SUITABILITY OF THE UPPER COLORADO RIVER BASIN

FOR PRECIPITATION MANAGEMENT
by

Hiroshi Nakamichi and Hubert J, Morel-Seytoux

October 1969

HYDROLOGY PAPERS
COLORADO STATE UNIVERSITY

Fort Collins, Colorado




SUITABILITY OF THE UPPER COLORADO RIVER BASIN FOR PRECIPITATION MANAGEMENT

by
Hiroshi Nakamichi
and

Hubert J. Morel-Seytoux

HYDROLOGY PAPERS
COLORADO STATE UNIVERSITY
FORT COLLINS, COLORADO 80521

October 1969 No. 36



ACKNOWLEDGMENTS
The present paper is based primarily upon Mr. Hiroshi Nakamichi's Master of Science
Thesis in the Department of Civil Engineering, Colorado State Universtiy entitled,
"Suitability of the Upper Colorado River Basin for Weather Modification.'" The work
was supported by the U.S. Bureau of Reclamation, Contract numbered BR 14-06-D-6597,

whose help is gratefully acknowledged.

RELATION OF HYDROLOGY PAPER NO. 36 TO RESLEARCH PROGRAM:
"HYDROLOGY OF WLATHLER MODIFICATION"

The present study is part of a more comprehensive project which has as one of
its objectives the development of methods of evaluation of atmospheric water resources
programs. Correlatively the application of the methods to a variety of basins forms
a basis for selection of suitable watersheds, basins or regions.

Several approaches are possible and are pursued. One approach was the subject
of a previous hydrology paper, No. 34 (see inside back cover for complete reference).
Another approach will be discussed in a forthcoming paper entitled, "Regional

Diserimination of Change in Runoff."

iii



Chapter

Abstract .

1

11

III

1v

VI

References
Appendix A

Appendix B

.

.

.

.

TABLE UF CONTLNTS

Introduction . . P W OWO¥ @ W 4
1. Water needs of the basin . . 4 ld = Hl 3 . :
2, Precipitation management program . . . . .
3. Criteria of suitability , . . . v ¥ .
4. General plan of paper. . . ' .
5. Select basic terms used in thls si:ud;;r T

The Hydrologic and Historic Setting . W wmy B oA ow m B
1. The Upper Colorado River Basin . . A -
2, Precipitation management in the Upper {,olarado River Basin

Suitability of Basins for Precipitation Management , . . . .

1. Criteria of suitability of basins for precipitation rnanagament .
2. Suitability of basins for optimal water yield. . . . .
3. Suitability of basins for evaluation. . . . . . . .
Data Used For This Study. . . . - x, W
1. Precipitation and runoff in the Upper Colorado Rlver Basin
2. The accuracy of data measurements. .
3. Non-homogeneity and inconsistency of recorda .
4, Filling missing data . . . . . . . . .
Data Processing and Results. . . . . . « +« « .+ .
1. Mean winter precipitation and mean spring runoff . .
2. Relation between precipitation and runoff . . . . .
5. Increase of runoff. . . . . e woa s
4. Number of years needed for evaluatlon P R R
5. Optimized selection of basins in the pilot area o s e s
ComeliBion v = & & & &% ¥ @ & @ ¢ G om0 %

iv

e B

= L

14
14
15

17
17

17
17

18
18
18
21
21
21

40
41
a4

4y



Figure

10

11

LIST OF FIGURES AND TABLES

Page
The Upper Colorado River Basin (after Upper Colorado River Commission [7]) . &
The highly smoothed topography of the Upper Colorado River Basin (in units

of 1000's of feet). (After Rasmussen, J.L. [8]) . . . . . W 4
Annual and spring runoff at Lees Ferry, Arizona . . . . . . . . . . 5
Annual, winter, and monthly precipitation for some stations in the two

PLIOE BXBAS v = o0 A 9w @ w N A w4 o e ® osi om um w qen ow o=@
Annual, spring, and monthly runoff for some stations in the two pilots areas. 8§ - 12
PLIGEAZOR & o 5 @ 4 ¥ % @ B o @ % B ow wod oW oW %o oW o e 3
Mean winter precipitation (im inches) . . . . . .+ .+ . .+ .+ . . . 19
Méan spring runoff (in inchesg). . .+ « + « & & &« o ® & W & e s 20
Expected increase in spring runoff due to a uniform 10% increase in winter

precipitation (ininches) . . + + & &« w & % @ o @ @ % o @ 22
Number of years needed for evaluation (based on the two-sample u-test) . . 23
Length of runoff records in the pilot area . . . . . . . . . . . 25
Minimum number of years needed for evaluation for grouped basins in the

PELOL HTBE. o - x 0 & W g M & o om e & ok A e 3 o ko e J87 =28
Correlation coefficient, (r) between winter and spring precipitation & @ 18
Station characteristics in the pilot area ¢ s oa el om w w w a  w m 24
Covariance matrix of spring runoff of stations in the pilot area . . . . 25
Optimal combinations of gages for various group sizes PR T 26
10 best combinations of sub-basins in the 5an Juan Mountains i o ow @ w2l w2
10 best combinations of sub-basins in the Upper Basin of the Colorado River. 33 - 37
Sensitivity of number of years for evaluation according to change of

