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UNITED STATES IRRIGATION SURVEY.

ABSTRACT OF SECOND ANNUAL REPORT, 188g-1890.

The work of the United States Irrigation Survey doring the sceond year has been
carried on under the appropriation of $250,000 made March 2, 1889, by the force
organized and equipped during the previous year. This is pursuant to the purposes
outlined in the first annual report, which explains the origin, purpose, and plan of
the Survey, publishes the instructions to the chiefs of the larger divisions, and gives
the report of the topographic division to the end of the first fiscal year, and the
reports of the hydrographic and engineering divisions during the greater part of
the calendar year 1889. _

This sccond annual report contains in condensed form the results of the work of
the divistons of hydrography and engineering up to June 30, 1890. 1t is followed
by the detailed statement before the Committee on Irrigation of the House of Rep-
resentatives, which comprises a general discussion of the problems of irrigation in
the arid lands of the United States, the work of the Irrigation Survey, and a résumé
of the larger aspects of the problem, as well as other facts of general interest. This
is followed by the report of the topographic branch of the Irrigation Snrveéy and
the abstract of disbursements, showing that $239,318.24 had been expended during
the fiscal year, .

In the developments of the work of this Survey no esscntial alteration has been
made in previons plans, and the personnel of the field and office force has remained
practically’ unchanged, the topographic work being under Prof. A. H. Thompson,
and the hydrographlic and enginecring branches under Capt. C. E. Dutton. Work
in all three divisions was rapidly pushed torward through the summer and fall of
1889 and the spring of 1890, being in fnll operation at the end of the fiscal year.
The wisdom of thus apportioning the work of the Irrigation Survey has been
demonstrated by the outcome, as investigations have been pushed forward more
rapidly, and with larger results than conld otherwisc have been obtained.

The topographic survey has been carried on in a manuer similar to that in which
all such work has been conducted Ly the United States Geological Survey, so that
the maps finally obtained are unifoim in general character and appearance with
those previously made, thns rendering themn available for all the varied needs of
" seientific and engineering investigations, as well as for the irrigation examination
proper. These maps not only show the lands of the arid region and the relative
location of water supply and of tracts suitable for agriculture, but, by the well-
known system of contours, they also exhibit the details of elevation and general
slope of the ground. Thus with these maps it is possible 10 delincate with great
cxactness all of the facts essential to comprehensive irrigation schemes, and also to
obtain with accuracy the area of catchment of cvery stream above any given point,
as that of a reservoirsite or a diverting dam. In short, these maps form a basis for
the intelligent discussion of the whole problem of irrigation development.

X1
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As shown by the report of Prof. A. H. Thompson, the snrveys for topographic maps
have been mude for publication on a scale of one inch to one mile in California, Col-
orado, Idaho, Montana, New Mexico, and Nevada, a total area of 20,850 square miles
having been surveyed during the fiscal year. The contour interval of these maps has
varied from 25 fo 100 feet, depending upon the nature of the ground; that is to say,
each increase in elevation of 25, 50, or 100 feet hus been noted upon the maps in the
conventional method by horizontal contonrs. In mountainous regions, where the
slopes are abrupt and the land surface of little valute except as it acts as a catchment
area, the 100-foot interval is sufficient for all purposes, but on the lower and more
level grounds a smaller distance is required.

The maps of the topographic branch show not only the absolute and relative alti-
tude and slope of all surfaces and the position of streams, but also the correct loca-
tion of towns, wagon roads, railroads, and the larger water ditches. They furnish
thus the information demanded by the irrigation engineer at the very outset of his
work in order to obtain a broad comprehension of the larger problems encountered
by him. There is no intention, however, of making these general maps with the
great elaboration required by the constructing engineer, since the cost and time re-
quired would be prohibitory, and the area in which the construeting engineer is
particularly intorcsted is almost insignificant in comparison with the amount cov-
ered by any one of the topographic sheets. For these purposes a survey of a far
different character, covering a very small area or perhaps a long, narrow strip, is
required, the work being done by other methods and with a different class of in-
struments. .

During the progress of the topographic work, reports were made from time to time
by the men in charge of parties, giving details concerning the forests within these
areas, the reservoir sites, and the irrigable lands. The number of possible reservoir
sites reported within the surveyed area was 188, these being within the drainage
basins of the following rivers, viz: Walker, Carson, Truckee, Mokelumne, Ameri-
can, Yuba, South Platte, Grand, Arkansas and tributaries, Snake, Missouri, and
Rio Grande. Some of these sites will doubtless prove of benefit in the develop-
ment of irrigation, but an examination of the water supply of each locality will be
necessary before the value of each site can be determined upon.

The hydrographic investigations of the Irrigation Survey have at the end of the
second fiscal year begun to yield results of great value, exhibiting accurately the
water resources of particular portions of the country and some of the fluctuations
to which these are subject. The year 1889, however, was one of great drought, and
the results of the measurements, therefore, indicate what may be expeoted during
maximum aridity and show perhaps the extreme low-water conditions rather than
the average conditions, a knowledge of which is so essential in plans of irrigation
construction. It will be necessary to carry on work of this character for scveral
ycars before tho results of even one year can be fully appreciated.

Measurements and computations have been made showing the amount of water
flowing in certain streams in the upper Missouri and Yellowstone basins in Montana,
in the South Platte and Arkansas basins in Colorado, in the Rio Grande Basin in
Colorado, New Mexico, and Texas, in the Gila Basin in Arizona, in the Truckee and
Carson basins in California and Nevada, and in the Snake River Basin in Idaho and
Oregon. The results of all this work are shown in condensed form in this report,
together with necessary explanations and details essential to the utilization of the
data. The measurements of flowing water were made by field parties especially
equipped for this work, and moving from point to point on the various rivers as the
necessities of the case demanded, the attempt being made to measure certain of the
more important streams at various stages from low to high water. In addition to
the main work of measuring the streams, investigations were conducted in order to
determine the evaporation from water surfaces and the rainfall in certain areas, also
the amount of sediment carried by running water, as well as certain other data re-
quired by engineers in preliminary estimates of irrigation systeuwms.
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Theresults obtained by the topographic and hydrographic divisions, besides being
of general utility in the investigation of the extent to which the arid land can be
redeemed by irrigation, have a direct practical application in the work of the third
division of the Irrigation Survey, that of engineering proper. The officers of this
division, knowing the character of the country as delineated by good topographic
maps and possessing a general knowledge of the water supply, such as is being
obtaincd by the hydrographic work, have made detailed examinations in certain
chosen localities in order to determine the feasibility of certain large irrigation
schemes, and to estimate the benefits to be derived by the construction of suitable
works,

While the results of the work of the topographic and hydrographic divisions set-
tle many quéstions of general detail, such as the extent and location of lands to be
irrigated and their position and altitude relative to water, as well as the character
of the supply available, yet there mnst always remain the momentouns question
whether the possible irrigation enterprises are practicable and profitable to the par-
ties concerned. The geueral information obtained by these comprehensive investi-
gations shows usually a larger area of land than can be irrigated by the availablce
water supply, and also a number of possible reservoir sites and localities where
canals can be diverted from streams; and it remains for an engineering survey to
determine which one of the many possible localities and ways of diverting water is
best, and whether, taking all facts into consideration, it can be made of sufficient
benefit to induce capital or associated labor to construct the ‘works.

Engineering surveys were carried on in Montana, principally along the Sun River;
in Colorado on the head waters of the Arkansas, and in Kansas farther down the
river; on the Rio Grande principally in the vicinity of El Paso; in California
around Clear Lake and in the Sierra Nevadas; in Nevada on the Truckee and Car-
son rivers; in Utah around Utah Lake, and in Idaho on the lava plains adjoining
the Snake River.

