .061 .080 .063 .184 ,085 .016 .047 .102 .063 .l00 ,113 ,112 ,063
17 -.064 .030 .100 .066 .123 ,068 ,045 ,060 .053 .061 ,152 .,094 -.002 .046 .092 .066 .086 ,115 .089 .064
18 -.088 .029 .087 .065 .l106 .065 .033 .,060 .030 .059 ,125 ,(101 -.021 .046 .08l .068 .075 .112 .064 066
19 -.110 .031 .079 .059 .089 .064 .025 .062 ,010 .061 093 .109 -.042 .,047 .069 .070 .065 .108 .041 .070
20 -,134 .036 .066 .054 071 .064 .018 ,067 -.009 .061 ,061 .113 -.063 .046 .056 .071 .054 ,100 .019 .074
21 -.164 ,039 .049 .052 .055 .066 - .004 .078 -.030 .062 ,030 .114 -.083 ,043 .045 ,073 .045 .092 -.001 .075
22 -.190 .042 .032 .050 ,043 .,068 -.010 .082 -.,051 .061 ,009 .114 -,098 .039 .034 .076 .038 .,087 -.014 .074
23 -.202 .042 .020 .048 .031 .070 -.025 ,079 -.067 .060 -.,006 .117 -,108 .036 .027 .080 .031 .084 -.,023 .072
24 -.201 .044 ,017 .,045 ,020 .069 -.029 .,076 -.077 .060 -,018 ,124 -,116 .034 .035 ,079 .,031 .082 -.023 .071
25 -.196 .048 .019 .043 .015 .067 -.025 ,078 -.084 .060 -,030 .130 -,121 .035 ,044 ,080 .031 .080 -.032 .071
26 -.193 .051 .022 .042 .013 .061 -.031 .073 -.091 .060 -,043 ,134 -,125 ,037 ,050 .081 .031 .077 -.037 .071
27 -.187 .055 ,024 .042 .016 .,057 -.029 .067 -.100 ,058 -.,056 .137 -,127 .,038 .053 .080 .029 .076 -.041 .070
28 -.181 .059 .024 .044 .020 .053 -.024 .062 -.111 .057 -.068 .139 -.125 .,039 .057 .079 .025 .078 -.044 .069
29 -.178 .,062 ,016 .046 .019 .051 -.024 .058 -.121 ,056 -.077 .139 -,119 .038 .062 .075 .024 ,081 -,045 ,068
30 -.174 .060 .007 .046 .018 .00 -.017 .,052 -,129 .055 -.080 .137 -,113 .036 .061 .072 .027 .086 ~-.041 .068
31 -.171 .057 -.001 .048 .011 .050 -,024 ,044 -.134 .052 -.077 .136 -.110 .034 .,048 .065 .021 .088 -.032 .070
32 -.162 .053. -,008 .052 .006 .052 -.035 ,037 -.l41 .052 -.071 .131 =-.114 .033 .031 .05% .019 .087 -.028 .070
33 -.155 ,051 -,012 .,056 .002 ,055 -.041 .035 -,143 .053 -,063 ,123 -,113 ,033 .0l6 ,054 .013 .085 -,022 .,072
34 -.152 ,048 -.016 .063 -.004 ,059 -.040 ,034 -.,142 ,054 -,060 ,L118 -,109 .034 -,002 ,053 ,002 ,084 -.016 ,074
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Figure 6 (continued)

TABLE 7
TARGET-CONTROL CORRELATION ON THE- BASIS OF DAILY FLOWS

[a] Computed with the series t : 153, 173, 193, 213, 233, 253, 273

Identification 12 16 17 18 19 21 22 25 26 30

12

16 .566

17 .393 ,523

18 .710 .806 .549

19 .798 ,627 .431 .637

21 .618 .674 .470 .732 .644

22 .730 .553 ,385 .576 .761 .676

25 .632 .560 .550 .629 .614 .510 .489

26 .495 .621 .508 .602 .502 .503 .433 .616

30 .701 .666 .552 .796 .677 .722 .720 .667 .541
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TARGET-CONTROL CORRELATION ON THE BASIS OF DAILY FLOWS

[b] Computed with the series t :

TABLE 7 (continued)

150, 170, 190, 210, 230, 250, 270

Identification 12 16 17 18 19 21 22 25 26 30
12
16 .615
17 .463 557
18 696 .808 .471
19 .740 .625 .503 .598
21 .563 .623 .408 .604 .557
22 L712 .620 .463 .625 .737 .590
25 .641 .656 .641 .658 .683 .436 .592
26 .552 .641 .582 .646 .498 .495 .511 .618
30 668 .659 .599 .727 .604 ,681 .697 .680 ,547
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Chapter VI

DETECTION OF THE SUSPECTED CHANGE IN RUNOFF

In summary the theoretical analysis of the previ-
ous chapters and its application to actual records of
daily runoffs at several gage stations have shown that
by considering a set of days, whose adjacent elements
are lagged by K = 20 days, v independent standardized
values of daily flow can be selected within each year,
more precisely within each spring season. The lag of
20 days is common to all investigated stations. In
other words a random function is selected whose v
ordinates are statistically independent; each ordinate
being a random variable with zero mean and unit variance
whose distribution is approximately normal.

Therefore, these Vv ordinates can be considered
as v independent values of the same normally distri-
buted random variable y. Then in n years of histori-
cal records there are N = vn independent values of a
random variable y whose probability distribution is
the standard normal distribution.

During the period of the suspected change the
actual daily runoff observations for the corresponding
dates provide a new sequence. One suspects that this
sequence belongs to a different statistical population
than the previous or historical one.

If this is the case and if the new set of data is
standardized, according to eq. (4), where the estimates
of P(t) and S(t) are the ones obtained based solely on
the historical records, the new (historically) stand-
ardized daily flow sequence will no longer have zero
mean and unit variance. The application of the target-
control test will tell whether the change is significant
or not. If data are available, grinding the answer
from the programmed test subroutine is all that is left
to do. On the other hand, if experiments are contem-
plated for the future and data therefore are not yet
available, the required duration of the experiments can
be inferred from a randomly generated sequence of daily
flows. Of course, the data generation implies a model
of what is likely to happen, based on an understanding
of the physical phenomena and available experimental
evidence.

6.1 Model for the effects of seeding. In the
following it is assumed:

(a) Cloud seeding operations increase the values
of the streamflows, and, more precisely, they increase
the mean daily values P(t).

(b) They do not affect the variance S2(t) of the
daily flows.

(c) The relative increase, h, due to artificial
precipitation is independent of time at least through-
out the spring season (March to June ).

These assumptions are more likely to be correct
for cloud seeding operations taking place in winter
above watersheds of high elevations--these operations
attempt to increase the snowpack and only affect the
streamflow during the melting season. The Bureau of
Reclamation's pilot project in the Upper Colorado River
Basin fits this category.

With the above assumptions, a value of daily flow
Q*(t), affected by cloud seeding experiments, would have
the form:

Q*(t) = (I+h)P(t) + s(v)y(t)

where h is the relative increase in the mean daily
value due to cloud seeding. The historical standardi-
zation of Q*(t) will give n(t):

n(t) = gfiil_:_gLEl = h fiil + y(t)
S(t) §(t)

where y(t) would be the standardized value of Q*(t) if
no increase h, due to cloud seeding, had happened. It
follows that y(t) is normally distributed with mean zero
and variance unity and we have for a given t:

E[n(e)] = E[h %iEl]’ different from zero if h is
S(t)
different from zero.

It is assumed that artificial precipitation has
not increased the statistical dependence between daily
flows, and that adjacent daily flows, separated by the
previously selected lag time k, can be considered as
independent. Then, for m years of seeding experi-
ments, M = mv independent values of a random variable,
n can be selected, whose distribution is assumed to

be normal with mean: E[h gﬂ&l], where t can take v
s(t) -
It should be noted that if h %SEl is constant
s(t)

values, then

values.

for any of the t for the selected n

The fluctuation of h %LEL with
s(t)

t, being small during the spring season, it can be

assumed without much error that var [n] = var [y].

var [n]= var [y] = 1.

6.2 Generation of seeded data. Monte Carlo
Method. According to the general model for the seeded
period, the variable for the control watersheds is £(t)
and is normally distributed with mean zero and variance
unity. The variable for the target watershed is n*(t)
such that:

n*(e) = n(e) + n 2EL
S(t)

and n(t) is correlated to £(t) by the regression line
obtained for the non-seeded period:

n(t) = bg(t) + e(t) ;

where b is the estimate of the slope of the regression
line and e(t) is the random deviation of n(t) about its
estimate by the regression line. The joint distribution
of (n,£) being assumed bivariate normal, e(t) is
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normally distributed around zero with variance (1-p2)
var[n(t)] where p 1is the correlation coefficient

between £ and 1, then:

n*(t) = bE(E) + e(t) + h L&
8(r)

and b must be calculated for
Then independent

To generate data, p
the pair of considered watersheds.
random values are drawn

(a) For £(t) from a normal population with mean
zero and variance unity.

(b) For e(t) from a normal population with mean
zero and variance (1-p2).

This was done with the computer CDC 6400 at the
University. A subprogram, "Function Ranf" has been
written by the University computer center to gemerate
random numbers between 0 and 1, with a uniform density.
(The procedure for transformation of this uniform
density onto a normal one is described in Appendix 2.)

6.3 Results of the Student-t Test. According to
the formulas and derivations given previously, the
test was performed for the 10 pairs of stations with
correlation coefficient larger tham 0.70. For the
seeded period the number of years was increased from
1 to 20 until significance at the 957 level (corres-
ponding to a two-tailed test) was reached.

Results are also given for some stations at the
98% and 99% level for a two-tailed test, and at the
95% level for a one-tailed test. The results show
(Table 8):

(a) Almost identical results are obtained by

using a one-tailed test and a two-tailed test at the
95%Z level.

(b) Sometimes the same pair of watersheds shows
very different results when their status of target and
control is permuted. For example: Pair 16-18, with
16 as a target, required one year to show significance
but pair 16-18, with 18 as a target, required more than
20 years. This could be because station 18 may not be
suitable for a target. According to the way that data
for the seeded period were generated, a watershed is
P(t)
s(t)
for the seven selected days, in other words if the
Cv{t} = %%%% are small. The coefficients of varia-
tion Cv(t} were in fact smaller for station 16 than

suitable as a target if the ratios are large,

for station 18, but their ratios were much smaller
than V20 , which is the square root of the ratio of
the required number of years for significance. There-
fore, the differences in the coefficients of variation
is not sufficient to explain the difference in the
required number of years for significance. A more
likely explanation lies in the paucity of the gener-
ated random data. In each case only one sequence of
data was generated. Therefore, no power value can be
attributed to the calculated number of years. It
should be also noted from Table 2 that station 18 has
probably the least reliable record of all.

(c) The consistency of the results for station
30, paired successively with a different control, is an
encouraging result. It was somewhat expected, since
the correlation coefficients between station 30 and
these control watersheds are of the same order of
magnitude. On the other hand, station 12, used as a
target successively with a different control, shows
great inconsistencies.

TABLE 8

RESULTS OF THE STUDENT t TEST FOR THE DETECTION
OF A 10% INCREASE IN THE "DAILY MEANS"

Number Number of years for significance
of years and corresponding t
in common
for the with a 2-tailed test 1-tailed test

Identification non-seeded 95% level 98% level 99% level 95% level
Target Control period N(yrs) t N(yrs) t N(yrs) t N

12 18 21 5 1.96

12 19 25 G.T.20

12 22 23 & 2.74 3 2.74 3 2.74 2

12 30 25 10 1.95

16 18 21 1 2.58; 1 25878 2905 1

18 12 21 5 2:15 5

18 16 21 G.T.20

18 21 20 G.T.20

18 30 21 3 2.68 3 2,68 3 2.68 3

19 12 25 1 3.68 1 3.68 1 3.68 1

19 22 23 2 3.48 2 3.48 2 3.48 2

21 18 20 1 3.44 1 3.44 1 3.44 1

21 30 20 10 1.99 9

22 12 23 2 2.28 4 3.21 4 3.21 2

22 19 23 G.T.20

22 30 23 8 2.43 8 2.43

30 12 25 6 2.10 7 2,58 8 2.92 6

30 18 21 4 2.38 4 2.38 3

30 21 20 4 2.37 4 2.37 4

30 22 23 4 2.02

G.T. means greater than
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No attempt was made to transform the data prior
to the application of the test, because the Student-t
test has been shown [11] to be "robust." In other
words, the fact that the joint bivariate distribution
of the target and control population may not be normal
does not affect the test significantly. To sum up the
results:

Twelve stations among 20 required five years or
less for detection at the 95% level and seven of them
required five years or less for detection at the 9%

level,

Only six stations among 20 required 10 years or
more for detection at the 95% level.

On the basis of the following formula derived from
a Chi-square test:
cz
M = 4(1-p%) —X;Z (already given in Chapter 1),
h

and using seasonal flows as variables, the number of
years M required to detect a h = 10% increase in the
mean seasonal flows at the 95% level and 50% power was
computed. Computations were made by using the correla-
tion coefficient p between target and control for the
six month period (March-August), and the coefficient

of variation of the target Cv T for the six month

period, then for the four month period (April-July).
Results are shown in Table 9.

For 15 stations among 20, the use of daily flows
reduced the number of years required for detection in
a very significant manner (by an average factor of five
over 14 studied cases).

For only three stations out of 20 the use of daily
flows was found to be a disadvantage.

TABLE 9

NUMBER OF YEARS REQUIRED FOR THE DETECTION OF A
10% INCREASE IN THE MEANS AT THE 95% LEVEL

Number of years
for significance

Target using
Correlation coefficient
coefficient of 4 months 6 months
with variation Seasonal Seasonal Daily

Identification Daily Seasonal 4 months 6 months flows flows flows
Target Control flows flows period period M4(yr) M6(yr) Md(yr)

12 18 .710 .728 .246 .255 11 12 5

12 19 .798 .940 .246 . 255 3 3 G.T.20

12 22 473D .807 .246 <255 8 9 3

12 30 701 .785 .246 .255 8 10 10

16 18 .806 .969 15 .504 6 6 1

18 12 + 730 .728 375 oS! 62 54 5

18 16 .806 .9A9 575 1537 8 7 G.T.20

18 21 ST 811 .575 +537 45 39 G.T.20

18 30 796 .877 .575 .537 30 27 3

19 12 .798 .940 .313 solid 4 4 1

19 22 .761 792 ke .312 15 14 2

21 18 .732 .811 .572 .510 45 35 1

21 30 .722 .848 .572 .510 37 29 10

22 12 730 .807 .338 .326 16 15 2

22 19 .761 .792 .338 .326 17 16 G.T.20

22 30 .720 .914 .338 .326 8 ¥ 8

30 12 .701 .785 428 413 28 26 6

30 18 .796 .877 428 .413 17 16 4

30 21 Sl e .848 .428 .413 20 19 4

30 22 .720 .914 .428 413 12 11 4

6 months: March-August

4 months: April-July
G.T. means greater than.
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Chapter VII

CONCLUSTONS

1. The standardization of the daily streamflows
time-series did not provide stationarity in the wide
sense, except for the spring period.

2. The watersheds under study had nearly identical
hydrologic features, particularly the same hydrographs;
as a result very similar correlograms were found for
every station. The study was made possible because all
the watersheds had the same stochastic structure, which
made it possible to select sequences of independent
daily flow values at dates and intervals common to
every station.