COBELIRTENED:: wor = 50 % Wi o» mc B g o dm W I W W W 8 . . 37 - 38
Sensitivity of number of years for evaluation according to change of

covariance maEriX . .« .+ & o« 4 s e s s % s s % s s s e s 39



ABSTRACT

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

The study shows that the introduction of optimal weight factors in the lincar combination
of runoff from several basins will reduce significantly the number of vears 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



SUITABILITY OF THE UPPER COLORADO RIVER BASIN FOR PRECIPITATION MANAGEMENT

Hiroshi Nakamichi®and Hubert J. Morel-Seytoux™™

Chapter I

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 [1]. 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, DPrecipitation 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 Colorade 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, (4P), is esti-
mated by a statistical relationship between precipita-
tion and runoff, (Q = f(P)), often used when forecasting
runoff:

AQ = (Q+2Q) - Q = £(P+2P) - £(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 criterion 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:

(1.96)2 x 0.2 3.84 ¢ 2
N = . S Q )

(2Q)? (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 ¢ 2

Q

4Q is the increase in runoff.

is the standard deviation of runoff, and

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., 2Q , 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 (dnl, 25 woey N}, L8,

s

QF = 5 » 405 *wes w0 Q w ixi 0;Q; (3)

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 @; once n sub-
basins have been chosen.

However, 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,, Gi’ symbolically:

— n —
Q= L ou@ = ¢ Q (4)

and
(b) The expected increase of Q*, 0%, must be
equal to the sum of the expected increases in Qi’
Eﬁ;, i.e., symbolically:
n

i u‘EG. =
=1 Y 4

noers

Q= 6Q; - (5)

1

The hydrologic interpretation of equation (4) is that
the expectation of the random variable (* 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 (" 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:

5.84 g2

N* = _.._._0._ § i (6)
(aQ*)*

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 ai's

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

4. General plan of paper. In Chapter 1I, 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 IIltreats the question of definition of
a criterion of suitability and its calculations. Chap-
ters IV 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
yvear" 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

"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.

(d) Upper Colorado River Basin

By this expression the drainage basin of the
Colorado River above Lee's Ferry is meant (sece 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 I1

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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The Upper Colorado River Basin (after Upper
Commission [7])

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

]
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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

E lev. =
Range >l |I-8{8-5|<5
% [3|24 (6310

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 (2) The Upper Basin of the Colorado River including
during the spring and early summer months, which is due | drainage from Williams Fork, Colorado, to Troublesome
primarily to snowmelt. Creek, Colorado.

The design of a moderate scale pilot program of These regions are shown in Fig. 6. The suitability
operational seeding is in progress, serving as a bridge | of grouped basins from these regions for weather modifi-
between experimental programs and the large-scale opera- | cation is discussed in Chapter V, Section 5.
tion of the Colorado River Basin [5,11]. The following

two areas were selected by the Bureau of ieclamation* The next chapter discusses the question of defini-
for a pilot program. tion and calculation of suitability criteria. Based on
these criteria, the overall suitability of the Upper
(1) The San Juan Mountains including drainage Colorado River Basin is assessed in general and for the
areas from Lake Fork, Colorado, to the New Mexico pilot areas in particular in Chapter V, Section 5.

border, and

inch per #  Meaon
unit orea Cv Coefficient of voriation
i Spring  Runoff
410 =3 Remaining Season Runoff

| I_'l J_I | Ju=256 r

L Cv=0.3
2}
-l p=l S5

Cv=0.38

1
i

Sy=n
-

o
-

v16l
oz6l

0g61[
ovel[
o056l [
096! [
vselL

Water Year

Fig. 3 Annual and spring runoff at Lees Ferry, Arizona

# Meon

C, Coefficiem of Voriation CSU ID 10758400 - Valleclto Lam
E=J Winter Precipitaton Lo -I_
[ Remaining Season Precipitation n
—-— Signdord  Deviohon K2480 Cyve2l ”
a E".S'I L2o Ll-
3 K =508 Cv=26 i L
H10 i LK
MEREEERR z ® = B8 5 @ %
BEREdEsEcest B §F B B B ¥ R § B 2 %
 mepea)
T Cve28
K870
i Cv: 30
R

Fig. 4(a) Annual, winter, and monthly precipitation (in inches) for stations
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* Since the initiation of this study the plans of the Bureau were modified. Currently (45) only one area
is considered: the San Juan Mountains region.
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Fig. 5(e) Amnual, spring, and monthly runoff (in inches) for statioms San Juan
River at Pagosa Springs, Colo. and Rio Blanco near Pagosa Springs,
Colo. Qg/Q represents the ratio of mean spring runoff to mean
annual runoff.
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Fig. 5(f) Annual, spring, and monthly runoff (in inches) for stations East Fork
San Juan (San Juan) River near Pagosa Springs, Colo. and West Fork
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, Qg/Q 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.
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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 vield.

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 supercooled 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 meteorology 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-
port