In Montana ten reservoirs were carefully surveyed, and also three eanal lines lead-
ing from the Sun River to these reservoirs and to the lands to be irrigated; csti-
mates have also been made showing that 235,600 acres could be reclaimed by such
works at a cost varying with the method of construction, but at its maximum not
prohibitory. ’

On the head waters of the Arkansas eight reservoir sites were surveyed and esti-
mates of cost prepared. Especial attention was given to the Twin Lake site, and
detailed plans were prepared for storage works necessary to impound 103,500 acre-
feet of water. This amount conld be increased to 121,800 acre-feet by lowering the
outlet of the lakes. These lakes belong to the United States, and it has been shown
that by a comparatively small expenditure this enormous volume of water can be
held for use upon the lower lands. The preliminary survey of a canal line begun at
a point about ten miles west of the Kansas-Colorado boundary demonstrated the pos-
sibility of irrigating land north and northeast of Syracuse, Kansas, whenever the
necessary water ean be obtained by the construetion of such storage works.

The surveys in the Rio Grande division in the vicinity of El Paso, Texas, showed
that a suitable dam could be constructed to hold within the reservoir thus created
637,000 acre-feet, of which at least 200,000 acre-feet per year could be utilized, the
first cost being not over $5 per acre-foot of water available. Other reservoirs of
less capacity were discovered and partially examined. These will hold at least
2,000,000 acre-feet of water even after rejecting those of doubtful value.

The survey of Clear Lake in California showed that the contents of the lake be-
tween a point 10 feet below mean low water and 10 feet above are 820,600 acre-fect,
of which, however, nearly one-fourth is liable to be lost by evaporation, even if the
full amount of water should be obtained. Other reservoir sites were surveyed upon
the head waters of thestreams flowing from the Sierra Nevadas, seven surveys being
completed, as well as four instrumental reconnaissances, and thirteen localities were
examined and récommended for survey, together with thirty localities which were
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recommended for definite examination. These seven surveyed reservoirs have
capuacities respectively of from 2,000 to over 45,000 acre-feet, aggregating 173,280
acre-feet.

The work of the Survey in what was known as the Lahontan division, comprising
mainly the streams flowing froin California into Nevada, consisted of surveys of
outlets of Lake Tahoe and of storage sites and irrigation canals along the Truckee
and Carson rivers to irrigate the vast arcas of desert land iu the broad valleys of
Nevada, The most notable of these is the Donner Lake site, whose storage capaecity
for a space of 20 fect above the present water surface is approximately 22,205 acre-
feet. This can be increased tfo 42,827 acre-feet by placing a dam in snch a position
as to close the outlet of Donner and Cold Creck valleys. Independence Lake has
been found to have a storage capacity of 23,707 acre-feet within the space between
its present water surface and a plain 25 feet above it. Weber Lake can be made to
hold 11,152 acre-feet more than its present capacity by a damn raising the water to a
height of 20 feet. Other rescrvoir sites on the Truckee and also in Long Valley and
Hope Valley on the Carson were examined, together with the nccessary canal lines
for delivering the water.

In the Suake River division surveys were made demonstrating the practicability
of diverting the waters of Sunake River npon the lava plains upon both sides of that
gtream, and reconnaissance showed that the amount of water available could he
enormously increased by utilization of reservoir sites upon the head waters. The
_ Swan Valley site, for example, is estimated to have a storage capacity of 1,500,000
acre-feet, and at Jackson’s Lake 500,000 acre-feet could be held. The eareful survey
for a canal line leading from the Snake River in the vicinity of Eagle Rock or Idaho
Falls showed that the canal if constructed wounld command 216,400 acres of arable
land, all of it having an excellent soil. A line starting in the same locality and
running out npon the lava fields to the north of the Snake River would cover at
least 600,000 acres at simall cost, depending npon the character of the work. Other
surveys showed that canals lower down, while apparently possible, were in reality
not practicable on acconnt of the cxpense involved.,



IRRIGATION SURVEY—SECOND ANNUAL REPORT.

By J. W. PowELL, DIRECTOR.

HYDROGRAPHY.
SCOPE OF WORK.

Any discussion of the extent to which the lands of the arid
region can be redeemed by irrigation, or of the engineering
problems involved, requires a comprehensive knowledge of
the distribution of water in each catchment basin and the
amount available at various points in that basin. As this
amount is never the same from day to day and varies greatly
from year to year, it becomes necessary to continue investiga-
tions through a series of years, and from these obtain certain
averages and extremes concerning flood and drought. The
longer the measurements are continued the more valuable the
results become—the more nearly do they represent the actual
range of conditions, and hence the greater the reliance that
can be placed upon them in making predictions for the future.

The water supply and the amount available at any one
point are resultants of many and varied forces, most of which
are beyond the control of man. In each drainage basin the
relative effect of these differs in some greater or less degree,
so that the results of investigations made in one locality apply
only in a modified degree to any other place.

In the general subject of water control the great mass of
information collected by other investigators relates mainly to
localities far removed, both geographically and climatically,
from the arid region, to lands where the object is oftener the

disposal of excess of water than the conservation of a defi-
11 ¢EOL., pt. 2——1 1
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cient supply. Thus it happens that in this broad inquiry a
somewhat new path must be chosen, and, in a great degree,
new methods of research devised.

In such an investigation it is not sufficient merely to meas-~
ure the amount of water actually flowing at a certain point in
a stream, and thus obtain long series of figures giving the
amount which has been available; it is essential that beyond
this a careful study be made of the effects of changing con-
ditions, both natural and artificial, tending to modify the
amount of available water; for a knowledge of the future
supply must be based on estimates as to the degree in which
these conditions may vary from year to year.

The facts of first importance to be ascertained, after the
establishment of stream measurements, are the rainfall, the
amount lost by evaporation, and the amount now diverted by
artificial channels. Each of these subjects in turn embraces
a wide field of research.

UNITS OF MEASUREMENT,

Broadly speaking, there have been in this country two
classes of investigation of water supply and distribution;
that made by the engineer officers of the Army under the
river and harbor appropriations, for the purpose usually of
improving navigation, and those made by many civil engineers
at different times and places for municipal supply and water
power. In point of quantities of water, this Survey stands
intermediate between those two. The volumes measured and
discussed are far less than those required for navigation, but
are usually much greater than those used in city waterworks
and in powers.

To illustrate : The discharge for the Missouri ranges from
25,000 to 400,000 second-feet; for the Ohio, from 60,000 to
1,200,000 second-feet ; the Savannah River at Augusta, Ga.,
discharges in extreme low water 2,500 second-feet, at ordinary
low water 5,000 second-feet, and in greatest freshets 300,000
second-feet' from a drainage area of about 7,500 square miles.

' Fifty-first Cong., 1st sess., House Ex. Doc., No. 213 ; survey of Savannah River
above Augusta, Lieut. O. M. Carter, Washington, 1890, p. 31.
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On the other hand, the Rio Grande in upper New Mexico,
where largest, carries in low water from 300 to 400 second-
feet, and in flood seldom exceeding 10,000 ; and the Bear River
in Utah has about the same range. In short, in the case of a
stream under investigation for irrigation purposes, we speak of
hundreds or thousands of second-feet, while in esthmates on
rivers wholly or partially navigable, tens and hundreds of
thousands are the units in use.

Again, in considering municipal water supply, the quantities
discussed are so much smaller that they can be conveniently
expressed in gallons. A hundred gallons a day per inhabitant
is a common estimate of the water used in an American city.
On this basis a stream of 5 second-feet would supply a town
of over 30,000 inhabitants. This samme stream, which could
be conducted in a very small ditch, would irrigate, as water is
used in Colorado and Utah, from 350 to 500 acres, and thus
furnish support for from ten to fifteen families. Considering
artesian wells, one which flows 2,000,000 gallons per day is
worthy of remark, and is of great value for city purposes and
often for power. This quantity of water equals 1'55 second-
feet, a stream which would be entirely lost in an ordinary
ditch before going many miles, and as usually employed
would irrigate about 125 acres, or with greater care 250
acres.