3. The daily flow time-series show strong auto~
correlation. Accordingly, only seven days with inde-
pendent flow values per year could be selected.

4. The correlation between target and control
watersheds, computed on the basis of the independent
daily flow sequence, was found to be lower than the
one computed on the basis of the corresponding seasonal
flow. It was also found to be a good tool to select
watersheds having the same hydreologic behavior.

5. The application of a Target—Control Student
t-test shows that the use of daily flow as a variable
instead of seasonal flow, by increasing the size of the
sample, tends to reduce significantly the number of
years required to detect a 10% increase in the mean
flow at the 95% confidence level.

25

The most desirable properties that characterize
the methods of statistical evaluation are applicability,
generality, and power.

Applicability and generality remain open questions
since this study considered only the case of winter
seeding operations above high elevation watersheds.
is felt the method presented in this paper can be ex-
tended to different types of basins as long as they are
hydrologically homogeneous, and can be used, not only
for evaluation of weather modification, but also for
the detection of changes in watershed responses, as
long as the effects of such changes are changes in the
mean flows, leaving the variance unchanged. For in-
stance, effects of forest fires, land slides, and even
urbanization could be investigated in a similar manner.

1t

The sharp power of detection seems to be the best
quality of the method. No conclusion can be reached
for a particular pair of target-control watersheds as
to the value of daily versus seasonal flow for minimal
time evaluation because only one sequence of data was
generated per pair. On the other hand the ensemble of
the results shows rather clearly that the potential
value of daily runoff as a detector of change in water-
shed response is high. The factor of reduction from
its use averages three for the 20 cases studied. It
is highly significant, and fully justifies additional
more complete and more refined studies.



Q*(t)
rk(t)
R, (k)

R(k)

LIST OF SYMBOLS
Description

Random function whose values are the daily flow values
"Mean for a given day," i.e., mean daily value of Q(t)
Standard deviation of Q(t) for a given ¢t
Standardized daily flow values
Index referring to a day within a given year
Index referring to a year
Number of years of historical record for the non-seeded period
Number of years of record for the seeded period
Number of data or sample size for the non-seeded period
Number of data or sample size for the seeded period

Series of independent standardized daily flows for the non-seeded
period of the target

Series of independent standardized daily flows for the seeded period
of the target

Series of independent standardized daily flows for the non-seeded
period of the control

Series of independent standardized daily flows for the seeded period
of the control

Daily flow values affected by seeding operations

Correlation coefficient between day t and day t-k

Serial correlation coefficient for lag k and for year i
Average of Ri(k) over n realizations

Target-control correlation coefficient

Number of independent daily flow values for the spring season
Slope of the regression between target and control

The "hat" over a symbol means: we are considering the sample
estimate of a given parameter

The "star" next to a symbol means: suspected to come from a different
population than in the past.
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APPENDIX 1

Fitting Markov I Model

The asymptotic behavior of the correlograms
suggests the daily flow series could be fitted by a
first order linear autoregressive scheme (or Markov
first order linear model).

In this model, the correlogram of y(t) can be
represented by

R(K) = a°
and the autoregressive scheme is given by:
y(t) = ay(t-1) + =(t)

where £(t) is independent of y(t-1, y(t-2)... and of
the other e€'s. Then a could be estimated either by

(1) taking a = Ry (empirical value of the first
autocorrelation coefficient)
(2) fitting a function R(k) = ak to the empiri-

cal correlogram and estimating the value of a by the
method of least square, which could be done by linear-
izing the exponential function before minimizing the
sum of the squared differences. Criterion or a test
for goodness of fit then can be used to determine how
well the Markov I model will apply [19,20].

If such a model would fit well enough, it can be
seen that using the series e(t) for the purpose of
weather modification detection will yield a very large
sample, since the e's are independent. How would the
series e(t) be affected by artificial precipitation?
For the non-seeded period:

e(t) = y(t) - ay(t-1)
and £(t) has a mean equal to zero and a variance:

var[e(t)] = (1-a)2 var(y(t)] = 1-a? .

For the seeded period:

ex(t)-= y(t£) - ay(e=1)++ h<§f§; ¥ azﬁzzi)’ £

1f we compare the series e(t) with the series y(t)
involving seven data points per year, we find:

(a) The expectation of e*(t) is roughly (l-a)
times the expectation of n(t),

(b) The standard deviation of e*(t) is V1-aZ times
the deviation of y(t),

(¢) For e(t) the number of data points per year
is g = 14.7 times the one for the series y(t).

We shall assume that the correlation between target

and control on the basis of the g(t) is the same as the
one on the basis of the y(t). In fact it is likely to
be much smaller. Denoting the number of necessary
years for detection by the series e(t) and y(t)

28

respectively by He and Hy and (v) being the symbol of
proportionality, we have

Me  fes,e | f1e?

M —

y o5,y (-aig

E@_,‘__ tgs’ B [ L1ta X

My tQS,y (l1-a)g
The number of degrees of freedom for t95 : will

3
be roughly g times the one for the t « But since

95,y
the latter is already a large number, the ratio

g55¢e
95,y

will be very close to one.

With two stations with n years of historical
records and five years of seeded period we would have:

958

.99 .
t95.y

Taking a = 0.9, we would find:

& L9299 x 1,14 = 1,13 .

le
“ |m

Taking a = 0.95, we would find:

=

Ee— * .99 x 1.64 = 1.62 .
¥y

Fitting the Markov I model would give values of (a)

between 0.9 and 0.95, but in any case it would hardly

improve the detection possibilities, whereas it would
complicate and greatly expand the computations.

It is interesting to note that in the case where
the Markov I model describes well our variable, v,
the number of independent days during a G = 103 days

period, is given by [21]:
G
v o= .
2a 1l1l-a
e T ey

With a = 0.9 and G = 103 we find: v = 6 days, which is
the number of independent days we selected for the 103
days period. (The seventh day is outside this interval
for which the conditions of stationarity are met.)



APPENDIX 2

The purpose of this Appendix is to describe a
method [22] to generate random numbers from a normal
population with high accuracy and favorable speed for
the computer.

Let U1 and Uz

from the same rectangular density f(Ul’UZ) = 1, on the

be the independent random variables

interval [0,1] and consider the random variables
defined by:

- 5 -
X = (-2 Log Ul} Cos Znﬂz gl(ul,Uz)

e % g
x2 = (-2 Loge Ul) Sin 21'rU2 gz(ul,Uz) A

We then have:

-uf+xf)

e 2 = by (%;,%))
X
1 2
U2 == arctan b = hz(xl,xz) =

1

And then we have:

b d
P(a <U) <b, ¢ <U, <d) =é{ fc £(U,,U,) du, du,

dx. dx

4 I(é) ELhy (x)5%,), by (xp,x,) ]3] dx) dx,
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(s)
which the rectangle (a < U

where is the domain of the X1y X, plane into

3= bye < u, < d) is mapped

by the transformation, and

ahlfaxl ahl/axz

ahzlaxl 3h2/ax2

The density function of the joint distribution for
(xl,xz) is w(xl,xz); w(xl,xz) = f[hl(xl,xz),
hz(xl.xz)l]Jl = ]J|, since f[] = 1; and we find

- (x]+x3) %y %3
L e 1 2 1 2
plx)x,) = [3] = 7 e B e e
Y 2n 72

= 9 ¥(x,)

xy and x, are a pair of independent random variables
from the same normal population with mean zero and unit
variance.

In this way we can draw a set of values of £(t)
and another set of values that once multiplied by
Y1-pZ will give a set of values for e(t).

A fortran program was written for this purpose for
different pairs of station and for h = 10%.
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ABSTRACT

The purpose of this study was the determination of suitable watersheds or combinations
of watersheds for precipitation management programs in the Upper Colorado River Basin in
general and for two special zones: the San Juan Mountains and the Upper Basin of the
Colorado River.

The study shows that the introduction of optimal weight factors in the linear combination
of runoff from several basins will reduce significantly the number of years necessary for
evaluation of the operations. Assuming a uniform 10% increase in winter precipitation
throughout the Upper Colorado River Basin, the calculations show that three years of
operations would be needed in the Upper Basin of the Colorado versus six years in the San

Juan mountains.

vii
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Chapter 1

INTRODUCTION

1. Water needs of the basin. The Colorado River
system is the largest in the United States that flows
mainly through lands having a chronic water deficiency
for cultivation of crops [l]. Since the 1940's, the
basin's population has increased rapidly with an accom-
panying growth in demand upon the region's water re-
sources for irrigation, industrial, and domestic uses
[2]. Over the decade from 1951 through 1960, the popu-
lation of the five states comprising the Upper Colorado
River Basin has increased by 40 percent, while over the
same period the population of the nation as a whole has
increased only by 20 percent [3].

2., Precipitation management program. In an
effort to reduce the severity of these demands, an
atmospheric water resource project is currently pur-
sued by the United States Department of the Interior,
Bureau of Reclamation, Office of Atmospheric Water
Resources. The goal of this project is to induce more
precipitation from the atmosphere by winter cloud seed-
ing operations over certain high altitude watersheds in
the Upper Colorado River Basin. In the past, there
was some controversy as to whether man could economi-
cally increase precipitation in worthwhile amounts.
There now exists evidence that this is possible at
least in high mountain areas [4]. As of February 1969,
plans of the Bureau of Reclamation called for a concen-
trated experimental effort in two pilot areas of the
Upper Colorado River Basin, to start in the fall of
1969 [5]. This study was undertaken in connection with
the Bureau's overall program in general and in connec-
tion with this pilot program in particular.***

3. Criteria of suitability. In the experimental
or large-scale operational stage of the project, a
site should be selected. At this point, one needs
certain criteria in order to select suitable basins.
These criteria should be considered both from a water
resource and an evaluation standpoint [6]. The first
standpoint requires a criterion of suitability for
optimal water yield, and the second, a criterion of
suitability for minimum time evaluation.

Ideally the criteria should be objective and
simple, That is, they should be derived easily from
available data rather than from theory. Though various
aspects of research un cloud modification have been
conducted sucessfully, it is still difficult to deter-
mine its quantitative effect. Indeed, one of the

purposes of the pilot project is to determine the exact
magnitude of the increase in precipitation on a large
areal scale. Following this experiment, it may be
possible to isolate the major factors that determine

the magnitude of the increase in precipitation. Once
precipitation is induced, the increase in runoff, (4Q),
caused by the increase of precipitation, (AP), is esti-
mated by a statistical relationship between precipita-
tion and runoff, (Q = f(P)), often used when forecasting
runoff:

AQ = (Q+#AQ) - Q = f(P+aP) - £(P) . (1)

Marginal criteria are defined in order to determine the
relative suitability of many potential basins for mini-
mum time evaluation, even if the type of statistical
test and the design of the experiment are not known [6].
One such criterien is derived from the "two-sample
u-test"

The two-sample u-test is a test of the hypothesis
that assumes that the mean of a statistical population
(the values of annual runoff for a given basin over
many years) has not changed significantly even though
there were reasons to suspect it had. 'As the name
implies, the application of the test requires the
availability of two samples of data, one sample collec-
ted prior to the suspected change and one collected
afterward. If the suspected change is real but small,
the records of many years may be necessary to determine
its significance. If the change is large and the
spread of the distribution is narrow, only a few years
may be required.

No statistical test is free of assumptions. The
two-sample u-test assumes that only the mean of the
population may have changed whereas the shape and the
spread of the distribution have not. Assuming a normal
distribution, the explicit expression [6] for the num-
ber of years, N, necessary to guarantee the statistical
significance of the observed or expected increase at
the 95 percent confidence level is given by:

o (1.96)2 x % )

(4Q)?

2 3.84 g 2
(8Q)2

* M.S. Graduate of Colorado State University, Civil Engineering Department, Fort Collins, Colorado, presently
with Planning Division, Chugoku-Shikoku, Nosei kyota, 9-24 Tenjin-cho, Okayama-shi, Japan.
** Associate Professor, Civil Engineering Department, Colorado State University, Fort Collins, Colorado.

***Since the initiation of this study the plans of the Bureau were modified.

is considered: the San Juan Mountains region.

Currently (45) only one area



where o0.° is the standard deviation of runoff, and

Q

AQ is the increase in runoff.

One of the purposes of this study is to determine
the relative suitability of individual basins within
the Upper Colorado River Basin by calculating the ex-
pected increase in runoff for each, i.e., 4Q , from
equation (1) and the number of years needed for evalua-
tion, i.e., N , from equation (2).

On the other hand, the pilot program involves many
sub-basins within major ones. In this case, it is
advisable to choose a favorable combination of sub-
basins for evaluation. For this purpose, a new varia-
ble, Q*, is constructed by a linear combination of n
runoff variables, Qi (h=ls 24 waw; M)y 1By

(3)

n
=+ s e i = A
5 4 Af 45

* = aQ
! | i=1

2%

where Q is the runoff from an individual sub-basin.

Much freedom is gained from a combination of runoff
variables from various basins such as (3) compared to
the use of a single basin runoff. The freedom gained
is twofold. First, there is freedom gained in the
process of selection of n basins among many. For
example, where there are 15 ways of selecting one basin
out of 15, there are 3003 ways of selecting five basins
out of 15. Second, there is freedom gained in the
process of selection of the parameters o, once n sub-
basins have been chosen.

lHowever, for hydrologic reasons, two restrictions
were imposed on the choice of the parameters a:

(a) The mean of Q*, Q%, must be equal to the sum
of the means of the Q, ﬁ;, symbolically:
%= E o). = & 0O (4)
f=1 Tt 4e1

and

(b) The expected increase of Q*, Eﬁ‘. must be
equal to the sum of the expected increases in Qs

Eﬁ;, i.e., symbolically:

(5)

[ |

o =
i

The hydrologic interpretation of equation (4) is that
the expectation of the random variable Q* is the mean
of the total runoff for the group of n basins. The
interpretation of equation (5) is that the expected in-
crease of the mean of Q* is that of the total runoff
for the group of n basins.

As for a single basin the number of years, N*,
needed for evaluation of grouped basins is given by:

3.84 0.2
R

(4Q*)?

5§ (6)

Another purpose of this study is to develop systematic
methods to obtain the most favorable combinations of
sub-basins in the pilot areas by determining the ui's

such that the number of years, N*, in equation (6), is
kept to a minimum.

4. General plan of paper. In Chapter II, the
hydrologic characteristics of the Upper Colorado River
Basin are reviewed. In the same chapter, the potential
for weather modification in this region is also dis-
cussed. Chapter Illtreats the question of definition of
a criterion of suitability and its calculations. Chap-
ters 1V and V discuss the data used in the study, the
techniques of data processing, and most importantly,
the results. Chapter VI concludes the study.

5. Select basic terms used in this study.

(a) Water Year

"Water year" begins October 1 and ends September
30 of the calendar year. The term, "annual," refers to
water year. In the text the words "year'" and "water
year'" are used synonymously.

(b) Precipitation

"precipitation' refers to rainfall and the water
content of snow. Winter precipitation includes precipi-
tation from September 1 through April 30 and spring
precipitation from May 1 through July 31. Winter pre-
cipitation generally falls in the form of snow in the
high mountain watersheds. Precipitation is measured
in inches.

(c)

"Runoff'" refers to the river flow measured at a
gaging station. In this study, unit yield is used, i.
e., the depth, in inches, of the cumulative volume of
flow during a given period, when volume is spread
uniformly over the whole watershed. Spring runoff
includes runoff from April 1 through July 31.

Runoff

(d) Upper Colorado River Basin

By this expression the drainage basin of the
Colorado River above Lee's Ferry is meant (see Figure
1).

(e) Upper Basin of the Colorado River

A much smaller drainage basin is meant by this
expression. The Upper Basin of the Colorado River is
defined in this study as the drainage basin of the main
stem of the Colorado, close to its source, and of a
few tributaries. The limits of this basin are shown on
Figure 6(b).



Chapter 11

THE HYDROLOGIC AND HISTORIC SETTING

The hydrologic characteristics of the Upper
Colorado River Basin are reviewed. They explain in
part the interest in and the potential for weather
modification in this area. Certain aspects of the
precipitation management program in the Upper Colorado
River Basin are discussed briefly.

1. The Upper Colorado River Basin. The Upper
Colorado River Basin (Fig. 1) covers parts of the
states of Colorado, Wyoming, Utah, New Mexico, and
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Arizona. It comprises 109,500 square miles above
Lees Ferry, Arizona, its boundaries extending along
the continental divide in the east and the north and
along the divide of the mountain range through Utah in
the west. The Colorado River, which is the third
longest river in the United States, has a length of
1,450 miles. It has its source in the high, snow-
capped mountains in northwestern Colorado. It is also
fed by major tributaries originating in other parts

o
CHEYENKE

DENVER

The Upper Colorado River Basin (after Upper Colorado River

Commission [7])



of Colorado; by the Green River originating in Wyoming
and flowing into the Colorado River in southern Utah;
by the San Juan River originating in southern Colorado,
flowing through northern New Mexico and joining the
Colorado River in southern Utah. In the northern por-
tion of the basin, there are hundreds of peaks of more
than 13,000 feet in elevation. A highly smoothed topog-
raphy of the basin is shown in Fig. 2.

In high mountain regions, much of the annual run-
off occurs as a result of melting snow. Hence, runoff
is often characterized by a peak flood season in late
spring followed by low water flow in summer, fall, and
winter. This holds true for the Colorado River and its
tributaries [2].

The annual virgin runoff at Lees Ferry, Arizona,

is noted for its large fluctuation, as shown in Fig. 3.
Virgin runoff is that runoff which takes place without
the interference of man. Virgin runoff is reconstructed
from the actual flow, from data on transmountain diver-
sions, on regulation by dams, and from estimates of
irrigation diversions and uses. The fluctuation of
annual virgin runoff ranges from a low of 1.08 inches
to a high of 4.10, as measured in the last 51 years [9].

Percent of the

Area of the Upper
Colorado River Basin

Elev. I
Range >l |I~-8|8-5|<5
% | 3|24]|63|I10

2. Precipitation management in the Upper Colorado
River Basin. The precipitation management project,
currently planned by the United States Bureau of
Reclamation, Office of Atmospheric Water Resources,
concerns winter cloud seeding operations above certain
high elevation watersheds of the Upper Colorado River
Basin. The precipitation due to cloud seeding which
falls as snow in winter, is expected to increase the
runoff in spring.

The following characteristics of the Upper
Colorado River Basin are favorable for weather modifi-
cation:

(a) High mountain ranges in this region are
favorable for orographic precipitation and in addition,
the northwest wind brings large supplies of moisture in
winter [10].

(b) Water from snowmelt in early spring through
early summer can be stored and made available when
needed for various kinds of use.

Figures 4 and 5 illustrate the typical variation
of precipitation and runoff in this region. The dis-
tribution of monthly precipitation is, on the average,

Fig. 2 The highly smoothed topography of the Upper Colorado River Basin

(in units of 1000's of feet).

(After Rasmussen, J.L. [8])



uniform. However, the major part of the runoff occurs
during the spring and early summer months, which is due
primarily to snowmelt.

The design of a moderate scale pilot program of
operational seeding is in progress, serving as a bridge
between experimental programs and the large-scale opera-
tion of the Colorado River Basin [5,11]. The following
two areas were selected by the Bureau of ileclamation*
for a pilet program.

(1) The San Juan Mountains including drainage
areas from Lake Fork, Colorado, to the New Mexico
border, and

inch per
unit area

Water Year

(2) The Upper Basin of the Colorado River including
drainage from Williams Fork, Colorado, to Troublesome
Creek, Colorado.

These regions are shown in Fig. 6. The suitability
of grouped basins from these regions for weather modifi-
cation is discussed in Chapter V, Section 5.

The next chapter discusses the question of defini-
tion and calculation of suitability criteria. Based on
these criteria, the overall suitability of the Upper
Colorado River Basin is assessed in general and for the
pilot areas in particular in Chapter V, Section 5.
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Fig. 3 Annual and spring runoff at Lees Ferry, Arizona
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* Since the initiation of this study the plans of the Bureau were modified.

is considered: the San Juan Mountains region.

Currently (45) only one area
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Fig. 4(b) Annual, winter, and monthly precipitation (in inches) for stations
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Fig. 4(c) Annual, winter, and monthly precipitation (in inches) for stations

Trout Lake and Rico. Pw/F represents the ratio of mean winter
precipitation to mean annual precipitation.
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Fig. 4(d) Annual, winter, and monthly precipitation (in inches) for stations
Fraser and Ouray. P /P represents the ratio of mean winter
precipitation to mean annual precipitation.
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Fig. 4(e) Annual, winter, and monthly precipitation (in inches) for stations
Grand Lake 1 and Winter Park. P /P represents the ratio of mean
winter precipitation to mean annual precipitation.
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Fig. 5(a) Annual, spring, and monthly runoff (in inches) for stations Florida
River near Durango, Colo. and La Plata River at Hesperus, Colo.
Q./Q represents the ratio of mean spring runoff to mean annual runoff.
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Fig, 5(b) Annual, spring, and monthly runoff (in inches) for stations Hermosa
Creek near Hermosa Park, Cole. and Animas River at Durango, Colo.
Qs/Q represents the ratio of mean spring runoff to mean annual runoff.
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Fig. 5(c) Annual, spring, and monthly runoff (in inches) for stations Piedra

River near (at) Piedra, Colo. and Los Pinos (Pine) River near Bayfield,

Colo. f_‘),s/Q represents the ratio of mean spring runoff to mean annual
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Annual, spring, and monthly runoff (in inches) for stations Navajo
River at Banded Peak Ranch, near Chromo and Navajo River at Edith,
Colo. Qg/Q represents the ratio of mean spring runoff to mean annual
runoff.
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Colo. QS/Q represents the ratio of mean spring runoff to mean
annual runoff,

CSU ID 1078000 - East Fork San Juan
(San Juan) River near
Pagosa Springs, Lolo.

4=1836 Cv=40
K=1526 Cv=.46

g

ozsl
G26if
Of6! [

CSU ID 1077800 - West Fork San Juan
River near Pagosa Springs, Colo.

ozsl
326I[
ogslf
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San Juan River near Pagosa Springs, Colo. Q./Q represents the ratio
of mean spring runoff to mean annual runoff.
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Fig. 5(g) Annual, spring, and monthly runoff (in inches) for stations Williams
Fork (River) near Leal, Colo. and San Miguel River near (at)
Placerville, Colo. (_2'5/5 represents the ratio of mean spring runoff
to mean annual runoff.
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Fig., 5(h) Annual, spring, and monthly runoff (in inches) for stations Ranch
Creek near Tabernash, Colo. and Meadow Creek near Tabernash, Colo.
QS/Q represents the ratio of mean spring runoff to mean annual runoff.
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Fig. 5(i) Annual, spring, and monthly runoff (in inches) for stations Colorado
(Grand) (North Fork of Grand) River near Grand Lake, Colo. and Arapaho
Creek at Monarch Lake Outlet, Colo. Qg/Q represents the ratio of
mean spring runoff to mean annual runoff.
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Fig. 6(a) General configuration of and location of gages within the Colorado
River Basin Pilot Project area (San Juan Mountains region).
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Fig. 6(b) General configuration of the Upper Basin of the Colorado River.

13



Chapter III

SUITABILITY OF BASINS FOR PRECIPITATION MANAGEMENT

1. Criteria of suitability of basins for precipi-
tation management. Whether it be an experimental or a
large-scale operation, the proper selection of basins
for weather modification is important. Simply put, the
question to be answered is: What makes one basin more
suitable than another for a precipitation management
operation [6]7

From a water resource point of view, the largest
amount of runoff that can be brought about by cloud
seeding is one of the criteria of suitability. But at
the present time, cloud seeding is in the preliminary
stages, and its success still has to be measured and
discussed. One needs another criterion for evaluation.
The smallest number of years needed for significance at
a given level and power is the criterion from the
evaluation standpoint.

Both of the criteria above are not necessarily the
same and, of course, they are not absolute. In addi-
tion, meteorologic and economic conditions must be con-
sidered. However, these criteria are beyond the ob-
jective of this study, which is confined to hydrologic
suitability.

2. Suitability of basins for optimal water yield.

a. Increase of precipitation by cloud seeding.
Cloud seeding operations have been carried out on the
following assumptions [12]:

(1) That some cloud systems precipitate
inefficiently or not at all because of a deficiency of
ice crystals in their super-cooled regions;

(2) That by seeding these clouds with silver
iodide to increase the concentration of ice crystals,
it might be possible to produce adetectable increase in
precipitation or, alternatively, change its distribu-
tion or character;

(3) That nuclei leaving a ground generator
and carried up by convection and turbulent diffusion
will provide the proper concentration of ice crystals,
at least somewhere in the supercocled parts of the
cloud system;

(4) That the silver iodide nuclei will retain
their ice nucleating ability during their travel from
the generator to the supercooled regions of the cloud.

Because cloud physics and physical meteorclogy in
general have received vigorous impetus only during the
past decade principally from interest in cloud seeding,
it is still difficult to predict the extent of man-
made precipitation in the future. But it seems to be
the consensus of opinion that present technology is
not sufficiently developed to induce an additional
amount of precipitation above a small percentage (10-
20 percent) that occurs naturally.

At present it is a somewhat accepted opinion that
the increase of precipitation by cloud seeding is pro-
portional to the natural precipitation, i.e.,

APH =k P (7)
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where
an is the expected increase of winter precipi-
tation by cloud seeding,
P, is the natural winter precipitation, and
k is the ratio of increase of precipitation to

the natural value or relative increase.

In equation (7) the average value of k might be
determined physically, for various meteorological and
geographical conditions.

b. Relationship between runoff and precipitation.
In order to implement a plan for the best use of the
total manageable water supply, it is necessary to
understand the relationship between climate, water
losses, and water yield from watersheds. For this pur-
pose, various methods have been developed indirectly or
from data at hand, which are classified in the follow-
ing two categories:

(1) Prediction equation for specific yield
[13-16] and
(2) Runoff forecasting analysis [17-24].

The first approach is to relate the specific yield
with climatologic and/or basin characteristics known to
influence precipitation amounts, as well as their dis-
position. However, most available climatologic and
basin data are only indices of the combined effects
of several physical factors. Hence, the more complex
statistical approaches have been applied. General
effects of climatologic and basin characteristics are
more clearly defined on an annual basis than for shorter
periods.

The second approach is to find a solution to the
water-budget equation which serves for water supply
forecasting. This approach is based largely on the
existence of a time lag between winter precipitation
stored as snow pack and spring runoff and on the greater
effectiveness of the winter precipitation in producing
runoff as compared to that which occurs during the
summer .

The atmospheric water resource project in the
Upper Colorado River Basin aims to increase winter
precipitation as snow, which is followed by an increase
of runoff in the spring. Hence, the second approach
is helpful in finding the relationship between spring
runoff and winter precipitation and in estimating the
increase of runoff.

c. Increase of runoff. The effect of cloud seed-
ing is measured by the increase of usable runoff. It
is assumed that runoff (Q) is a function of a repre-
sentative precipitation (P). Then, in the general form,

Q = £(P) (8)

But is is hard to find an integrated precipitation that

represents the whole basin. Suppose that the



precipitation data Pj's corresponding to Q are

collected, as many as possible, in the basin in question

Equation (8) is then modified as

Q=f[P1:P2H-'} (9)

In the case of precipitation management in the
Upper Colorade River Basin, it is the spring runoff,
(QSJ, caused mainly by winter precipitation, [ij},

and partially by spring precipitation, (st), which is

of concern. The relationship is represented more pre-
cisely by the following equation:

] e

= £( s1°Pu2:Psaee (10)
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Multiple linear regression analysis is applied to
find the approximate relationship. Finally,
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where the a, bj; cj are coefficients determined from

available data.

Then, the increase of spring runoff, {ﬂQS}, caused

by the increase of winter precipitation, [an), is
given by
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Substituting equation (7) into (12), and averaging
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s =kt

From a water resource point of view, the greater
the EQS calculated from equation (13), the more suita-
ble the basin.

3. Suitability of basins for evaluation.

a. Two-sample u-test. One of the goals of the
precipitation management program has been the rigorous
establishment of the statistical significance of its
attainment. For this purpose, various methods of
evaluation were devised. Indeed, a great deal is al-
ready known about methods of evaluation of attainment

[6].

Of course, the criteria of suitability of basins
for evaluation depend upon the choice of the variable
selected to test the hypothesis or the type of statis-
tical test and upon the design of the experiments.

Assuming that the end result of seeding is to in-
crease the natural mean, but that everything else stays
the same, the criteria are derived from the two-sample
u-test [6] in the following way. The two-sample u-test
is a test of the hypothesis that assumes that the popu-
lation mean is equal to a given value while the
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population standard deviation is known and stationary

[25]. The statistic used in testing this hypothesis
is
u = 2. L (14)
o/vn
where X is the sample mean,
u is the population mean,
o 1is the standard deviation, and

is the sample size

with the critical region |u| >1.96 if the 5 percent
significance level is used. The significance of the
increase in spring runoff is achieved if the observed
statistic u, in equation (15), is greater than 1.96
at the 95 percent confidence level, i.e.,

ﬂQS
u = 2. 1.96 (15)
UQ /ﬁ;
s
where Ea; is the expected increase in spring runoff,
N is the number of years necessary to estab-
lish the significance of the increase
with a 50% power, and
% is the standard deviation of the natural
* spring runoff.
b. A criterion to determine the relative suita-

bility of an individual basin. The number of years,
N, necessary for evaluation is derived from equation
(15)

3.84 02
QS

(8Q,)?

N = (16)

A low value of N in equation (16) provides a
criterion to determine the relative suitability of
many potential basins.

c. A criterion to determine the suitability of
grouped basins. In the major basins there are sets of
gaged sub-basins that are not, in part or in full, a
tributary of any other member sub-basin of the set.
Suppose that in a major basin there exist m such sub-
basins. The spring runoff for each of these individual
sub-basins is denoted Qsi{i=1,2,-..m]. Now suppose one

wants to choose n of the m sub-basins for a pilot
program (n < m). Construct a linear combination of
Q. .'s, 1ie,

si
n
* = o
Qs ulel + u2Q52+...+ aann i uiQsi : (17)
The variance of Q; is given by
5 n n
a a E I a. . o.d. (18)
G =1 = 1

where



oé for i=j
a si (19)
ij
Cov(Q i Q J otherwise.