There are two units in general use by this Survey: that for
flowing, water is the cubic foot per second, or ‘“second-foot,”
as it is more commonly termed, and that for capacity, the acre-
foot, which is the quantity of water covering an acre 1 foot in
depth, or 43,560 cubic feet. Thereisa convenient connection
between these two units: 1 second-foot flowing for 24 hours
covers an acre 1'983 feet in depth, or in other words, with
sufficient accuracy for general purposes, 1 second-foot per day
equals 2 acre-feet.

The other units in common use in the West are the various
miner’s inches. The miner’s inch is a quantity differently
defined in the mining regions, being regulated largely by
custom or agreement. In Colorado the miner’s inch has been
assumed In some instances to be 45 cubic inches per second,



4 IRRIGATION SURVEY-—SECOND ANNUAL REPORT.

equivalent to 0-026 second-foot, or 1 second-foot equals 384 of
these Colorado miner’s inches.! In California - the miner’s
inch is commouly quoted as 0:02 second-foot; 1 second-foot
equals 50 miner’s inches.? In the intermediate States and
Territories these values and others are used, so that any
measurement given in miner’s inches is an uncertain factor.

In descriptions of town and city water supply quantities
are usually given in gallons or millions of gallons for reservoir
capacity, and in gallons per'second or minute for flowing water.
For hydrographic discussion or irrigation engineering the
figures in this unit run up into unwieldy length.

For expressing the total discharge of a river the cubic mile
per year has been found to be convenient, and is used largely
by the Signal Service. It is especially convenient in ascer-
taining the relation of run-off to drainage areas, as these latter
are estimated in square miles, and to obtain the average depth
of run-off over a given area, it is only necessary to divide the
yearly discharge in cubic miles by the area in square miles.
Other units which have been used, such as the cubic yard or
meter per minute or second, require no comment, as they do
not seem to be very generally employed.

The following brief table gives these facts in convenient
form. It should be remarked that a day in all these neasure-
ments means 24 hours,

1 second-foot equals 50 California miner’s inches.

1 second-foot equals 384 Colorado miner’s inches,

1 second-foot equals 7-48 United States gallons per second.

1 second-foot equals 6:23 British imperial gallons per second.

1 second-foot for one day equals 2 acre-feet.

1 second-foot for one day equals 646,272 United States gallons.’
1 second-foot for one year equals 000214 cubic mile.

1 second-foot for one year covers 1 square mile 1'131 feet decp.
1 cubic foot of water weighs 62°4 pounds,

100 California miner’s inches equal 2 second-feet.

100 California miner’s inches equal 15 United States gallons per setond.
100 California miner’s inches equal 77 Colorado miner’s inches.
100 California miner’s inches for one day equal 4 acre-feet.

100 Colorado miner’s inches equal 2-60 second-feet.

100 Colorado miner’s inches equal 195 United States gallons per second.
100 Colorado miner's inches equal 130 California miner's inches. )

1 Report of the State engineer to the governor of Colorado for 1883 and 1884, p. 60.
2Irrigation in California. Wm. Ham. Hall, 1888, p. 2%,
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100 Colorado miner’s inches for one day equal 52 acre-feet.

100 United States gallons per minute equal 0-223 second-feet.

100 United States gallons per minute 1or one day equal 0°44 acre-feet.
1,000,000 United States gallons per day equal 1-55 second-feet,

STREAM MEASUREMENTS.

The methods of stream measurement by which the results
shortly to be discussed have been obtained are described in
the previous report' and in so many other publications relating
to hydrography that it will be sufficient here to give some of
the practical details and results of the experience of the last
year, omitting general description.

Of the four general methods of measurement, the one used
almost exclusively by this Survey is that by current meteis.
Floats have been used to a limited ektent to obtain the approxi-
mate discharge at times or under circumstances when meters
were disabled or not at hand. Weir measurements have been
made in a few cases to obtain the discharge in ditches. In
studying the duty of water it is necessary that the measure-
ments of small quantities be made with a greater degree of
exactness than is possible with a current meter. A small weir
can usually be placed in an irrigating ditch, at slight expense,
providing there is sufficient fall, and if correctly proportioned
and the well known Francis formula® be used will give the
flow with great precision. The use of the knife-edged weir is
rapidly extending in the West, the accuracy of the measure-
‘ments offsetting the inconvenience or care required.

Discharge results obtained by calculations based upon the
slope, area of cross section, and depth of the stream have not
met with favor or confidence. One great difficulty is in deter-

mining the exact slope, or, rather, for what length the slope -

shall be measured ; and after all the measurements have heen
made with great accuracy the result depends largely upon an
assumed factor of roughness of the bed, which factor is with
many engineers a mere guess.

!Tenth Ann. Report, U. S. Geol. Surv., Part 2, Irrigation, p. 79.
? Lowell Hydraulic Experiments, by J. B. Francis.
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CURRENT METERS.

For the diversified needs of this Survey, it has been found
convenient to have two types of current meters; these are
the direct recording, in which the number of revolutions is in-
dicated on a series of small gear wheels driven directly by the
cupped or vaned wheel of the meter, and the electric meter,
in which the counting is done by means of a simple make-and-
break circuit, the registering or ‘reporting” being made at
any desired distance from the meter.

For shallow, quiet streams, where the gauger can work com-
fortably from bridge or boat, the direct recording meter is pre-
ferred, as it is very light, simple, and compact. It is mounted
on a rod, and the gauger, holding it in the water at the desired
points, allows it to register for a certain number of seconds,
draws it up, and reads the result on the dials. The instrument
can be quickly unpacked, there are no annoying electric wires,
batteries, or connections, and it can be carried with ease.

In deep and torrential rivers, however, the cuirent is usually
too strong for a man to hiold the meter or lower it to the bottom;
much time is consumed in raising the instrument to read the
dials, and there is uncertainty as to how the meter is behaving,
especially in turbid waters. Moreover, in floods it is often im-
possible to go out upon the stream, and in these cases electric
meters become a necessity.

The direct recording meters (see Fig. 121) are modifications
of the Colorado meter, recommended by the State Engineer!?
as a result of his experience. The wheel revolves in a horizontal
plane and consists of five vanes or cups, being similar in prin-
ciple to the cup anemometer. This form of wheel is probably
the invention of D. Farrand Henry and was used on the survey
of the Detroit River about 1867 and later by Gen. Theodore G.
Ellis on the survey of the Connecticut River.? A wheel of the

!Second Biennial Report of the State Engineer to the Governor of Colorado, 1884,
p- 49. :
!Flow of water in rivers and canals, by D. Farrand Henry, Detroit, 1873, p. 4;
also Journal Franklin Institute, vol. 62,

Report on Survey and Examinations of the Connecticut River, Appendix B 14,
Ann. Report Chief Engineers U, 8. Armny, 1878, p. 60. Also, Buff & Berger’s cata-
logue, Boston, 1889, p. 136.
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the registering is started and stopped by having the dial wheels
move as a whole, forward and backward, to engage with the
pinion of the cupped wheel, whose axis remains vertical.

The meter when in use is screwed to the end of a metal rod,
which for convenience is made in sections of 3 feet each. A
wire or cord is connected to the lever whicl: throws the dial
wheels in or out of gear. On being placed in the water, the
dials being read previously, the wheel is allowed to revolve
freely for a few moments in order to acquire the velocity of the
water, and at the desired instant the operator jerks the cord,
bringing the registering wheels into gear. At the end of the
given number of seconds, the cord is released with quick motion
and the dials cease to revolve. The méter is then taken out of
the water and the new reading is noted, together with the num-
ber of seconds during which the revolutions were made.

This form of wheel is very convenient, as it can be used in
shallow chamnels, close to the bottom, and is self-clearing of
grass and leaves. In swift water it is very difficult to hold the
rod so that it will be perfectly vertical, the force of the water
tending to pull the meter down stream, and unless the operator
is constantly on the alert his wheel will at times be inclined to
the horizontal

Mr. E. E. Haskell, of the Coast and Geodetic Survey, has
pointed out that when the cupped wheel is inclined it moves
faster than when held perfectly horizontal. Ie gives the fol-
lowing data as typical of the results of a large number of
experiments.

Angle of in- | Time 1n sec-| Number of
chnation of | ondsgoing | revolutions | Increase
meter 300 feet 1n 300 feet
Degrees
0 128 68
12 126 76 11
0 76 70
17 76 84 14
0 111 68

17 m 82 14
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For work in the turbulent streams of the West there is
grave objection to the helicoidal, flat-faced velocity wheels,
such as are used in the various forms of Woltman tachom-
eter,' as floating objects are apt to rest against the wheel
or become entangled in it, destroying the observation. The
same objection also applies to the Fteley? meter, in which the
velocity wheel, instead of being driven in advance of the body
of the meter, is set in a heavy metal frame. Attempts have
been made to protect this whecl by wire guards, but these
only increase the mischief by furnishing new resting places for
leaves or twigs. '

The Haskell wheel is supported on along, stout, steel pivot,
in size a little larger than a lead pencil, which extends into the
wheel almost to the extreme point. When in the water and
in motion the bearing is wholly on this steel point. A con-
siderable space is left around this long pin to be filled with oil,
so that there is little if any friction on the rear of the wheel.
The electric connections are in the brass stem, the “make and
break” being done by a small pin pressing forward against
the rear of the wheel, and as the latter revolves, alternately
pushing against brass and vulcanite sections.

An electric meter, very similar in general principle to the
above, has been devised by Mr William Ham Hall, for the
State Engineering Department of California. Several instru-
ments of this type were loaned to the U 8. Geological Survey
for use in Colorado and Nevada. Like the Haskell meter, the
wheel projects forward, but instead of four flukes it has two,
one on each side of the central axis. The “make and break”
is made by pressure of a pin against the side of the longitu-
dinal shaft, which, instead of being rigidly fastened, as in the
Haskell meter, is attached to the wheel and revolves with it.
This pin alternately presses against the steel shaft and a bit of
agate which is let into one side of the shaft. These meters
have done good service, although they are not strong, and are
more easily disabled than the Haskell meter, and the method
of interrupting the electric current is open to more objections.

ISurvey of Conn River, Ann, Rep Chief Eng. U. S A , 1878, Appendix B, pt,
1, p 807
? Best figured 1n Buff & Berger’s Catalogue, Boston, 1884, p. 1837.
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RATING THE METER !

Each meter, before results can be obtainéd, must be rated,
that is, the relation which exists between the speed of the
wheel and the velocity of the water must be ascertained; in
other words, the number of times the wheel turns for a given
speed of the stream must be known. In the use of a current
meter the operations consist merely of observations of the
number of revolutions of the velocity wheel in a given time in
various parts of a stream, and it is only when the meter rating
is known that the amount of movement in these different places
can be calculated.

The rating is usually done by drawing the meter through
quiet water over a course of given length, and noting the time.
For instance, a meter was run through still water very slowly,
going 100 feet in 4 minutes or 240 seconds; and the dials
showed 20 revolutions. Then the meter was run more rapidly,
covering the same distance in 100 seconds. The dials did not
show 20 revolutions, however, but an increase to 24, and again
at still higher speed—100 feet in 12 seconds—the reading gave
253 revolutions. In general, it may be said that the greater
the velocity the greater the number of revolutions for a given
distance. This is due to the friction and inertia of the wheel;
when slowly moved, the resistance of the water is small com-
pared to the friction of the wheel, but as the water encounters
the meter with greater speed and force, the friction is less im-
portant and the number of revolutions increases, the ratio of
increase not being constant.

The Survey has, through the kindness of the officials in
charge of the Denver reservoir, been able to construct there a
rating station to which all meters are sent before use and at
other times to test their accuracy. This reservoir is very con-
veniently arranged for the purpose, as it is decked or floored
over to exclude the sunlight. A narrow slit about 150 feet
long has been made in the floor, and on each side of this a
light track is laid. A little car runs along this track, and is so
arranged that.it can carry the meter vertically in the center of

1See Johnson's Surveying, p. 302,
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the opening. The car is pulled forward and back at a uniform
speed by ropes running around a drum driven by hand power.

A course of 100 feet is laid off with sufficient length of track
at either end to start the car at the specd to be kept up over
the course. As the meter passes into the measured distance,
the register and stop-watch are automatically started and con-
tinue until the meter leaves the one-hundredth foot, when both
are stopped and the car is allowed to come to rest. The opera-
tion is repeated, at first as slowly as possible and then at
greater and greater velocitics.

From the observation thus made the rating is determined.
This is done either by analytic or (inost commonly in actual
practice) graphic solution. Both of these methods are fully
described in books previously quoted! The rigid analytical
method is susceptible of great accuracy, but involves cousid-
erable time as well as skill in mathematics, and in the hands
of ordinary stream gaugers may easily lead to gross errors.
The graphic solution has been found to be preferable as being
simpler and quicker, and has the advantage that diagrams have
over columns of figures, namely, that all the results appeal to
the eye and discrepancies stand out conspicuously.

The graphic method consists in plotting on cross-section or
coordinate paper each observation, using the revolution per
second as abscissa and the speed per second of the same obser-
vation as an ordinate. In this way a series of points is obtained,
and through these a straight line, or one slightly curved, can
be drawn, giving the average value of all the observations.
From the position of the line thus plotted the ‘“ coefficient of
discharge ” can be read off corresponding to one, two, three, or
any number of revolutions per second.

When in actual use the conditions are, of course, reversed :
the meter is stationary and the water flows past; the revolu-
tion of the meter being then observed, the corresponding
velocity of water is at once known from the values as obtained
above. From what has just been written it is evident that for
each rate of speed of meter there is a slightly different value of

! See patticularly Survey of Connecticut River, 1878 p 60, Johnson’s Surveymng,
5th ed., p. 303 ; Merriman’s Hydraulics, p. 2556 , Merriman'’s Least Squares, p. 130
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the coefficient of discharge. With most of the meters it has
been found sufticiently accurate to use only three or four of
these values, for instance, one for very sluggish water, another
for an average of about 4 feet per second, and a third for
swift currents.

There are several ways in which the meter can be used in
determining the total flow of the stream, depending upon the
fact that the velocity of the water varies in different parts of
the stream, being swiftest as a general thing in the center near
the surface. If a river flowed as a sohid mass it would be a
simple matter to make a few measurements of the speed of any
portion; but as it is, the speed of water at one place in a given
cross-section has no definite relation to the speed in another,
and many separate measurements must be made to obtain the
flow of all portions

In wide, deep rivers meter measurements are made at a
nnmber of places evenly distributed across the stream, and at
each of these places observations are made of the velocity near
the surface, near the bottom, and at various intermediate points,
say 5 to 10 feet apart in a vertical line. In this way the
velocity is obtained at a large nunber of points symmetrically
distributed in the cross-section, and the average of all is taken
to be the velocity of the whole river, the discharge being ob-
tained by multiplying the total area of cross-section at this
point by this average velocity.