The increase of spring runoff from grouped basins,
aq;, is given by

n
* = -3
st aiaQsl S “26Q52+"'+ @ an f uiaQsi’ (20)

3 1

i
where AQS

spring runoff from an individual basin.
the restriction that

i[i=1,2,...,nJ represents the increase in

Now impose

Q*= I a,Q.= I : (21)
s j=1 181 4y si
where a: is the mean of the Q; values and a;i is

the mean of the Qsi values, Also impose the restric-

tion that aQ* is equal to the sum of the 3Q . values,
e si
— n —_— I:l—-—
AQ* = E AQ.. = T AQ_. - (22)
§ 4oy 2 oSk oy s

Finally the number of years, N*, for evaluation of
grouped basins is given by the following expression:

n n
2
S 84UQ* 3 84121 zlalja1 ; %
N* = i= « £ I a. .o, (23
@q? (Q)? inl Gl P
where the g and aj are as yet arbitrary but sub-

ject to the constraints expressed by equations (21) and
(22). Choose the ai's such that the number of years,

N*, is kept to a minimum value. Setting
e
e ey ) a..a.a.
152 n j=1 jei L 5 o G
I g
= Y
gltol’u:" SE2 un) El [Qszax] (1:1 Qsi]
n M
85(0150ps «ren o) = L (BQgmy) = ! 4Qg;)
i=1 1=

a new function is defined

F(al,uz..,un,ll,lz)=f[al,u2,..,uu)-Algl[ul,uz,.. ,an)—

(24)

The ui's that make the objective function Ft“l’“Z""“J

in equation (24) minimum give the minimum value for N*
in equation (23).

By taking the partial derivative of F(a Goyyerly

11,32] with respect to the ui's, Al, and Az and settlng
each derivative equal to zero, one cobtains the system
of equations:

Azgz(ul,az,..an] .
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n n
aF Z E ——
s Y o, + a0 = 20 A,0Q
T A% e L sk
'zlall'qskl-‘mklZ:O
1=1
for k =1,2,..;0
n n

aF z o Lt

= = - o #20 Y G =0

Ak j=p Sii jo1 st

3F n n

o, 2 Iqsiu1 4 (.Z msi} =10

2 i=1 i=]
or in matrix notation
2811 2312 wiersialee - Q;l - Eﬁsi & 0
232l 2322 ...... 2a2n - Qsz - stz a, 0
2an1 23n2 ...... Zann - an - aqsn a " 0
Qsl QSZ """ an 9 A E 51]I
— — —— n e
A
My s sevan 5, © 0 ZJ Z 6Q,
(25)

The system of equation (25) is linear and its resolution
for the unknown ai's is obtained by the Gaussian

elimination procedure. Thus a procedure is described
that objectively selects the optimal group of basins of
a given size among a larger set. The procedure also
determined the optimal parameters of the combination of
runoff variables for minimum time evaluation.

It remains to apply this technique in practice to
the Upper Colorado River Basin. Before doing so,
Chapter IV describes the data used in the analysis.



Chapter 1V

DATA USED FOR THIS STUDY

The data used in this study are winter and spring
precipitation and spring runoff. They have to be col-
lected in a certain order and have to satisfy specific

criteria, These conditions are discussed in this chap-
ter:

1. Precipitation and runoff in the Upper Colorado
Basin.

a. Precipitation records. According to the

United States Weather Bureau's '"Substation History'
(26-30), about 400 stations are found in the Upper
Colorado River Basin, including stations with records
of storage gage and stations not now in operation. For
312 of these stations, monthly precipitation data were
collected from-the following sources and recorded on
magnetic tapes.

(1) The United States Weather Bureau,
"Climatological Data' [31,35]

(2) The United States Weather Bureau,
"Climatic Summary of the United States"
[36-37]

(3) The United States Weather Bureau,
"Climatography of the United States"
[38]

(4) The United States Weather Bureau, 'Monthly
Weather Review' [39]

(5) The United States Department of Agricul-

ture, "Report of the Chief of Weather
Bureau' [40]

The characteristics of the precipitation stations are
tabulated in Appendix A.

b. Runoff records. As a part of Colorado State
University hydrology data system, monthly runcff rec-
ords have been collected and recorded on magnetic
tapes [6,9]. The source of the data is the United
States Geological Survey, "Water Supply Papers' [41].
The total number of stations from which data were col-
lected is 749.

c. Hydrologic data system. There is no relation-
ship between the numbering system of runoff stations of
the United States Geological Survey and that of precipi-
tation stations of the United States Weather Bureau.
For fast data processing and particularly for ease of
correlation between precipitation and runoff, it is
desirable to have identical or almost identical identi-
fication numbers for neighboring precipitation and run-
off stations for the entire Upper Colorado River Basin.
The Colorado State University numbering system was
developed for this purpose:
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(1) Runoff stations are coded with seven
digit numbers.Runoff stations within the same drainage
have an intermediate number between two limiting num-
bers that characterize the downstream and upstream
reach of the drainage area [6].

(2) Precipitation stations are coded with
eight digit numbers. The first seven digits are

identical to the Colorado State University identifica-
tion number of the nearest downstream runoff station.
However, in some areas there may be several precipita-
tion gages close to a single runoff station. The
eighth digit in the station number makes it possible to
distinguish between the gages in this situation. The
precipitation station closest to the associated runoff
station is assigned a zero for its eighth digit. The
precipitation station next in proximity is assigned one
for its eight digit, and so forth.

2. The accuracy of data measurements. It is well
known that the observed precipitation does not neces-
sarily represent the true amount of water that falls
over a station or over the surrounding area [42]. How-
ever, the precipitation data that correlate highly
with runoff data are still useful indices in this study.

3. Non-homogeneity and inconsistency of records.
Non-homogeneity and inconsistency of precipitation data
are introduced when there is a change in location, ex-
posure, or instrument. Substation History [26-30]
and Climatological Data [31-35], both published by the
Weather Bureau, show horizontal movement and elevation
change. However, the environment and local orography
cannot be shown.

Most of the drainage area in the Upper Colorado
River Basin has been subjected to transmountain diver-
sion, transbasin diversion, interbasin diversion,
regulation by reservoir, and irrigation diversion that
causes a non-homogeneity in the runoff data. The infor-
mation about the first four cases is given in the Water
Supply Papers [41] and is used for correction of runoff
data on the monthly level [9]. As to irrigation diver-
sion, there is no available record. Furthermore, it is
very difficult to estimate seasonable consumptive use
and return rate to river. In the high mountain regions,
the irrigation allotment is small in amount and is
diverted mainly in summer. Correction for irrigation
diversion is not done for this reason.

4. Filling missing data. It is necessary to es-
tablish a reliable connection between stations having
incomplete records and those that are complete. This
is done by estimating the missing data from nearby
stations with records covering the missing months and
having a sufficiently long record which coincides with
that of the station with incomplete records. In this
study, a simple linear regression method is applied for
this purpose.




Chapter V

DATA PROCESSING AND RESULTS

The techniques described in Chapter III are applied
by using the data discussed in Chapter IV. The goal of
this chapter is to determine the relative suitability
of individual basins within the Upper Colorado River
Basin and to select the favorable combinations of sub-
basins in the two pilot areas.

1. Mean winter precipitation and mean spring
runoff.

a. Seasonal and yearly variability of precipita-
tion. The mean and standard deviations of monthly pre-
cipitation are computed for 10 stations in the pilot
area and are plotted on Fig. 4. The annual and winter
precipitation time series are also shown in the same
figures. The distribution of monthly precipitation is
roughly uniform, on the average, though there are peaks
in July and August and a low in June. The coefficients
of variation of monthly precipitation are very large
though those of annual precipitation are relatively
small. The ratios of winter to annual precipitation
are around 0.6.

b. Seasonal and annual variability of runoff.
The mean and standard deviations of monthly runoff
were computed for 18 stations in the pilot areas and
are plotted on Fig. 5. The annual and spring runoff
time series are also shown in the same figures. These
figures illustrate the typical behavior of stations
located at a high altitude. An outstanding rise during
April through June, a decline in July and August, and
steady flow in fall and winter are common to all the
watersheds.

Precipitation appears as snow during October
through April. During this season, the watersheds are
covered with snow and the streams are frozen. As the
weather warms up in the spring, the snow pack on the
high mountains begins to melt and pours into the
streams along with the runoff from spring precipita-
tion. The precipitation that falls during the summer
season is stored in the soil, but strong evapotrans-
piration takes place and summer precipitation does not
contribute to runoff to a great extent. This is why
runoff displays an extreme seasonal variability com-
pared to the nearly uniform distribution of seasonal
precipitation. For this reason, the coefficients of
variations of both annual and spring runoff are high
for all the stations.

¢. Mean winter precipitation. As far as precipi-
tation management in the Upper Colorado River Basin is
concerned, mostly the winter precipitation is signifi-
cant in the application of artificial techniques. As
discussed in Section 2 of Chapter III the increase of
precipitation is roughly proportional to the natural
precipitation. The establishment of zones of equal
winter precipitation was attempted over the Upper
Colorado River Basin. Though it is desirable to obtain
recording years common to all the stations, all those
having records of five years or more were used.
Figure 7 shows isohyets of 5, 7.5 and 10 inches (very
rough and uncorrected for topography).

The names of the watersheds that have a great
amount of winter precipitation follow in order:

(1)

San Juan Mountains
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available.

(2) Upper basin of the Colorado River

(3) Upper reach of the Yampa River and its
tributaries

(4) Headwaters of the Rafael River

(5) Upper basins of Uinta River, Lake Fork,

and Rock Creek.

d. Mean spring runoff. The increase of precipi-
tation in winter appears as spring runoff. The spring
runoff might be a rough indicator for optimal water
yield.

Lines of equal spring runoff were drawn and are
depicted in Fig. 8. The streams having a great amount
of spring runoff, of course, correspond to the water-
sheds with a large amount ef winter precipitation.

2. Relation between precipitation and runoff.

a. Stepwise multiple regression. To determine
the coefficients a, bi’ and 4 in equation (11), step-

wise multiple regression was used. Its chief advantage
is to produce an equation that uses only a small number
of prediction variables and that has a comparatively
high coefficient of determination [43].

b. Correlation between winter and spring precipi-
tation. For all precipitation stations in the pilot
areas the correlation coefficient between winter and
spring precipitation was calculated. Table 1 shows no
correlation.

TABLE 1 CORRELATION COEFFICIENT, (r), BETWEEN

WINTER AND SPRING PRECIPITATION

Ccsu 1D T
10734360 .04
10734560 «12
10734641 .17
10774000 + 30
10778600 .01
12724450 -.04
12724602 -.32
13715600 .58
18036000 -.24
18054000 -.06
18500000 .26
19500000 .24

c. Watershed without precipitation station data
Though it would be of interest to study

the watersheds in the high altitudes, generally there
are few, if any, stations there. In this case data
from one of the precipitation stations nearby were used
to compute the coefficients in equation (11). As long
as a good correlation exists, a sufficient forecasting
equation can be found.

d. Computation and results. Computation was done
for all possible sets of precipitation and runoff having
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a common recording length. Three hundred and sixty-
five sets of these with greater than 0.90 correlation
coefficient were used for the calculation of the in-
crease in runoff and of the number of years needed for
evaluation (see Appendix B).

3. Increase of runoff. At the present stage, it
is impossible to assign scientifically a reasonable
value to the relative increase in precipitation, ki’

in equation (7), for each station. A uniform 10 per-
cent increase of winter precipitation over its natural
value is assumed for further computation. Then the
increase of spring runoff induced by an increase of
winter precipitation is, on the average, found from
equation (13) in Section 2 of Chapter I1Il.

Here the F;i were calculated, not for the common

recording length, which was used to find the regres-
sion line, but for the whole recording length of each
station (see Appendix B).

The computed value of Eﬁ; for every station is
plotted on Fig. 9 and rough contour lines of equal in-
crease of spring runoff are shown there.

The names of the watersheds where the greatest
increase in runoff is expected follow:

(1) San Juan Mountains,

(2) Upper reach of the Yampa River and its
tributaries,

(3) Headwaters of the Green River,

(4) Upper basin of the Colorado River,

(5) Upper basins of Uinta River, Lake Fork,
and Rock Creek, and

(6) Headwaters of the Rafael River basin.

These watersheds also have a large amount of
natural precipitation and natural spring runoff.

___ 4, Number of years needed for evaluation. Using
ﬁQs calculated in the previous section, the number of

years needed for evaluation was computed for each sta-
tion by equation (16) in Section 3 of Chapter III.

The results are shown in Appendix B and on Fig. 10.
The occurrence of aberrant values made it difficult to
draw more precise contour lines. This is caused mainly
by the fact that the common recording length was not
used, and the variability of the data affects the value
of N to the second power, compared to the case of
Eﬁs in equation (13).

In general, the value of N are smaller in the
high mountain watersheds where the large increase of
spring runoff is expected. However, when the size of
the watershed becomes quite small the trend sometimes
reverses, This seems to occur to the watersheds con-
sisting of sub-basins with different hydrological
features and with a smaller variance. The names of the
watersheds where the smaller number of years can be
expected follow:

(1) Upper reach of the Yampa River and its
tributaries,

(2) Headwaters of the Green River,

(3) Upper basin of the Colorado River,
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(4) Upper basins of Uinta River, Lake Fork, and
Rock Creek, and

(5) San Juan Mountains.

5. Optimized selection of basins in the pilot area.

(a) Runoff stations in the pilot area. Out of 53
stations in the San Juan Mountains and 49 stations in
the upper basin of the Colorado River, 15 and 14 sta-
tions, respectively, were selected for the study. They
gage representative sub-basins and have relatively long
records. The locations of the stations and their char-
acteristics are found in Table 2, and on Figs. 6 and
11. The covariance matrix was computed and is shown in
Table 3.

(b) Optimized selection of basins. As discussed
in Section 3 of Chapter III an attempt was made to find
a combination of numbers of sub-basins giving the mini-
mum number of years for evaluation. This was accom-
plished by solving equation (19) for all possible combina-
tions of two through six stations out of 15 in the San
Juan Mountains and out of 14 in the upper basin of the
Colorado River. The number of all possible combina-
tions is so large that only those combinations which
yield the twenty lowest values of N* are plotted. In
Fig. 12, N* is plotted versusthe increase of spring
runoff and also versus the drainage area., The minimum
value in the San Juan Mountains is six and in the upper
basin of the Colorado River it is three.

The same calculation was performed setting all the
ui's equal to 1 in equation (17)instead of optimizing the

parameters. The results are shown on Fig. 12. The
comparison of the results for the two cases demonstrate
that the method is effective.

The analysis of the results indicates that several
particular sub-basins play a particular important role

in making N* small. They are in:
(a) the San Juan Mountains
1077015 Navajo River at Edith
1077250 Rio Blanco near Pagosa Springs
1371555 Uncompahgre River near Ridgway,
and in
(b) the upper basin of the Colorado River
1762500 East Fork Troublesome Creek near
Troublesome
1810000 Willow Creek below Willow Creek
Reservoir
1930000 North Inlet at Grand Lake.

These stations do not necessarily have a small value of
N in Table 2. Table 4 list the optimal combination
of gages for group sizes equal to 2, 3, 4, 5 and 6
selected from 15 stations in the San Juan Mountains and
from 14 stations in the upper basin of the Colorado
River.

The results are very encouraging for evaluation of
the pilot projects. The method of optimized grouping
of basins brings a very large reduction in the number
of years needed to establish significance. One may
nevertheless question the method. In other words how
sensitive is the method? Could a slight variation in
this or that parameter say double the calculated value
of N*, quadruple it ... etec?