In shallow streams, however, as are most of the rivers of the
arid region, the work can be shortened by what is called inte-
gration. Instead of using the meter at various given points in
a vertical line, it is moved at a very slow, uniform speed, down
and up, from top to bottom, and back again, to obtain an aver-
age of the velocities at all points in the vertical. In this case
the river is considered as being divided into a number of inde-
pendent narrow streams, of equal width, the discharge of each
being obtained by multiplying its area into the observed aver-
age velocity in its central portion; and then by adding these
discharges together the total for the whole river is found.

With a little practice the stream gauger can raise and lower
the meter at a constant rate in any given number of seconds;
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say with water 5 feet deep starting at the top and going to the
bottom in 20 seconds, then back to the top in 20 seconds more,
and repeating this three times, taking in all 2 minutes.

For measuring the discharge of canals or small streams with
nearly level bottom, horizontal or diagonal integration has been
occasionally used, obtaining at once an average for the whole
flow. The meter is carried slowly from side to side horizon-
tally, or is moved diagonally from the top on one side down on
the cross-section at an angle of about 45 degrees, then up at
about the same angle to the top, then down, continuing in this
way until the opposite side is reached. In the same way a
return trip is made up and down, crossing the path of the first,
the meter coming out at the top each time over the spot where
before it reached the bottom, and vice versa.

RIVER STATIONS.

In beginning a series of measurements by which the daily
discharge of the river for long periods is to be calculated, the
first requisite is a good locality on the river, adapted by both
nature and convenience of access. The bed and banks should
be permanent, or at least not shifting with every rise, and the
current of moderate velocity. Such places are, unfortunately,
rare, and the best gauging points are often found far away from
roads or habitation. In such cases it becomes a question be-
tween relative cost of maintaining a station and value of results.
In general, concessions must be made in accuracy to bring the
cost of results within the sum allotted.

After finding several places at which fair gauging can be
made, the point which determines the final location is, usually,
one at which a trustworthy resident observer can be found.
This is really the most difficult and vexatious detail of the
organization of hydrographic work in the West. It is obvious
that, excepting in rare instances, no survey can afford to em-
ploy a man to watch the fluctuation of a river, or to attend an
automatic register or nilometer, but must procure the services
of some person whose occupation compels him to live within
accessible distance of the gauging station, and who will keep
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the daily records for a small sum. The compensation paid
ranges from $4 to $10 per month, depending upon the num-
ber of observations per day and the time required to go to the
station and return.

EQUIPMENT OF STATION.

The rivers gauged up to the present time have seldom ex-
ceeded 500 feet in width, and have generally been much nar-
rower, and thus it has been possible in all cases to stretch one
or more wires or cables over the stream at the cross-section.
The equipment of the station varies with the method of gaug-
ing, but the following description will apply to most of the
stations operated by- this Survey. First, a tagged wire is
fastened securely over the section chosen for gauging, at a
height out of reach of the highest floods. This carries fifteen
or twenty tags, 5, 10, or 20 feet apart, according to the width
of the stream. These tags are marked in some way plainly
to be distinguished, and serve to locate the points of measure-
ment at uniform distances across the stream.

At a short distance upstream from this tag wire, 20 to 50
feet or more, a wire cable one-half to seven-eighths of an
inch in diameter is stretched across the river, the ends being
brought up over struts or shears to keep the cable above the
water, and then fastened to anchorages securely embedded in
the river bank. On this cable a pulley or small trolley ruus,
and from this a rope is fastened to a boat, the whole arrange-
ment being, in short, a small rope ferry. The boat is secured
so that its bow comes directly under the tag wire, and by
standing or sitting on a small platform over the bow the stream
gauger can place the meter at any desired point in the cross-
section.

In high floods, however, a boat can not be held in this posi-
tion on account of the velocity of the water and the danger
from logs and driftwood. To overcome this difficulty two
methods have been tried: that of gauging from a car sus-
pended above the water, and the ¢ cable and traveler”
method, by which gauging can be conducted from shore.
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in his opinion it is the best system, especially for torrential
mountain streams.

In general principle this apparatus is similar to that used in
the gauging of the river Severn in 1880, the most notable
difference being in the manner in which the meter is held from
being carried downstream  In the first device the cord which
steadied the meter was held in place by a cast-iron anchor
plate weighing 70 pounds which rested in the bed of the river,
while in the Hall apparatus the meter is held from being swept
backwards by a stay line running upstream. -

The meter is run out on the main cable by means of hal-
yards, and is lowered and raised by a double incandescent-
light cord, or insulated wire, which serves the two purposes of
conveying the electric current from the battery and instrument
on shore to the meter and of acting as a suspending and sound-
ing cord. The stay line just mentioned is fastened to a pulley
which travels on a second smaller cable crossing the river
above the main cable. The lower end of this stay holds the
meter from being swept downstream. By manipulating the
various ropes the meter can be placed and held in any posi-

tion in the eross-section, the revolutions being reported by an
" electric sounder near the observer.

Soundings can be made in the same manner, quickly and
accurately, the rod being held in a vertical position by the
stay line, and the depth, if necessary, read off by the amount
of movement of the cords on shore, the sounding and insulated
cireuit cord being graduated to correspond with the marks on
the sounding rod.

With careful training and experience one man is able to do
all the work of gauging more easily, it is probable, by this
method than by any other  As stations are at present located,
however, in most of the basins, the necessities of transportation
and subsistence require that the hydrographer or steam gauger
shall have an assistant; and even at stations which can easily
be reached by rail it is found to be economic to employ the
resident gauge observer for the few hours during which the

t Minutes of Proceedings of the Institution of Civil Engineers, 1885, vol. 80, p. 327.
11 GEOL., PT. 2 2
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gauging is made, as helper or recorder of notes, as his regular
compensation at best is very small.

In addition to the cables, wires, and other apparatus neces-
sary for measuring the discharge, there is required some means
of measuring the height of the water, that is, a gauge rod of
some kind. Usually this is a stick of timber, or heavy scant-
ling, fastened securely to the bank and at the general inclina-
tion of the shore. 'This when in position is marked by means
of a level into divisions corresponding to vertical feet and
tenths. In favorable situations, as on vertical banks or a bridge
pier, an upright rod marked to feet and tenths is placed, but
these localities are few. In general it is necessary to establish
an inclined gauge, as a vertical rod or pile would not only be
in danger of being washed away in high water, but the shore
line having retreated at that time the observer could not get
sufficiently near the gauge to read it.  With the inclined gauge
the reading is always at the shore line, and driftwood is not
liable to catch upon it.

As soon as this gauge or ‘“nilometer” rod is set, the observer
is instructed in the routine of noting down, once, twice, or
three times a day, the height of water on the gauge, and the
observations should then be continued throughout the year.

DIURNAL VARIATION.

While the hydrographer is putting up the cable and other
apparatus for river gangings, or at the first opportunity, a
series of observations should be made to determine the diurnal
range, if any, of the river height. In most of the rivers of the
arid region, especially near their headwaters, this daily 1-ange)
is quite noticeable, and it is of considerable importance to
determine the time of day at which the maximum and the
minimum usually occur. This alternation of high and low
water is caused by changes of temperature, the heat of the day
melting the snow and the cold during the night checking this,
or even freezing a portion of the water. The time at which
this effect is shown at any given point on the stream below is
evidently dependent upon the distance from the source of sup-
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ply. The maximum flow at one place may oceur at midnight,
lower down stream it will be early in the morning, and still
farther away the highest point will be at noon.

The main stream formed by the union of many such tribu-
taries does not show such a decided daily range, as the maxi-
mum and minimum points of the various streams do not coin-
cide and tend to neutralize one another.

The number of gauge readings per day is determined largely
by this preliminary examination. If the stream does not fluc-
tuate noticeably during the day, a single observation for that
period is sufficiently acciivate for all purposes, provided the
observer takes careful note of any unusual or sudden flood.
On the other hand, it is obvious that a single observation will
be deceptive if this happens to fall each day at the usual time
of high or of low water; at least two observations are then
necessary to determine the mean daily height.

For greater accuracy, a self-registering gauge! or nilometer
is used. This consists of a cylinder or dial driven by clock-
work at such a rate that one complete revolution is made in a
week. A marking device connected with a float, which rises
and falls with the river, traces on paper placed on this cylinder
a line which, by its position, gives the height of water at any
hour of day or night. A record of this character gives data,
not only for determining the daily mean flow with great pre-
cision, but also the maximum and minimum discharges.

RATING THE STATION.

After the station is equipped and daily gauge readings
begun, the rating of the station is undertaken. This is the
main and most expensive operation of the hydrographic work,
as it i3 necessary to measure the discharge at various heights
of water, both at high and low stages, as well as at inter-
mediate points. The measurements are made by the hydrog-
rapher or his assistants, who visit each station from time to

10ne form described in Fourth Biennial Report‘ of State engineer of Colorado,
1888, p. 54. Another form is illustrated in the Second Annual Report of the Terri-
torial engineer of Wyoming, 1890,
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time in their round of the basin To get a complete series of
measurements is thus usually a matter of several months, as
the height. of the river can not be predicted except in the
most general way.  The hydrographer and his party can not
remain encamped on the banks of a stream waiting for the
variations of high and low water, but must take his chances
of finding the river at the stage at which he desires to measure
it when he arrives.

The results of these measurements, finally obtained, are
plotted on rectangularly ruled paper, the gauge height of the
river as ordinates, the corresponding discharge as abscisse.
These points generally lie in such a position as to suggest the
path of asimple curve. This line is therefore usually sketched
by eye, the hydrographer from his knowledge of circumstances
giving intuitively more weight to certain observations than to
others. On Pl Lxx is given an illustration of one of these
rating curves. T'he points obtained by observation are indicated
by dots surrounded by circles and numbets in order of dates
of measurement. The finer rulings of the paper ordinarily
used have been omitted in order to make the position of
the dots more apparent to the eye. When the curved line
has finally been adjusted, the rating table is constructed. This
is a table giving the discharge in cubic feet per second for
each tenth of foot height on the gauge rod of a station.
Knowing then the height of the river at any time, the corre-
sponding discharge can be at once read off from this table. This
rating table is taken directly from the plotted curve, the
discharge corresponding to each tenth of foot in height being
obtained by the position of the curve. It is advisable, as
affording a convenient check on the numerical accuracy, to
note down in a column at the right the differences between
successive discharges, i. e., the increase of discharge each
time due to rise of 0’1 foot. If these at any place become
constant the discharge curve evidently has flattened into a
tangent, and if the differences decrease, the curve is reversed
and should be slightly changed or adjusted, so that the differ-
ences show a constant, though slight, increase. There may be
one exception to thisrule. Itis conceivable that a river may,
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in rising, encounter obstacles which tend to pond the water
and hold back the flood so that the discharge will not increase
in relation to height of water at so rapid a rate as at a medium
stage. 'This condition of affairs has, however, not been actu-
ally encountered.

The construction of this curve is similar in all respects to
that of the rating line for the meters, noted on a previous page.
As in that case, the analytic method of obtaining the curve can
be employed to advantage in connection with the plot of dis-
charge, but for most practical purposes the graphic method—
if only one is used—is preferable, as its accuracy is far within
the probable error of the observations. Thus, for rapid work,
as in preparing estimates of discharges, the purposes of this
survey were best accomplished by the use of the sketched
rating line.

The question now arises, for how long a period will this
rating curve be true, or its values fall within the range of allowa-
ble error? Kvery river is constantly modifying its channel to
some extent, alternately scouring and filling its bed to suit the
everchanging conditions of velocity and volume. The station
is, in the first instance, selected at a point where this action will
be at a minimum, but usually there is an appreciable change,
especially during and after floods or protracted periods of low
water.

The rating curve is founded, however, on measurements
made, as far as possible, under all the varying conditions of
water depth, and is in itself of the nature of an average or com-
promise between all these conditions. Thus it is evident that
for any one height of water at a particular stage, the discharge
as given by the rating table may not be as accurate as the re-
sult of a direct measurement made on that particular day, but
the value given by the rating table should be the average value
of the discharge (for that particular height), whether the river
be rising, falling, or stationary. In other words, it is assumed
that for a given height of water the discharge varies within cer-
tain limits, depending upon circumstances, such as amount of
silt carried, conditton of channel above and below, and other
modifying features, and that the rating tables can not be
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brought to the refinement of discriminating between all these
conditions, but must represent an approximation at their mean.

It is interesting to observe, however, that there is, taking
a season through, a general return to former conditions, even
in certain quite sandy channels, where the change from day
to day is noticeable, the deep portion shifting from side to
side, while the relation of gauge height to discharge takes a
wider and more irregular range, the plotted points being scat-
tered on each side of the average line. Thus it has been found
practicable to rate certain stations and obtain mean discharges
whose probable error is within an allowable limit at places
where at first sight it would seem hopeless.

The above remarks apply particularly to places where the
material of the bed is continually rearanged and replaced;
but'if the action of the stream is to build up the bed as a whole
and then to wash this out bodily, height of water alone can
have no meaning—the bed of the stream itself is rising or fall-
ing. It has been proposed to meet such exigencies by neg-
lecting the arbitrary height of water surface and considering
the hydraulic mean radius in its place; that is to say, instead
of having the river height read daily at the shore, to have the
observer make soundings at definite points of the cross-section.

Rating tables are usually made as soon as possible after six or
eight observations of discharge have been obtained, if these are
well distributed along the path of the curve, and subsequent
points are plotted when obtained. The curve is modified, if
necessary, to take account of these new data, and corrections are
made in the rating table. The experience of the last year has
shown, however, that after six or eight well distributed gaugings
have been made subsequent measurements during that season
are not in general of sufficient value to justify the expense of
obtaining them. In other words, the corrections in the rating
table are not worth what they cost.

This Survey has not been in operation for a sufficient time
- to be able to determine whether these rating tables can be used
a second or third year without material change. Itis probable,
however, that they can be used to give-approximate values in
case they can not be checked by observations in later years.
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RAINFALL.

At the beginning of the operations of the Hydrographic Sur-
vey the necessity of rainfall measurements was appreciated,
and an examination was made of the methods in use by the
Signal Service of the Army, which had that subject in charge.
It appeared at that time that the Signal Office was not in con-
dition to extend its observations to the points at which meas-
urements were most needed for the Ilydrographic Survey, and
therefore the attempt was made to supply this deficiency by
establishing a system of volunteer observers, in general details
fashioned after that already in operation under the direction of
the Chief Signal Officer. Standard rain gauges were placed in
the hands of observers, wherever these could be found, in the
basins in which the hydrographic work was at first begun. In
the Rio Grande basin, for example, about forty rain gauges were
thus located at accessible points; nearly the same number in
the Gila basin, principally around the headwaters of the river
and its tributaries; and a few in the basin of the Arkansas in
Colorado and that of the Truckee River in Nevada.

The principal difficulty is to secure measurements at points
where they are most needed. Asis well known, the greater
portion of the population is in the lower valleys, and at these
points observers of rainfall can be found with comparative ease ,
but it is from the high mountains that the prinecipal water sup-
ply comes, and there the measurements should be made. Un-
fortunately it is almost if not quite impossible to obtain volun-
teer observers in those places, and it is evidently impracticable
to hire men to reside at these high altitudes for the sole object
of noting precipitation. Thus it happens that all the data con-
cerning rainfall and snowfall relate mainly to the low valleys
“where the precipitation is least, and estimates based upon these

figures are in general below the truth. :

The results obtained from the measurements of precipitation
carried on by this Survey were transmitted from time to time
to the Chief Signal Officer and by him published in the Monthly
Weather Review in connection with the results from his own
observers. The relation which exists between the rainfall and
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the discharge of the river has been a matter of careful consid~
eration by the hydrographers of this Survey, and, while at the
present time it is premature to state conclusions, some general
facts are given as introductory to a more detailed discussion.