A complete theoretical answer to the question is not
easy. One can however obtain an idea by varying various
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parameters and observing the changes in the calculated
Given the value of N* for the optimal

values of

N*,

group of a given size, how different is the corres-

ponding value for the next best grouping, etc.. Tables
5 and 6 show that many combinations will actually give

a value of N* close to the optimal.

How sensitive is N* to the values of the weight

coefficients The best 10 ranking groups of size

o
i

6 were used for the sensitivity test.

The procedure was to modify 2 weight factors (those

corresponding to the first 2 columns of Table 7) by
1, 5 and 10%, keeping these fixed and recalculating

the remaining 4ai according to the optimization pro-

cedure. The results are shown in Table 7. They indi-
cate that the weight factors can be rounded off without
appreciable effects.

How sensitive is N* to the runoff data? The opti-
mal group of size 6 in the Upper Basin of the Colorado
was used for this test. It is a test of sensitivity
of N* to the sample covariance matrix. The procedure
was to select at random 7 years from the total record
(1948-1964). The years turned out to be: 1948, 1951,
1954, 1956, 1958, 1960 and 1963, Then runoff data for
3 out of the 7 years were deleted from the entire
record. This can be done in 35 ways. For each sample
N* was calculated. Table 8 shows the results.

TABLE 2(a) STATION CHARACTERISTICS - THE SAN JUAN MOUNTAINS

Mean (inch) Ratio of Increase

Csu 1D Location Drainage Continuous § variance spring to in Number of
(U.S5.G.5. Latitude Elevation Area Recording Recording (inch<) annual runoff Percentage years for

No.) Name Longitude fest mile Length Length Annual Spring runoff (inch) Increase Evaluation
pmme wpmme  g0n e g Wes w0 B8 w0 o e o
S Rl MRS e wee wme BROER L 0 L
G Emerth WER g e wee ew B3OS L L a0
o REeTm BRE o e wes omes B OER Lo 0 o
1075830  Los Pinos River 3725 0 1928-64  1928-64 18,55  12.47
(9.35350) near Bayfield 107 34 30 7938 #85:4 s s01 <01 S 353
e il - T I
sree Gepfn  WED e wee owse BEOSR L L e o
Jim el R o e une R TS e s |
1077250  Rio Blanco near 37 12 46 1935-64  1935-64  19.65  15.39
(9.34300) Pagosa Springs 106 47 38 el 58.0 59.20 46.42 £ie gk s AL
1077400 San Juan River 37 15 50 1911-64 1935-64 16,85  13.66
(9.34250) at Pagosa Springs 107 04 T2 23,0 1,86 g5y o % b.d6 17 b
[;.Zﬁ;;g} 3:3’?2055333 13; f?g Sa08 35 E MRS [ ,2;3; 1;:;3 .83 1.14 20.9 53
1272445 San Miquel Creek 38 2 5 1909-64 1942-64  10.06  7.39
(9.17250)  near Placerviile 08 715 1099 S0A~0 g6k 4o S 999 2 108
e e I VA
Gl M. Mae e owe wme omes TEOUR L L L, .
DR edmtwe  WES e wee see 38 OEE L w0

TABLE 2(b) STATION CHARACTERISTICS - THE UPPER BASIN OF THE COLORADO RIVER
Mean (inch) Ratio of Increase

Csu 1D Location Drainage Continuous & variance spring to in Number of
(U.5.6.5. Latitude Elevation Area Recording Recording ingh? annual runoff  Increase  years for
No.) Name Longitude feet mile? Length Length  Annual Spring runoff (inch) Percentage Evaluation
1762500 East Fork Troublesome 40 9 27 1937-64 1954-64 4.95 4.04
{9.0400) Creek near Troubiesome: 106 16.58 7790 {fh 245 A M2 51 (4 373
e S e LBl el P e BN e o ey e
1801800  Meadow Creek 40 2 55 1936-56  1936-56  20.92 19,00
(9.0330) mnear Tabernash 106 4630 0 70 23.66 65.24 - Ay o 163
pan Bl B0 e et el S IS Tl TR ey
Sk B WSS e s AT B s Y
1804500  Vasquez Creek 39 55 13 1907-64 1934-64  7.10  5.05
(9.0250) near Winter Park i65 aycs | B 2758 2421 1200 7 .75 14.9 81
1805400  Frazer River 954 0 1911-64  1911-64  14.84 10,99
(9.0240) near Winter Park 084G 38 2900 #40 64.70 23.74 A 20 244 1349
1810000  Willow Creek below 20 845 1953-64  1955-64  4.08  2.72
(9,0210) Willow Creek Res. 105 56 22 0% 134:0 10,88 6.39 97 <55 0.2 81
1850000  Stillwater Creek 40 11 20 1950-56  1950-56  7.45  6.42
(9.0180) above Lake Granby 105 53,40  OSI0 188 935 3.24 86 -85 15.5 7
e e R TR I I
ey DuShrenl AR g e wes BROER L L o
oo fsimisi e G opy W wes B7OBE o 0 .
miows MBS g e W s BE K L u o ow w
1960000  Colorado River 40135 8 1904-64  1934-64 15,17 12.28
(9.0110) near Grand Lake 105 51 25 5380 AL 75,34 1201 29 192 IS 85
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TABLE 3 COVARIANCE MATRIX (Calculsted for data within the period 1948 - 1964)

(a) The San Juan Mountains

Ccsy ID 1073080 1073420 1073448 1073460 1075830 1076420 1077015 1077200 1077250 1077400 1272440 1272445 1278800 1371530 1371555

1073080 40,30 31.38 24.93 37.18 31.87 25.39 22,28 23..1 39,75 36,61 25.74 16.00 36.30 6.05 23.92

1075420 31.28 27.21 20 .85 31,51 27.48 21.68 17,42 19.02 30,35 30.27 19.16 13,57 29.98 5.08 19,96

1073448 24.93 20.85 16.53 24.56 21.14 16,88 14.02 15,22 24,351 23.54 15,38 10,68 23.12 3.93 15.68

1073460 37.18 31.51 24,56 37.69 32.08 25.32 21,26 22.82 37,40 35,83 23.66 16.32 36.09 6.09 2372

1075830 31.87 27.48 21.14 32.08 28.40 22.08 17.894 19.64 31.81 31.30 19.54 13.49 30.75 5.14 19.90

1076420 25.39 21.69 16,88 25,352 22,08 17.65 14,24 15,50 24,69 24.79 15.47 10,65 24,28 3,01 15,63

1077015 22.28 17.42 14.02 21.26 17.94 14.24 12.94 13,66 23.15 20.63 14.16 5.20 20.94 3.42 13.62

1077200 23.71 19.02 15.22 22.82 19.64 15,50 13.66 15.00 24,48 22.36 14.82 9.94 22.34 3,65 14.81

1077250 39.75 30,35 24,31 37.40 31.81 24.69 2315 24,48 43.78 37.31 24.78 16. 10 37.38 6,39 24,66

1077400 36.61 30.27 23,54 35,83 31.30 24.78 20.63 22.36 37531 36.38 21.84 14.67 34.75 5.57 22.12

1272440 23.74 19.16 15.38 25.66 19.54 15.47 14,16 14.82 24.78 21.84 16.88 10.93 43:51 4,04 15.95

1272445 16.00 13.57 10.68 16,32 13.49 10.65 9.20 9.94 16,10 14,67 10,93 8.01 16,03 2.98 11.55

1278500 36.39 29.98 23.72 36.09 30.75 24.28 20.94 22.34 37.38 34.75 23.51 16,03 35.71 6,06 23.56

1371530 6.05 5.08 3.93 6.09 5.14 3.m 3.42 3.65 6,39 5.57 4.04 2.98 6.06 1.28 4.49

1371555 23.92 19.96 15.68 23.72 18,80 15,63 13.62 14,81 24.66 22.12 15,95 11.55 23.56 4.49 17.78

tb)  The Upper Basin of the Colorado Riyer

sy ID 1762500 1800900 1801800 1801816 1802730 1B04500 1805400 1810000 1850000 1866000 1830000 1920000 1930000 1960000

1762500 5.77 4.80 16.72 10.23 5.88 6.72 8.57 3.78 4.48 9.66 §.22 11.72 9.11 7.66

1800900 4.80 4.50 14,17 B.535 4.46 5.41 .19 330 3.89 9,41 7.44 10,68 7.98 6.95

1801800 16.72 14.17 63.77 34.20 23.68 19.52 27.44 11,46 13.49 30.11 25.04 37.86 30,37 23.21

1801816 10.23 8.53 34.20 25.32 16,47 14.22 19.65 5.43 8.11 18.55 14.61 20.57 17.56 14,03

1802730 5.88 4.46 23.68 16,47 15.26 9.21 10.82 2.40 4,82 10,90 7.51 11,03 10,80 7.39

1804500 6.72 5.41 19.52 14.22 9.21 11.32 12.72 4.58 4.86 11.14 5.91 12,32 0,82 8.36

1805400 8.57 8,19 27.43 19.65 10,82 12.72 22.40 5.02 6.19 17.92 13,07 18.70 14.19 12,10

1810000 3.78 3.30 11.46 5.43 2.40 4.58 6.02 5.24 2.80 5.82 5.806 9.05 5.90 5.41

1850000 4.48 3.89 15.49 B.11 4.82 4.80 h.19 2.80 2,80 — — —— — —

1866000 9.66 9.41 30.11 18,55 10,90 11.14 17.92 5,82 - 21.68 - -— -— =

1880000 22 7.44 25,04 14,61 7:51 8.91 15.07 5.86 —— -— 12,89 - = e

1920000 11.72 10.68 37.86 20,57 11,03 12.32 18.70 9.05 -—— --- - 27.62 = -

1230000 9.11 7.98 30.59 17.56 10.80 9.82 14,19 5.60 —— - ——- - 16.33 =i

1960000 7.66 6.95 23.21 14,03 7.39 8.36 12:10 5.41 ——- - — - — 11.42

(o) o W
o S Q I Q 3 Missing Data

CSuU ID & (2] o 2] ] D Filled by
1073080 ]

1073420 I - N =23 | 1073400 (r=.98)
1073440 —_—] —

w|1073460 ) -71:==3| 1073438 {r=99)

£11075830 C )
2l1076420 C -]
==
8 10770‘5 C ] C 1|
= 1077200 im yss=snncs=coall IOV70S0 (r=:.89)
1077250 ; -y
5|1077400 C ]
3|1272440 C 1= | 1272415 (r=.86)
i 1272445 g = ]
3 1278800 gord—————+—— | 1277200 (r= 96)
1371530 1371500 {r= .8l
l§7l555 1371520 (r= 98)
1762500 1760000 (r= .97)
1800800 1740000 (r=.79)
1801800 r 1772000 (r = 94)
® 1801816 C 3
e 5 1802730 T ]
« >|1804500 I ]
© x|1805400 1
£ 1810000 C:oi-——f——1| 1890000 (r= 67)
g g| 1850000 Esei——asizndi s |II960000: (s 93]
m = 1866000 C 1
50 1880000 i e r=ey 119600000  (p=:95)
&U 1920000 = =1 | 1960600 (r= 97)
5 |!930000 —p———Tz=zziT=I] [II9E0000 (r=.97)

196 0000 C —

Fig. 11 Length of runoff records in the pilot area



TABLE 4 (a)

OPTIMAL COMBINATIONS OF GAGES FOR VARIOUS GROUP

SIZES IN THE SAN JUAN MOUNTAINS

Number of
Sub-basins Weight Number of
in Factor Years Needed
Combination CsU 1D Name o for Evaluation
1 1371555 Uncompahgre River near Ridgway 1.00 12
2 1272440 Beaver Creek near Norwood 1.00 53
1371555 Uncompahgre River near Ridgway 1.00
1073080 La Plata River at Hesperus -9.41
3 1077015 Navajo River at Edith 4.68 23
1272440 Beaver Creek near Norwood -2.78
1073080 La Plata River at Hesperus =9.90
4 1077015 Navajo River at Edith 8.18 16
1077250 Rio Blanco near Pagosa Springs -4.27
1272440 Beaver Creek near Norwood -6.38
1073080 La Plata River at Hesperus -15.13
1077015 Navajo River at Edith 10.80
5 1077250 Rio Blanco near Pagosa Springs - 6.61 11
1272440 Beaver Creek near Norwood -11.67
1371555 Uncompahgre River near Ridgway 2.09
1076420 Piedra River near Piedra -7.49
1077015 Navajo River at Edith 24 .55
6 1077250 Rio Blanco near Pagosa Springs -32.45 6.1
1077400 San Juan River at Pagosa Springs 5.31 1
1272440 Beaver Creek near Norwood -23.36
1371530 Dallas Creek near Ridgway 27.38
TABLE 4(b) OPTIMAL COMBINATIONS OF GAGES FOR VARIOUS GROUP
SIZES IN THE UPPER BASIN OF THE COLORADO RIVER
Number of
Sub-basins Weight Number of
in Factor Years Needed
Combination Csu ID Name a for Evaluation
1 1850000 Stillwater Creek above Lake Grandby 1.0 17
2 1800900 Strawberry Creek near Grandby 120 32
1850000 Stillwater Creek above Lake Granby 140
1762500 East Fork Troublesome Creek near -2.38
Troublesome
3 1804500 Vasquez Creek near Winter Park i D 8.2
1930000 North Inlet at Grand Lake 2.39
1762500 East Fork Troublesome Creek near -1.83
Troublesome
4 1801800 Meadow Creek near Tabernash -4.00 6.0
1804500 Vasquez Creek near Winter Park .14 '
1930000 North Inlet at Grand Lake 3.10
1762500 East Fork Troublesome Creek near -3.60
Troublesome
1801800 Meadow Creek near Tabernash -6.99
5 1804500 Vasquez Creek near Winter Park 2.67 3.8
1810000 Willow Ureek near Winter Park .34
1930000 North Inlet at Grand Lake 4.15
1762500 Last Fork Troublesome Creek near -3.37
Troublesone
1801800 Meadow Creek near Tabernash -5.45
o 1801816 Ranch Creek near Frazer -2.31 2.9
1804500 Vasquez Creek near Winter Park 3.60 5
1810000 Willow Creek below Willow Creek Reser- .07
voir
1930000 North Inlet at Grand Lake 4.51
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Fig. 12(a) Minimum number of years needed for evaluation for combinations of
two through six sub-basing out of 15 in the San Juan Mountains
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Fig, 12(b) Minimum number of years needed for evaluation for combinations of two
through six sub-basins out of 14 in the Upper Basin of the Colorado River
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TABLE 5(a) 10 BEST COMBINATIONS OF SIX SUB-BASINS IN THE SAN JUAN MOUNTAINS