This relation between the rainfall, as measured in various
places in a river basin, and the subsequent rise of the river is
by no means one of simple arithmetical proportion; in other
words, if 1 inch of rain falls during one day and 2 inches dur-
ing another, the river discharge following the second rainfall is
not necessarily twice the first; it may be less or greater.

The rate at which the rain falls determines most largely the
amount which collects at once in the streams and river. In a
heavy, short thunder-storm or ‘“ cloud-burst,” the rain does not
have'time to soak into the ground, but rushes down the slopes
into the ravines and is massed in great torrents. The same
amount falling gently during one or two days would slowly
saturate the parched soil and have little, if any, effect upon the
river flow.

The extent of floods, especially in a large drainage basin,
depends upon so many factors—such as the condition of the
soil, vegetation, geologic structure, topography, winds, and
temperature—that the law of the immediate dependence of
these upon the amount of rainfall is obscured. However, it is
essential for purposes of agriculture, navigation, and protection
of property.that the matter be fully studied, and therefore men
in various parts of the world have worked upon this problem
with results of greater or less practical value. For example,
Belgrand, by long studies of the basin of the Seine, has arrived
at a rule, perhaps more experimental than rational, by which,
knowing the meterologic conditions in the headwaters and the
rise of certain affluents, he computes the time and height of.
flood at Paris.

In this country, also, Prof. Thomas Russell, of the Signal
Service, has constructed a formula’ by which, using certain co-
efficients combined with the rainfall and the possible evapora-
tion, he obtains for the rivers under examination certain dis-

1 See in particular ¢ Travaux Souterrains de Paris,” vol. 1, La Seine.
?See Annual Report Chief Signal See Officer U, S. A., 1889, p. 170,
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charges which are reasonably comparable with the measured
results. By such methods floods have been predicted and
warnings given in sufficient time to save property of great
value, encouraging the further study of individual basins with
the hope of obtaining at least some rule, perhaps of local appli-
cation, by which river changes can be predicted in time to be
of value to the farmer.

The run-off is a term applied to the quantity of water which
is discharged or flows from a given catchment area, both in
floods and at low stages. This is expressed either in terms of
the average quantity flowing past a certain point on the stream
draining this area or in terms of the depth of an equal bulk of
water if this were spread in a layer over the whole area. For
instance, it may be said that the run-off is 1,000 second feet;
that is, the mean discharge from the given area is, for the time
under consideration, 1,000 cubic feet per second  Orthe run-
off may be 2 inches, which is equivalent to saying that during
the given time a quantity of water flowed out of the basin or
area, which, if put on a plain of the same size, would cover it
to the depth of 2 inches.

The run-off comes primarily from the rainfall or snowfall
within the catchment area. There are cases, however, where,
by a peculiar structure or tilting of the rocks, the rain falling
on one side of a watershed may pass through, reappearing as
springs in a topographically different basin; but these cases
are too rare and the amount usually involved is too small for
general discussion.

From the fact that the rain is the source of the run-off, it
might be supposed that, the rainfall and the catchment area
being measured in the ordinary manner, it would be a simple
matter to estimate the water available at any one point, or at
least that, the rainfall and run-off for one year being known,
it would be simply an example in proportion to estimate the
run-off for the succeeding years from the measurements of
rainfall alone.

This relation is not so simple, however. In past time many
estimates have been based on the direct dependence of the one
on the other, butin many instances these have resulted in disas-
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trous consequences. The accumulation of data bearing upon
this problem shows a condition of facts and theories requiring
detailed study before results apparently contradictory can be
harmonized

The relation which actually exists between the rainfall and
the run-off is not only a problem, of great scientific interest
and value, but to engineers and sanitarians it has a practical in-
portance which justifies the most careful investigation. For
several decades there has been no lack of interest in this mat-
ter, and the student of the subject finds voluminous discussion
and diverse conclusions. There are formulse and rules for ob-
taining this relation, but unfortunately these are widely diver- -
gent in form and use, and give results as discordant as the
theories of their constructors. One can not but be imEressed
with the fact that the mass of discussions and formulse far
outweighs the data on which they are founded. In short, as
in so many other matters of this kind, each man, reasoning
from partial and incomplete data, has built a more or less
elaborate structure almost obscaring the fundamental facts,

This is from the nature of the case almost unavoidable. The
essential facts for such a study are those requiring long-con-
tinued, elaborate, and expensive observations by trained bodies
of skilled men, and are investigations such as only govern-
ments can undertake. Up to the present time these have not
been carried on in a broad, systematic way, and fragmentary
and incomplete material has from necessity been used in mak-
ing deductions

Even in countries whose climate and topographic structure
are best known, it is rash to attempt to apply these general
formulee for run-off unless they have been derived from adja-
cent localities whose climatic conditions are essentially similar.
For instance, the errors made in proportioning hiydraulic struc-
tures, as bridge openings and dams, the calculations for which
were based on the best known engineering formula, are too
well known for comment, and serve to enforce the rule that
these can be safely applied only in the localities where made
and under similar circumstances.

There are, however, certain conclusions about which there
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can be little doubt, and, when these are grouped with the best
and latest data, they will unquestionably aid the solution of
certain portions of the problem. These may be stated as
follows :

The coefficient of run-off increases with the rainfoll.

This, in its broader applications, is one of the most general
and well-established facts; namely, that in humid countries
the percentage of run-off to rainfall is larger than in the arid
regions; and, of several localities, that one having the greatest
mean annual rainfall will, cacteris paribus, have a run-off dis-
proportionally large to the others

The annnal 1 un-off of any one basin s not directly proport@onal
to the measured annual rainfall.

While the first proposition, that the coefficient of run-off
increases with the rainfall) is true in speaking of averages and
in comparing extreme cases, yet the facts do not justify the
application of this rule to the annual variations in any one
basin  The run-off is the resultant of many modifying condi-
tions heyond the actual amount of rain, such as the rate of
precipitation, the distribution through the year, the tempera-
ture of the air and ground, the previous condition of satura-
tion of soil and subsoil; all these and many others are of
almost as great importance as the actual depth of rainfall.
One cause of the discrepancies that appear in this comparison
of the annual rainfall and flood discharge may be that our
rainfall neasurements are not accurate This is unquestion-
ably true, for in most of the river basins, both in this country
and others, in which this relation has been studied, the rainfall
measurements in the places where most needed, namely, in
the high mountains, are the poorest. But even in the oldest
and best settled countries, where the rainfall is most accurately
known, the same lack of agreement between annual precipi-
tation and total discharge is shown.

The influences above mentioned which modify the relation
of run-off to rainfall may be divided into two classes, topographic
and climatic.

The topographic are : area of catchment basin, altitude and
slope of different portions, soil, culture, and subsurface struct-
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ure, including texture and porosity of rocks. For any given
basin these are practically unchangeable, although changes do
sometimes occur—as by burning or cutting off forest and drain-
ing lands—which are sufficient to modify the whole regimen of
a river.

The climatic influences beyond the total amount of rain or
snow are: the distribution of precipitation over a catchment
area, rate of fall—not only per minute or hour, but whether
coming in protracted, gentle rains or sudden, copious showers
—humidity, temperature of air and ground and wind move-
ments, these latter causing the rainfall to disappear rapidly by
evaporation or (at the other extreme) to stay frozen as snow
and ice. |

These climatic factors are variable in a given basin from
point to point and from day to day, and are not susceptible of
detailed, accurate measurement over a large basin in any prac-
ticable manner. In the better settled countries, where habita-
tions are found near the headwaters of the streams, observations
of many of these, as rainfall, temperature, and wind movements,
have been carried on in a general way, but by no means with
that detail necessary to compute the run-off. But while the
details of these factors day by day are not known with the ex-
actness necessary for computation, yet in a general way their
ranges and averages are readily obtained.