Number of Length of

Years for Elevation Records

Rank Evaluation oy Csu  ID Station Name (feet) (years)
- 7.49 1076420 Piedra River near Piedra 6530 26
24.55 1077015 Navajo River at Edith 7033 45
1 6.1 -32.45 1077250 Rio Blanco near Pagosa Springs 7950 29
] 5.31 1077400 San Juan River at Pagosa Springs 7052 29
-23.36 1272440 Beaver Creek near Norwood 8008 22
27.38 1371530 Dallas Creek near Ridpway 6980 14
-14.54 1073080 La Plata River at Hesperus 8105 48
14.38 1077015 Navajo River at Edith 7033 45
2 7.7 - 9,90 1077250 Rio Blanco near Pagosa Springs 7950 29
g -14.46 1272440  Beaver Creek near Norwood 8008 22
- 1.71 1272445 San Miguel Creek near Placerville 7096 28
18.90 1371530 Dallas Creek near Ridgway 6980 14
-18.86 1073080 La Plata River at Hesperus 8105 48
16,25 1077015 Navajo River at Edith 7033 45
3 7.7 - 9,13 1077250 Rio Blanco near Pagosa Springs 7950 29
q =24.72 1272440 Beaver Creek near Norwood 8008 22
=--1:31 1272445  San Miguel Creek near Placerville 7096 28
4.33 1371555 Uncompahgre River near Ridgway 6878 6
~ Fr o7 1076420 Piedra River near Piedra 6530 26
27,02 1077015 Navajo UWiver at Edith 7033 45
4 7.9 -31.10 1077250 Rio Blanco near Pagosa Springs 7950 29
5 4.70 1077400 San Juan River at Pagosa Springs 7052 29
-37.00 1272440 Beaver Creek near Norwood 8008 22
6.06 1371555 Uncompahgre River near Ridgway 6878 6
-14.10 1073080 La Plata River at llesperus 8105 48
- 2,32 1073420 Florida River near Durango 7302 42
5 8.4 14,00 1077015 Navajo River at Edith 7033 45
& - 8.93 1077250 Rio Blanco near Pagosa Springs 7950 29
-18.16 1272440 Beaver Creek near Norwood 8008 22
3.21 1371555  Uncompahgre ‘River near Ridgway 6878 6
-20.93 1073080 La Plata River at Hesperus 8105 48
- .88 1076420 Piedra River near Piedra 6530 26
6 9.0 19.45 1077015 Navajo River at Edith 7033 45
i -12.54 1077250 Rio Blanco near Pagosa Springs 7950 29
-21.47 1272440 Beaver Creek near Norwood 8008 22
3.84 1371555  Uncompahgre River near Ridgway 6878 6
-22.05 1073080 La Plata River at Hesperus 8105 48
- .59 1075830 Los Pinos River near Bayfield 7515 &,
B 9.0 18.85 1077015 Navajo River at Edith 7033 45
% -10.73 1077250 Rieo Blanco near Pagosa Springs 7950 29
-25.03 1272440  Beaver Creek near Norwood 8008 22
3,80 1371555 Uncompahgre River near Ridgway 6878 6
- B.36 1076420 Piedra River near Piedra 6530 26
24.17 1077015 Navajo River at Edith 7033 45
8 9.1 -30.86 1077250 Rie Blanco near Pagosa Springs 7950 29
: 3.54 1077400 San Juan River at Pagosa Springs 7052 29
-42,16 1272440 Beaver Creek near Norwood 8008 22
15.30 1278800 Dolores River below Rico 8422 13
-29.89 1073080 La Plata River at Hesperus 8105 48
- .70 1073460 Animas River above Tacoma 7520 11
9 9.3 25.300 1077015 Navajo River at Edith 7033 45
i -14,72 1077250 Rio Blanco near Pagosa Springs 7950 29
-30.20 1272440 Beaver Creek near Norwood 8008 22
5.11 1371555 Uncompahgre River near Ridgway 6878 6
-16.80 1073080 La Plata River at lesperus 8105 48
1.95 1073448 Hermosa Creek near llermosa 6706 36
10 9.4 b sy | 1077015 Navajo River at Edith 7033 45
i -10.69 1077250 Rio Blanco near Pagosa Springs 7950 29
-14,95 1272440 Beaver Creek near Norwood 8008 22
3.32 1371555 Uncompahgre River near Ridgway 6878 6
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TABLE 5(b) 10 BEST COMBINATIONS OF FIVE SUB-BASINS IN THE SAN JUAN MOUNTAINS
Number of Length of
Years for Elevation Records
Rank Evaluation ay csu  ID Station Name (feet) (years)
-15.13 1073080 La Plata River at Hesperus 8105 48
10.80 1077015 Navajo River at Edith 7033 45
1 11 - 6.61 1077250 Rio Blanco near Pagosa Springs 7950 29
-11.67 1272440 Beaver Creek near Norwood 8008 22
2.09 1371555 Uncompahgre River near Ridgway 6878 6
-10.93 1073080 La Plata River at Hesperus 8105 48
8.36 1077015 Navajo River at Edith 7033 45
2 12 - 5.41 1077250 Rio Blanco near Pagosa Springs 7950 29
=639 1272440  Beaver Creek near Norwood 8008 22
5.36. 1371530 Dallas Creek near Ridgway 6980 14
-15.75 1073080 La Plate River at Hesperus 8105 48
10,42 1077015 Navajo River at Edith 7033 45
3 14 - 6,26 1077250 Rip Blanco near Pagosa Springs 7950 29
-11,30 1272440  Beaver Creek near Norwood 8008 22
2,42 1278800 Dolores River below Rico 8422 13
- 4,05 1076420 Piedra River near Piedra 6530 26
15,22 1077015 Navajo River at Edith 7033 45
4 14 -18.47 1077250 Rio ©Blanco near Pagosa Springs 7950 29
-26.12 1272440  Beaver Creek near Norwood 8008 22
12,62 1278800 Dolores River below Rico 8422 13
-24.66 1073080 La Plata River at llesperus 8105 48
.65 1077400 San Juan River at Pagosa Springs 7052 29
3 15 17.77 1077015 Navajo River at Edith 7033 45
- 9.91 1077250 Rio Blanco near Pagosa Springs 7950 29
-14.96 1272440 Beaver Creek near Norwood 8008 22
-10.73 1073080 La Plata River at Hesperus 8105 48
8.07 1077015 Navajo River at Edith 7033 £
6 15 5,34 1077200 Rito Blanco near Pagosa Springs 7330 17
- 4.51 1077250 Rio Blanco near Pagosa Springs 7950 29
- 7.20 1272440 Beaver Creek near Norwood 8008 22
= 5,21 1073420  Florida River near Durango 7302 42
12,53 1077015 Navajo River at Edith 7033 45
¥ 15 -11.73 1077250  Rio Blanco near Pagosa Springs 7950 29
-18.43 1272440  Beaver Creek near Norwood 8008 22
3.75 1371555 Uncempahgre River near Ridgway 6878 6
-15.90 1073080 La Plata River at llesperus 8105 48
.50 1073448  llermosa Creek near llermosa 6706 36
8 15 11.84 1077015 Navajo River at Edith 7033 45
- 6,03 1077250  Rio Blanco near Pagosa Springs 7950 29
- 9,35 1272440 Beaver Creek near Norwood 8008 22
-18.36 1073080 La Plata River at llesperus 8105 48
R ] 1076420 Piedra River near Piedra 6530 26
9 15 Y713 1077015  Navajo River at Edith 7033 45
= 9,21 1077250 Rio Blanco near Pagosa Springs 7950 29
=1 3336 1272440  Beaver Creek near Norwood 8008 22
- 6.00 1076420  Piedra River near Piedra 6530 26
25.83 1077015  Navajo River at Edith 7033 45
10 16 -26.41 1077250  Rio Blanco near Pagosa Springs 7950 29
4.11 1077400  San Juan River at Pagosa Springs 7052 29
-23.92 1272440  Beaver Creek near Norwood 8008 22
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TABLE 5(c) 10 BEST COMBINATIONS OF FOUR SUB-BASINS IN THE SAN JUAN MOUNTAINS
Number of Length of
Years for Elevation Records
Rank Evaluation ay Csu 1D Station Name (feet) (years)
- 9.90 1073080 La Plata River at Hesperus 8105 48
1 16 8.18 1077015 Navajo River at Edith 7033 45
- 4,27 1077250 Rio Blanco near Pagosa Springs 7950 29
- 6.38 1272440 Beaver Creek near Norwood 8008 22
-16.03 1073080 TIaPlata River at Hesperus 8105 48
2 18 6.57 1077015 Navajo River at Edith 7033 45
- 6.34 1272440 Beaver Creek near Norwood 8008 22
1.68 1371555 Uncompahgre River near Ridgway 6878 6
-18.25 1073080 La Plata River at Hesperus 8105 48
3 20 1.93 1073448 Hermosa Creek near Hermosa 6706 36
6.99 1077015 Navajo River at Edith 7033 45
- 6.64 1272440 Beaver Creek near Norwood B0ODS8 22
-16.41 1073080 La Plata River at Hesperus 8105 48
4 21 6.22 1077015 Navajo River at Edith 7033 45
- 6.60 1272440 Beaver Creek near Norwood 8008 22
2.22 1278800 Dolores River below Rico 8422 13
-27.61 1073080 La Plata River at llesperus 8105 48
5 22 15 R 1077015 Navajo River at Edith 7033 45
.66 1077400 San Juan River at Pagosa Springs 7052 29
= §.94 1272440  Beaver Creek near Norwood 8008 22
-10.69 1073080 La Plata River at Hesperus 8105 48
6 22 4,87 1077015 Navajo River at Edith 7033 45
=298 1272440 Beaver Creek near Norwood 8008 22
2.26 1371530 Dallas Creek near Ridgway 6980 14
-10.39 1073080 La Plata River at llesperus 8105 48
7 22 4.38 1077015 Navajo River at Edith 7033 45
6.10 1077200 Rito Blanco near Pagosa Springs 7330 17
- 3.55 1272440  Beaver Creek near Norwood 8008 22
-31.32 1073080 La Plata River at Hesperus 8105 48
8 22 .68 1073460 Animas River above Tacoma 7520 11
15,57 1077015 Navajo River at Edith 7033 45
-11.23 1272440  Beaver Creek near Norwood 8008 22
-23.64 1073080 La Plata River at Hesperus 8105 48
9 23 .34 1076420 Piedra River near Piedra 6530 26
11.10 1077015 Navajo River at Edith 7033 45
- 8,22 1272440 Beaver Creek near Norwood 8008 22
14.41 1073080 La Plata River at Hesperus 8105 48
10 53 .67 1073420 Florida River near Durango 7302 42
I 6.73 1077015 Navajo River at Edith 7033 45
- 4.93 1272440 Beaver Creek near Norwood 8008 22
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TABLE 5(d)

10 BEST COMBINATIONS OF THREE SUB-BASINS IN THE SAN JUAN MOUNTAINS

Number of Length of
Years for Elevation Records
Rank Evaluation & csu  ID Station Name (feet) (years)
- 9.41 1073080 La Plata River at Hesperus 8105 48
1 23 4.68 1077015 Navajo River at Edith 7033 45
- 2.78 1272440 Beaver Creek near Norwood 8008 22
-16.81 1073420 Florida River near Durango 7302 42
2 34 5.17 1073460 Animas River above Tacoma 7520 11
-10.74 1272440  Beaver Creek near Norwood 8008 22
- 9.42 1073080 La Plata River at Hesperus 8105 48
3 34 7.41 1077015 Navajo River at Edith 7033 45
- 2.60 1278800 Dolores River below Rico 8422 13
5.53 1077015 Navajo River at Edith 7033 45
R 34 - 6.18 1077250 Rio Blanco near Pagosa Springs 7950 29
= 3.67 1272440  Beaver Creek near Norwood 8008 22
- 2,72 1073080 La Plata River at Hesperus 8105 48
5 35 11.38 1077200 Rito Blanco near Pagosa Spring 7330 17
= 127 1272440 Beaver Creek near Norwood 8008 22
- 8,35 1073080 La Plata River at Hesperus 8105 48
6 37 5.59 1077015 Navajo River at Edith 7033 45
- .98 1371555 Uncompahgre River near Ridgway 6787 6
6,28 1073460 Animas River above Tacoma 7520 11
7 38 - 6.39 1075830 Los Pinos River near Bayfield 7515 37
-14.81 1272440  Beaver Creek near Norwood 8008 22
- 6.18 1073080 La Plata River at Hesperus 8105 48
8 39 - 5.11 1272440 Beaver Creek near Norwood 8008 22
4,34 1278800 Dolores River below Rico 8422 13
6.16 1073460  Animas River above Tacoma 7520 11
9 39 -10.55 1076420 Piedra River near Piedra 6530 26
3.47 1077400  San Juan River at Pagosa Spring 7052 29
-12,38 1073080 La Plata River at Hesperus 8105 48
10 41 5.55 1073460 Animas River above Tacoma 7520 11
- 4,54 1076420 Piedra River near Piedra 6530 26
TABLE S(e) 10 BEST COMBINATIONS OF TWO SUB-BASINS IN THE SAN JUAN MOUNTAINS
Number of Length of
Years for Elevation Records
Rank Evaluation a, ¢su 1D Station Name (feet) (years)
1 53 1.00 1272440 Beaver Creek near Norwood 8008 22
100 1371555  Uncompahgre River near Ridgway 6878 6
= 54 1.00° 1077200 Rito Blanco near Pagosa Springs 7330 17
= 1,00 1272440 Beaver Creek near Norwood 8008 22
3 54 1.00 1077200 Rito Blanco near Pagosa Springs 7330 17
1.00 1371555  Uncompahgre River near Ridgway 6878 6
4 54 1.00 1077015 Navajo River at Edith 7033 45
1.00 1371555 Uncompahgre River near Ridgway 6878 6
5 55 1.00 1278800 Dolores River below Rico 8422 13
1.00 1371555 Uncompahgre River near Ridgway 6878 6
6 57 1.00 15371530 Dallas Creek near Ridgway 6980 14
i 1.00 1371555 Uncompahgre River near Ridgway 6878 6
7 58 1.00 1272440 Beaver Creek near Norwood 8008 22
1.00 1278800 Dolores River below Rico 8422 13
8 58 1.00 1077015 Navajo River at Edith 7033 45
1.00 1272440 Beaver Creek near Norwood 8008 22
9 59 1.00 1077200 Rito Blanco near Pagosa Springs 7330 17
1.00 1278800 Doleres River below Rico §422 13
10 59 1.00 1077015 Navajo River at Edith 7033 45
1.00 1278800 Dolores River below Rico 8422 13

32




TABLE 6(a) 10 BEST

COMBINATIONS OF SIX SUB-BASINS IN THE UPPER BASIN OF THE COLORADO RIVER

Number of Length of
Years for Elevation Records
Rank Evaluation ay Csu 1D Station Name (feet) (years)
- 3.37 1762500 East Fork Troublesome Creek near 7750 17
Troub lesome
- 5,45 1801800 Meadow Creek near Tabernash 9780 21
1 2.9 - 2.31 1801816 Ranch Creek near Fraser 8670 30
T 3.60 1804500 Vasquez Creek near Winter Park 8769 31
.07 1810000 Willow Creek below Willow Creek 8024 11
Reservoir
4.51 1830000 North Inlet at Grand Lake 8380 14
- 4,04 1762500 East Fork Troublesome Creek near 7750 17
Troublesome
- 6.79 1801800 Meadow Creek near Taberash 9780 21
2 3.5 - .49 1802730 St. Louis Creek near Fraser 8980 31
| 2.96 1804500 Vasquez Creek near Winter Park 8769 31
.18 1810000 Willow Creek below Willow Creek 8024 11
Reservoir
4.89 1930000 North Inlet at Grand Lake 8380 14
- 3.41 1762500 East Fork Troublesome Creek near 7750 17
Troublesome
- 3.72 1800900 Strawberry Creek near Granby 8650 10
3 3.6 - 7.67 1801800 Meadow Creek near Tabernash 9780 21
5 G 2,77 1804500 Vasquez Creek near Winter Park 8769 31
.38 1810000 Willow Creek below Willow Creek 8024 11
Reservoir
4.59 1930000 North Inlet at Grand Lake 8380 14
- 3.38 1762500 East Fork Troublesome Creek near 7750 17
Troublesome
- 6.93 1801800 Meadow Creek near Tabernash 9780 21
4 3.8 1.89 1804500 Vasquez Creek near Winter Park 8769 31
Y - .19 1805400 Fraser River near Winter Park 8900 54
.05 1810000 Willow Creek below Willow Creek 8024 11
Reservoir
4,78 1930000 North Inlet at Grand Lake 8380 14
- 4,23 1762500 East Fork Troublesome Creek near 7750 17
Troublesome
- 3.19 1801816 Ranch Creek near Fraser 8670 30
5 3.9 = 70 1802730 St, Louis Creek near Fraser 8980 31
; 4.58 1804500 Vasquez Creek near Winter Park 8769 31
= <15 1810000 Willow Creek below Willow Creek 8024 11
Reservoir
4.54 1930000 North Inlet at Grand Lake 8380 14
- 3.83 1762500 East Fork Troublesome Creek near 7750 17
Troub lesome
.13 1800900 Strawberry Creek near Granby 8650 10
6 4.2 - 3.65 1801816  Ranch Creek near Fra§er 8670 30
i 4.37 1804500 Vasquez Creek near Winter Park 8769 31
.01 1810000 Willow Creek below Willow Creek 8024 11
Reservoir
3.88 1930000  North Inlet at Grand Lake 8380 14
- 3.61 1762500 East Fork Troublesome Creek near 7750 17
Troublesome
- 3.63 1801816 Ranch Creek near Fraser 8670 30
- 4.4 3.62 1804500 Vasquez Creek near Winter Park 8769 31
e .01 1805400 Fraser River near Winter Park 8900 54
= 22 1810000 Willow Creek below Willow Creek 8024 11
Reservoir
4,33 1930000 North Inlet at Grand Lake 8380 14
- 4.79 1762500 East Fork Troublesome Creek near 7750 17
Troublesome
- 5,71 1800900 Strawberry Creek near Granby 8650 10
- 1,98 1802730 St. Louis Creek near Fraser 8980 31
£ 4.8 4.40 1804500 Vasquez Creek near Winter Park 8769 31
.02 1810000 Willow Creek below Willow Creek B024 11
Reservoir
4,86 1930000 North Inlet at Grand Lake 8380 14
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TABLE 6(a) continued

- 2,72 1762500 East Fork Troublesome Creek near 7750 17

Troublesome
- 9,58 1801800 Meadow Creek near Tabernash 9780 21
9 51 - 1,00 1801816 Ranch Creek near Fraser 8670 30
i 1.29 1802730 St. Louis Creek near Fraser 8980 31
.62 1810000 Willow Creek below Willow Creek 8024 11

Reservoir

4,76 1930000  North Inlet at Grand Lake 8380 14
- 2.96 1762500 East Fork Troublesome Creek near 7750 17

Troublesome
- 8.75 1801800 Meadow Creek near Tabernash 9780 21
10 5.4 .64 1802730 St. Louis Creek near Fraser 8980 31
5 .04 1805400 Fraser River near Winter Park 8900 54
.29 1810000 Willow Creek below Willow Creek Res. 8024 11
5.03 1930000 North Inlet at Grand Lake 8380 14

TABLE 6(b) 10 BEST

COMBINATIONS OF FIVE SUB-BASINS IN THE UPPER BASIN OF THE COLORADO RIVER

Number of Length of
Years for Elevation Records
Rank Evaluation @ Csu 1D Station Name (feet) (years)
- 3.60 1762500 East Fork Troublesome Creek near 7750 17
Troublesome
- 6.99 1801800 Meadow Creek near Tabernash 9780 21
1 3.8 2.67 1804500 Vasquez Creek near Winter Park 8769 31
. 7 1810000 Willow Creek near Winter Park 8024 11
4.15 1930000 North Inlet at Grand Lake 8380 14
- 3.71 1762500 East Fork Troublesome Creek near 7750 17
Troublesome
- 3,54 1801816 Ranch Creek near Fraser 8670 30
2 4.2 4,28 1804500 Vasquez Creek near Winter Park 8769 31
.02 1810000 Willow Creek near Winter Park 8024 11
3.74 1930000 North Inlet at Grand Lake 8380 14
- 4,98 1762500 East Fork Troublesome Creek near 7750 17
Troublesome
- 1.63 1802730 St. Louis Creek near Fraser 8980 31
3 5.0 4,00 1804500 Vasquez Creek near Winter Park 8769 31
.03 1810000 Willow Creek near Winter Park 8024 11
4.26 1930000 North Inlet at Grand Lake 8380 14
« 7L, Ba 1762500 East Fork Troublesome Creek near 7750 17
Troub lesome
- 5.73 1800900 Strawberry Creek near Granby 8650 10
4 5.3 - 5,02 1801800 Meadow Creek near Tabernash 9780 21
52 1804500  Vasquez Creek near Winter Park 8769 31
Xdd 1930000 North Inlet at Grand Lake 8380 14
- 2,85 1762500 East Fork Troublesome Creek near 7750 17
Troublesome
- 9,25 1801800 Meadow Creek near Tabernash 9780 21
5 5.4 .92 1802730 S5t. Louis Creek near Fraser 8980 31
.67 1810000 Willow Creek below Willow Creek 8024 11
Reservoir
4,41 1930000 North Inlet at Grand Lake B380 14
- 2.85 1762500 East Fork Troublesome Creek near 7750 17
Troublesome
- 9.25 1801800 Meadow Creek near Tabernash 9780 21
6 B .92 1802730 St. Louis Creek near Fraser 8980 31
.67 1810000 Willow Creek below Willow Creek 8024 11
Reservoir
4.42 1930000 North Inlet at Grand Lake 8380 14
- 2.63 1762500 East Fork Troublesome Creek near 7750 17
Troublesome
- 6.66 1801800 Meadow Creek near Tabernash 9780 21
7 6.1 55 X6 1805400 Fraser River near Winter Park 8900 54
.28 1810000 Willow Creek below Willow Creek 8024 11
Reservoir
4.49 1930000  North Inlet at Grand Lake 8380 14

34



TABLE 6(b) continued

- 3.01 1762500 East Fork Troublesome Creek near 7750 17

Troublesome
- 7,83 1801800 Meadow Creek near Tabernash 9780 21
8 6.3 .61 1801816  Ranch Creek near Fraser 8670 30
.69 1810000 Willow Creek below Willow Creek 8024 11

Reservoir

4,29 1930000  North Inlet at Grand Lake 8380 14
- 1,93 1762500 East Fork Troublesome Creek near 7750 ' 7

Troublesome
- 4.11 1801800 Meadow Creek near Tabernash 9780 21
9 6,7 - .26 1801816 Ranch Creek near Fraser 8670 30
- .07 1804500 Vasquez Creek near Winter Park 8769 31
3.48 1930000 North Inlet at Grand Lake 8380 14
- 4.95 1762500 East Fork Troublesome Creek near 7750 17

Troublesome
3.75 1800900  Strawberry Creek near Granby 8650 10
10 6.7 2.91 1804500 Vasques Creek near Winter Park 8769 31
.39 1810000 Willow Creek below Willow Creek 8024 11

Reservoir

3.01 1930000 North Inlet at Grand Lake 8380 14

© TABLE 6(c) 10 BEST COMBINATIONS OF FOUR SUB-BASINS IN THE UPPER BASIN OF THE COLORADO RIVER

Number of Length of
Years for Elevation Records
Rank Evaluation e Csu 1ID Station Name (feet) (years)
= 1,83 1762500 East Fork Troublesome Creek near 7750 17
Troublesome
1 6.0 - 4,00 1801800 Meadow Creek near Tabernash 9780 21
4 .14 1804500 Vasquez Creek near Winter Park 8769 31
3.10 1930000 North Inlet at Grand Lake 8380 14
- 2.66 1762500 East Fork Troublesome Creek near 7750 17
Troub lesome
2 5.0 - 6,95 1801800 Meadow Creek near Tabernash 9780 21
- .73 1810000 Willow Creek below Willow Creek 8024 11
Reservoir
3.90 1930000  North Inlet at Grand Lake 8380 14
- 4,59 1762500 East Fork Troublesome Creek near 7750 17
Troublesome
3 6.9 2,94 1804500 Vasquez Creek near Winter Park 8769 31
2 .44 1810000 Willow Creek below Willow Creek 8024 11
Reservoir
3.10 1930000 North Inlet at Grand Lake 8380 14
-~ 202 1762500 East Fork Troublesome Creek near 7750 17
Troublesome
4 7.3 9.28 1800900  Strawberry Creek near Granby 8650 10
i - W15 1810000 Willow Creek below Willow Creek 8024 11
Reservoir
Y AN 1850000  Stillwater Creck above Lake Granby 8310 5
= 2017 1762500 East Fork Troublesome Creek near 7750 17
Troublesome
5 7.9 - 1,04 1801816 Ranch Creek near Fraser B670 30
g .30 1804500 Vasquez Creek near Winter Park 8769 31
2.82 1930000 North Inlet at Grand Lake 8380 14
- 2.50 1762500 East Fork Troublesome Creek near 7750 17
Troublesome
6 8.2 - .56 1800900 Strawberry Creek near Granby 8650 10
g .68 1804500 Vasquez Creek near Winter Park 8769 31
257 1930000 North Inlet at Grand Lake 8380 14
- 3.26 1762500 East Fork Troublesome Creek near 7750 17
Troublesome
7 e - .52 1805400 Fraser River near Winter Park 8900 54
A .30 1810000 Willow Creek below Willow Creek 8024 11
Reservoir
3.58 1930000 North Inlet at Grand Lake 8380 14
-10.78 1800900  Strawberry Creek near Granby 8650 10
3 8.5 - 7.23 1801800 Meadow Creek near Tabernash 9780 21
3 .94 1804500 Vasquez Creek near Winter Park 8769 31
3. 48 1930000 North Inlet at Grand Lake 8380 14
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TABLE 6(c) continued

= .78 1762500 East Fork Troublesome Creek near 7750 17
Troublesome
9 8. 7 -10,.25 1800900 Strawberry Creek near Granby 8650 10
g - 4,15 1801800 Meadow Creek near Tabernash 9780 21
3,59 1930000 North Inlet at Grand Lake 8380 14
= 1,11 1762500 East Fork Troublesome Creek near 7750 17
Troublesome
10 9.1 - .45 1804500 Vasquez Creek near Winter Park 8769 31
g - .29 18100000 Willow Creek below Willow Creek 8024 11
Reservoir
11.95 1850000 Stillwater Creek above Lake Granby 8310 5
TABLE 6(d) 10 BEST COMBINATIONS OF THREE SUB-BASINS IN THE UPPER BASIN OF THE COLORADO RIVER
Number of
Years for Elevation Length of
Rank Evaluation o Csu 1D Station Name (feet) (years)
- 2.38 1762500 East Fork Troublesome Creek near 7750 17
Troublesome
1 8.2 .59 1804500 Vasquez Creek near Winter Park 8769 31
2.39 1930000 North Inlet at Grand Lake 8380 14
- .94 1762500 East Fork Troublesome Creek near 7750 17
Troublesome
2 9.5 - .30 1810000 Willow Creek below Willow Creek 8024 11
Reservoir
9,87 1850000 Stillwater Creek above Lake Granby 8310 5
- 8,57 1800900 Strawberry Creek near Granby 8650 10
3 9.8 - 5.18 1801800 Meadow Creek near Tabernash 9780 21
2,92 1930000 North Inlet at Grand Lake 8380 14
- 7.76 1800900 Strawberry Creek near Granby 8650 10
4 11 - 07 1810000 Willow Creek below Willow Creek 8024 1
Reservoir
9.44 1850000 Stillwater Creek above Lake Granby 8310 5
= 1267 1762500 East Fork Troublesome Creek near 7750 17
Troublesome
5 12 - 3.91 1800900 Strawberry Creek near Granby 8650 10
2,49 1930000  North Inlet at Grand Lake 8380 14
- 3.61 1762500 East Fork Troublesome Creek near 7750 17
| Troublesome
6 12 . 88 1810000 'Willow Creek below Willow Creek 8024 11
Reservoir
2,85 1930000  North Inlet at Grand Lake 8380 14
- 1,79 1801816 Ranch Creek near Fraser 8670 30
7 12 - 18 1810000 Willow Creek below Willow Creek 8024 11
Reservoir
8.68 1850000 Stillwater Creek above Lake Granby 8310 5
- 2,58 1801800 Meadow Creek near Tabernash 9780 21
8 13 Sh at] 1810000 Willow Creek below Willow Creek 8024 11
Reservoir
8.31 1850000 Stillwater Creek above Lake Granby 8310 5
o 1801800 Meadow Creek near Tabernash 9780 21
9 14 LA 1804500 Vasquez Creek near Winter Park 8769 31
2,54 1930000  North Inlet at Grand Lake 8380 14
- 4.21 1762500 East Fork Troublesome Creek near 7750 17
Troublesome
10 14 1.28 1804500 Vasquez Creek near Winter Park 8769 31
A 1960000 Colorado River near Grand Lake 8380 45
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TABLE 6(e) 10 BEST COMBINATIONS OF TWO SUB-BASINS IN THE UPPER BASIN OF THE COLORADO RIVER

Number of Length of
Years for Elevation Records
Rank Evaluation &y csu 1D Station Name (feet) (years)

1 32 1.00 1800900 Strawberry Creek near Granby 8650 10
1.00 1850000 Stillwater Creek above Lake Granby 8310 5

2 39 1.00 1800900 Strawberry Creek near Granby 8650 10
1.00 1930000 North Inlet at Grand Lake 8380 14

3 41 1.00 1804500 Vasquez Creek near Winter Park 8769 31
1.00 1930000 North Inlet at Grand Lake 8380 14

4 41 1,00 1800900 Strawberry Creek near Granby 8650 10
1.00 1866000 Arapaho Creek at Monarch Outlet 8310 20

5 42 1.00 1804500 Vasquez Creek near Winter Park 8769 31
1.00 1866000  Arapaho Creek at Monarch Outlet 8310 20
1,00 1810000 Willow Creek below Willow Creek 8024 11

6 42 Reservoir
1.00 1866000  Arapaho Creek at Monarch Qutlet 8310 20

7 a4 1.00 1801800 Meadow Creek near Tabernash 9780 21
1.00 1866000 Arapaho Creek at Monarch Outlet 8310 20
1.00 1810000 Willow Creek below Willow Creek 8024 11

8 45 Reservoir
1.00 1930000 North Inlet at Grand Lake 8380 14

g 45 1.00 1801800 Meadow Creek near Tabernash 9780 21
1.00 1930000 North Inlet at Grand Lake 8380 14

10 46 1.00 1804500 Vasquez Creek near Winter Park 8769 31
1.00 1850000 Stillwater Creek above Lake Granby 8310 5

TABLE 7(a) SENSITIVITY OF NUMBER OF YEARS FOR EVALUATION ACCORDING TO CHANGE OF COEFFICIENTS

(THE SAN JUAN MOUNTAINS)

Number of
Years for
Rank Combination of Sub-basins and Coefficients Evaluation
€su 1D 1076420 1077015 1077250 1077400 1272440 1371530
Optimized - 7.49 24.55 -32.45 5.31 -23.36 27.38 6.08
1 1% change = 7.57 24,80 -32.70 B0 -23.59 27,40 6,09
5% change - 7.86 25.78 -33.69 5.45 -24.50 27,45 6.23
10% change - 8,23 27.01 -34.93 5.59 -25.63 Sl 6.56
CSuU ID 1073080 1077015 1077250 1272440 1272445 1371530
Optimi zed -14.54 14.38 - 9.90 -14.,46 = L7 18.90 7.68
2 1% change -14.68 14,53 -10.01 -14.62 - 1,73 18.94 7.68
5% change -15.26 15.10 -10.43 -15,27 - 1,81 19.09 7.86
10% change -15.99 15,82 -10,97 -16.09 - 1.90 19.29 8.42
CSu 1D 1073080 1077015 1077250 1272440 1272445 1371555
Optimized -18.86 16,25 - 9,13 -24,72 - 1,32 4,34 7.69
3 1% change -19.05 16.42 - 9,23 -24,85 = 1.33 4,32 Find 0
5% change -19.80 17.07 - 9.66 -25.36 - 1.36 4,24 7.84
10% change =20.75 17.88 -10.20 -26,00 - 1,41 4,14 8.27
Csu 1D 1076420 1077015 1077250 1077400 1272440 1371555
Optimized = ST 27.02 -31.10 4.70 -37.00 6.06 7.88
4 1% change - 7.44 27.29 -31.36 4,72 -37.20 6.04 7.88
5% change - 7.73 28,37 -32.39 4,83 -37.97 5.94 8.00
10% change - 8.10 29.72 -33.68 4.97 -38.95 5.82 8.36
Csu 1D 1073080 1073420 1077015 1077250 1272440 1371555
Optimized -14,10 A 14.00 - 8.93 -18.16 3.21 8.44
5 1% change -14.24 - 2.35 14.03 - 8.89 -18.22 ok 8.44
5% change -14.80 - 2.44 14.18 - 8,71 -18.,46 3.24 8.49
10% change -15,50 - 2.56 14,37 - 8.50 -18.76 3.28 8.64
CSu ID 1073080 1076420 1077015 1077250 1272440 1371555
Optimized -20,93 - BB 19.45 -12,54 -21.47 3.84 9,01
6 1% change -21,14 - .89 19.50 -12.49 -21.52 3.85 9.01
5% change -21.98 - .92 19.72 -12.25 7 et 3,86 9.06
10% change -23.03 - .97 19.98 -11.95 -21.96 3.88 9.21
Csu 1D 1073080 1075830 1077015 1077250 1272440 1371555
Optimized -22.05 - .59 18.85 -10.73 -25.03 3.80 9.05
7 1% change -22.27 - .60 18.90 -10.66 -25.09 3.81 9,05
5% change -23.15 - .62 19.08 -10.38 =25..33 3.82 9.10
10% change -24.26 - .65 19.31 -10,03 -25.63 3.84 9,25
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TABLE 7(a) continued
Csu 1D 1076420 1077015 1077250 1077400 1272440 1278800
Optimized - B8.36 24,17 - =30.86 3.54 -42.16 15,30 9,13
8 1% change - 8.44 24.41 ~-31.,08 3259 -42,35 15,25 9,14
5% change - B8.78 25,38 -31.95 3,77 -43.11 15,06 9.25
10% change - 9.19 26.59 -33.04 4.00 -44.05 14.83 9.60
Csu ID 1073080 1073460 1077015 1077250 1272440 1371555
Optimized -29.89 i 25.30 -14.72 -30.20 511 9.26
9 1% change -30.19 =2 oadl 25,38 -14.63 -30.28 5,12 9.26
5% change -31.38 = A3 25.67 -14,30 -30.60 5,15 9,31
10% change -32.88 - .77 26.04 -13.89 -30.99 5,19 9.46
CsU ID 1073080 1073448 1077015 1077250 1272440 1371555
Optimized -16.80 - 1.95 15521 -10.69 ~14.95 B.52 9.44
10 1% change -16.97 - 1.97 15.75 -10.65 -14.,98 S 9.44
5% change -17.64 - 2.04 15.94 -10.49 -15.11 3,90 9.49
10% change -18.48 = 2.14 16.17 -10,28 -15,26 3.39 9.63
TABLE 7(b) SENSITIVITY OF NUMBER OF YEARS FOR EVALUATION ACCORDING TO CHANGE OF COEFFICIENTS
(THE UPPER BASIN OF THE COLORADO RIVER)
Number of
Years for
Rank Combination of Sub-basins and Coefficients Evaluation
csu 1D 1762500 1801800 1801816 1804500 1810000 1930000
Optimized - 3.37 - 5,45 - 2,31 3.60 07 4,51 2.90
1 1% change - 3.41 3 | - 2.24 3.58 .08 4.52 2.90
5% change - 3.54 - 5.72 - 1,98 3.51 .09 4.56 2.93
10% change s | - 6,00 - 1.65 3.43 L11 4,60 02
CSu ID 1762500 1801800 1802730 1804500 1810000 1930000
Optimized - 4.04 - 6.79 - .49 2,96 .18 4.89 3053
2 1% change - 4.08 - 6,86 - .47 2,97 17 4,91 3.54
5% change - 4,24 - 7.13 - .4 3.01 .16 5.00 3.62
10% change - 4.45 - 7.47 - .34 3,167 .14 5.10 3.87
CsU ID 1762500 1800900 1801800 1804500 1810000 1930000
Optimized - 3.41 - 3,72 - 7.67 20505, .38 4,59 3.65
3 1% change - 3.45 - 3.76 - 7.59 2.78 .38 4,59 3.65
5% change =3.59 = 3.90 - 7.24 2,84 o 4,59 3.67
10% change - 3.76 - 4,09 - 6,81 2.91 B 4.60 3.76
Csu 1D 1762500 1801800 1804500 1805400 1810000 1930000
Optimized - 3.38 - 6,93 1.89 - .19 .05 4,78 3LT8
4 1% change - 3.41 - 7.00 1.91 = 17 .06 4,80 3,78
5% change - 3.54 - 7.28 1.98 = +x08 .07 4.84 3.82
10% change - 3,71 - 7.62 2,07 .04 .08 4,90 3.96
CSU ID 1762500 1801816 1802730 1804500 1810000 1930000
Optimized - 4,23 - 3,19 - 70 4.58 - .15 4.54 3.93
5 1% change - 4,27 - 5,22 - .69 4,61 = .16 4,56 3,93
5% change - 4,44 -~ 3,35 - .64 4.72 = 19 4.63 4.01
10% change - 4,66 - 3,51 -t U5 4.86 - .23 4.72 4,26
Csu 1D 1762500 1800900 1801816 1804500 1810000 1930000
Optimized - 3.83 13 - 3.64 4,37 .01 3,88 4.19
6 1% change - 3.87 13 - 3.60 4.36 .01 3.88 4.19
5% change - 4,02 .14 - 3.39 4.33 .02 3.90 4.22
10% change -~ 4,22 15 - 3.14 4.28 .03 3.91 4.30
CSu ID 1762500 1801816 1804500 1805400 1810000 1930000
Optimized - 3,61 - 3.63 3.62 .01 = 2D 4,33 4,35
7 1% change - 3,65 - 3.67 3.65 .04 - 22 4.34 4.36
5% change - 3.79 - 3.81 3.80 .14 - .22 4.36 4.40
10% change - 3.98 - 4,00 3.98 .26 - .22 4,39 4.54
CSu 1D 1762500 1800900 1802730 1804500 1810000 1930000
Optimized - 4.79 - 5.71 - 1.98 4.40 .02 4.87 4.85
B 1% change - 4,84 - 5.77 - 1,98 4.43 .02 4,89 4,85
5% change - 5.03 - 6.00 = 1.98 4,53 - .01 4,98 4,93
10% change - 5,27 - 6.28 - 1.98 4.65 - .04 5.09 S
CSU ID 1762500 1801800 1801816 1802730 1810000 1930000
Optimized - 2.72 - 9.58 - 1.00 1.29 .62 4,76 5.15
9 1% change - 2.74 - 9.68 - .93 1.28 .62 4.77 S5:15
5% change - 2.85 -10,06 - .66 1.24 .62 4,84 5.18
10% change - 2,99 -10.54 - .32 1,18 .61 4.92 5.29
CsSuU ID 1762500 1801800 1802730 1805400 1810000 1930000
Optimized - 2,96 - 8,75 .64 .04 .29 5,03 5,39
10 1% change - 2.99 - 8.84 .66 .07 <29 5.04 5.39
5% change = B3l - 9.19 72 .15 .32 5.07 5.43
10% change - 3,26 - 9.62 .80 .26 BN 512 5,57
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TABLE 8 SENSITIVITY OF NUMBER OF YEARS FOR EVALUATION ACCORDING TO CHANGE OF COVARIANCE MATRIX
(THE UPPER BASIN OF THE COLORADO RIVER)

Number of

Years for which Combination of Sub-basins and Coefficients Years for

data were not used 1762500 1801800 1801816 1804500 1810000 1930000 Evaluation
———— -——- ——— -3.37 -5,45 -2.,31 3.60 07 4,51 2.90
1948 1951 1954 -3.26 -5,69 -2.,01 1 .14 4,46 2.64
1948 1951 1956 -3.74 -6.51 = 6T 2.64 .30 4.53 2,76
1948 1951 1958 -5.65 -4,44 -1.90 F8l .06 4,33 2,53
1948 1951 1960 -3,46 -5.41 -2,02 3.30 Jh 4,49 5.2l
1948 1951 1963 -3.49 -4,48 -2.27 3.39 .14 4,39 3.20
1948 1954 1956 -3.44 -6.89 - .93 2,83 .25 4,52 2.50
1948 1954 1958 -3.36 -4, 87 -2.18 3.92 .02 4,35 2,20
1948 1954 1960 -3.20 =5.,72 -2.24 3.45 .11 4,48 2.75
1948 1954 1963 -3.25 -4,54 -2.50 3.59 .09 4.35 2.68
1948 1956 1958 ~-3.70 -5.17 -1.49 L] .11 4,40 2,69
1948 1956 1960 -3.59 -6.27 -1.28 2,95 22 4,55 3.21
1948 1956 1963 -3.60 -5.50 -1.57 3.05 .21 4,47 3.22
1948 1958 1960 -3.57 -4.,59 -2.19 4,00 .01 4,38 2.71
1948 1958 1963 -3.66 -2.79 -2.60 4,19 .01 4,17 2.63
1948 1960 1963 -3.43 -4,41 -2,54 3.53 .10 4,41 3,33
1951 1954 1956 -3.59 -7.53 - .18 2,74 .28 4,52 2557
1951 1954 1958 -3.47 -4,96 -1.79 3.89 .04 4,31 2.00
1951 1954 1960 -3.27 -6,11 -1.83 3.50 .10 4,48 2.69
1951 1954 1963 -3.30 -5.21 -2.08 3.64 .08 4,38 2,69
1951 1956 1958 -3.90 -5.61 - .67 3.32 A7 4,37 2iS6
1951 1956 1960 -3.76 -7.03 - .41 2.82 .26 4,55 3.01
1951 1956 1963 -3.74 -6.78 = ;50 2.83 .26 4,54 3.09
1951 1958 1960 -3.69 -4.70 -1.73 3.9 .04 4.34 2.42
1951 1958 1963 -3.75 -3.11 -2.14 4,15 .00 4.16 2.41
1951 1960 1963 -3.49 -5.28 -2.00 3.54 .10 4,46 S5
1954 1956 1958 -3.56 -6,05 -1.05 %.53 it 4,40 2.05
1954 1956 1960 -3.45 -7.33 - 77 3.05 .20 4,55 2,58
1954 1956 1963 -3.44 -6.69 -1.01 3.15 .18 4.48 2.60
1954 1958 1960 -3.39 -5,10 -2.06 4,06 -.01 4.35 215
1954 1958 1963 -3.48 -3.28 -2.45 4.35 -.05 4.14 2.03
1954 1960 1963 -3.24 -5,23 -2,30 BT .05 4.40 2.80
1956 1958 1960 -3.73 -5.45 ~-1.35 3.68 .08 4,41 2.62
1956 1958 1963 -3.74 -3.74 -1,95 4,01 02 4,24 2,62
1958 1960 1963 -3.66 -3,25 -2,43 4,32 -.04 4,21 2.60
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Chapter VI

CONCLUSION

Suitability of basins for weather modification over
the whole Upper Colorado River Basin was discussed from
a hydrologic standpoint.

The relationship between precipitation and spring
runoff with greater than 0.90 correlation coefficient
was obtained for 365 sets by applying a multiple linear
regression analysis, the independent variables being
winter and spring precipitation. Using this relation-
ship, the increase of spring runoff due to a 10 percent
increase of winter precipitation was calculated and used
as a criterion to discuss optimal water yield. The
following watersheds are those where a relatively large
amount of increase of runoff can be expected in order:

(a) San Juan Mountains,

(b) Upper reach of the Yampa River and its
tributaries,

(c) Headwater of the Green River,

(d) Upper basin of the Colorado River,

(e) Upper basins of Uinta River, Lake Fork, and
Rock Creek, and

(f) Headwaters of the Rafael River.

By applying the two-sample u-test, the number of
years for evaluation of weather modification attain-
ment for each basin was discussed. Though results
show some variability between watersheds separated by
a very short distance, the following basins lead to a
smaller number of years needed for evaluation on the
average:

(a) Upper reach of the Yampa River and its
tributaries,

(b) Headwater of the Green River,

(c) Upper basin of the Colorado River,

(d) Upper basins of Uinta River, Lake Fork, and
Rock Creek, and

(e) San Juan Mountains.

*Since the initiation of this study the plans of the Bureau were modified.

is considered: the San Juan Mountains region.
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These results show that the upper reach of the Yampa
River and its tributaries; the headwaters of the Green
River; and the upper basins of Uinta River, Lake Fork,
and Rock Creek are suitable, in addition to the two
pilot-areas--the San Juan Mountains and the Upper
Basin of the Colorado River.*

Furthermore, the number of years for evaluation
was calculated for certain combinations of basins in
the pilot area by using a new variable that is a linear
combination of a given number of runoff variables from
individual sub-basins. This was done in order to select
the most desirable combination of basins for the planned
experiment. It was found that particular gages play a
particularly important role in keeping the number of
years needed for evaluation to a minimum. They are in
the

(a) San Juan Mountains

1077015 Navajo River at Edith
1077250 Rio Blanco near Pagosa Springs
1371555 Uncompahgre River near Ridgway

(b) the Upper Basin of the Colorado River
1762500 East Fork Troublesome Creek near
Troublesome
1810000 Willow Creek below Willow Creek
Reservoir
1930000 North Inlet at Grand Lake

However, the study shows that there exist a great
deal of latitude in the actual choice of the stations

with little loss of efficiency in evaluation. This fact

is probably the most important result of this study.

It also was found the minimum number of years in
the San Juan Mountains was six, and in the Upper Basin
of the Colorado River Basin was three. It must be
remembered that these results hold under the assumption
of a uniform 10% increase in winter precipitation in
both pilot areas. If the increase is greater the num-
ber of years decreases approximately at a quadratic
rate.

At this point, no physical meaning is assigned to
the ui's in equation (3). Itmay be desirable to consider

the meaning of the ai's in a further study.

Currently (45) only one area
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APPENDIX A

List of Precipitation Stations

The numbers in the tables of the recorded data indicate the number of missing monthly data.
number "9'"' indicates that the number of missing monthly data is 9, 10, or 11 and the "*" indicates that there
is no monthly data at all.
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