In considering adjacent catchment areas it is obvious that in
a broad sense the climatic conditions found in one will be nearly
repeated in the other, except as modified by the topography.
For instance, of three basins in succession, if the general cli-
matic range of the first and third be known, it may be assumed
that the effect of temperature, wind movements, and other fac-
tors in the intermediate basin will be between that of those
lying outside, except as these are modified by altitude, slope,
and other topographic details. In other words, the climatic in-
fluences which are measured with difficulty are largely depend-
ent upon topographic features which can be determined with
precision. '

In any one drainage area, the topography being constant, the
variations in run-off are evidently dependent upon alterations
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of all climatic influences modifying the rainfall. These, as
above mentioned, are so many and varied, and in a catchment
area of mountains and valleys are so divergent locally, that it
is impracticable to measure them all in detail from day to day
and properly weigh and combine the figures obtained, and in-
dividual judgment and training must enter largely into an at-
tempt of this kind. But the resultant of all these, the run-off
itself, is susceptible of exact, direct, and simple observation ;'
and the general range of the run-off, the habit of the river, can
be more easily and cheaply obtained by measurements carried
on through a few years than by the most elaborate and pro-
longed study of meteorologic data. In short, the climatic ele-
ments of the investigation must be in the main grouped and
studied by their combined resultant, the run-off, rather than
individually. The total rainfall is the only one which can be
obtained with any degree of accuracy. '

If this is the case, if formulee and computations can not be
depended upon for general application, it would seem that the
only method left is to gauge each and every stream in detail
in order to_obtain a working knowledge of water distribution
and supply.

This extreme position, however; can be modified. If the
discharge of a certain basin is known, it has been found prac-
ticable to estimate the discharge of a neighboring basin, know-
ing the topographic details of each. In fact, it may be said
that all successful computations have been made in this manner;
and while general rules have not applied, special and empirical
means have. o

In other words, there are these two classes of variables,
topographic and climatic, producing a given result, the run-off.
In applying the equation which connects these, the climatic
variables must be in the main eliminated by using the empiri
cal equation in such a restricted area that the climatic changes,
except as affected by the topography, do not enter at all. The
relation between rainfall and run-off, being known for one area,
is applied to the next, and this only so far as can be checked
by results obtained under similar conditions.
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In order, then, to obtain information of the water supply of
a large und diversified country, as the western portion of the
United States, it will be necessary to select, in different por-
tions of the country, certain convenient drainage basins and
make discharge measurements in one or two places in each of
these, not only of the total run-off but of the discharge of one
or more branches. By this careful study carried through a few
years, the general habit of the stream can be known. At the
same time the other essential information can be obtained from
carefully prepared maps, showing the area, altitude, slopes, and
general character of the catchment basin; and measurements
of the rainfall, and information bearing upon evaporation from
water surfaces and other related data, can also be had.

By this means a body of information, an empirical formula,
perhaps, can be obtained for this particular stream, and no one
will gainsay that this knowledge, intelligently qualified, can
be applied within safe limits to the adjacent catchment areas,
yielding results of value far above their cost.

With these basins well distributed in the northern, southern,
eastern, western, and central portions of the country, the
characteristic features of each can be ascertained in something
more than the general qualitative way. It is evident that such
an investigation can be carried on only by a scientific bureau
of the Greneral Government. It is impossible for a State to
undertake this work, for scarcely any State includes the whole
of a typical drainage basin, and the higher results to be obtained
are not of the character of immediate financial benefits that
would stimulate any State to undertake such an investigation.

EVAPORATION.

The evaporation measurements mentioned in the First
Annual Report of the Irrigation Survey have been continued
at places where there was especial need of data for engineering
estimates. Although there is a demand for information regard-
ing the loss of water from different classes of soil, from culti-
vated or barren ground, or from various crops and kinds of
vegetation, practical difficulties and uncertainties surrounding
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such operations® are so great that it has not been deemed wise
to undertake measurements of this character. The evaporation
from the surface of the water, however, is something that can
be measured with a fair degree of accuracy. Long series of
experiments® have been carried on in this country and in
Europe, and results of value, though of local application, have
been obtained.  In attempting to procure data of immediate
use in the investigations in tlre arid region, it was thought best
not to undertake at first very refined and delicate experiments,
but to make, in as many localities as convenient, certain meas-
urements which should show as near as possible the actual
loss of water from the surface of lakes and canals.

The rate of evaporation fromn water surfaces varies with the
temperature of the water, the velocity of the wind at the water
surface, and the dryness of the air. Consequently this loss
from rivers, lakes, canals, or reservoirs varies widely in dif-
ferent localities and for the same locality in different seasons.

The method adopted consists in measuring the loss of water
from a pan (see fig. 124), so placed that the contained water
has, as nearly as possible, the same temperature and exposure
as that of the lake or canal which it is intended to represent.
If this could be perfectly accomplished, the observation would
give directly the rate of evaporation desired; but since the
inclosing of the water in the pan tends to change its tempera-
ture and exposure, the observation is an indirect one. In
order to know how closely it represents the evaporation from
the natural water surface, the observations should include the
water temperatures and the wind force, from which the dif-
ference of temperature and exposure may be estimated.

The evaporating pan used by the Survey is of galvanized
iron, 3 feet square and 10 inches deep, immersed in water and
kept from sinking by means of floats of wood or hollow metal.

1See **On Evaporation and on Percolation,” Chas. Gheaves, Min. Proc. Inst. C.
E. Vol. xLv, p. 19

2Prof. Thos. Russell, * Depth of Evaporation m the Umnited States,” Monthly
Weatlher Review, September, 1888,

Also see ““ Evaporation,” by Desmond Fitzgerald, Trans. Am. Soc. C., E. vol.
Xxv, 1886, p. 602, Dorsey, Trans. Am Soc. C. E., vol XvI, 1887, p. 94; and Wild’s
Repertorium fur Meteorologie, vol. viit, p. 12, supplement.
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Rio Grande; Tempe, Arizona, in the Gila River; Florence,
Arizona, in the Salt River; also at Yuma, Arizona, at Cherry
Creek, near Denver, Colorado, at Canyon City and Lamar,
Colorado, and at Fort Douglas, near Salt Lake City, Utah;
besides certain other localitics in Utah and in Montana at which
the records from various causes are fragmentary.

The results at the ditferent stations depend largely upon the
character of the body of water on which the evaporating pan
is placed The temperature of a small pond or ditch is subject
to great fluctuations during the day, and may have a higher
mean value than that of a deep lake or large river, and the
evaporation, other things being equal, will thus be greater from
the smaller body of water. KExperience has shown that the
water in the pans, though it heats slightly during the day,
perhaps from 1 to 2 degrees above that of the surface of the
lake or stream, and cools at night proportionately lower, yet it
is maintained at an average temperature for the month within
a fraction of a degree of that of the surrounding water.

A lack of correspondence between the water temperatures
and the rates of evaporation has been noticed. This disparity
is to be expected, inasmuch as the water temperature is only
one of three variable factors which control the rate of evapora-
tion Thus, at El Paso the water temperature in March, 1890,
was about the same as that of November of the previous year,
but the evaporation was 7 inches in March against 46 for
November This is explained by the increased wind velocity
in March, being nearly 50 per cent greater than in November,
and by a greater dryness of the air

The results obtained are given below in tabulated form, the
depth of évaporation for cach month at the various stations
being given in inches. In several cases where the results for
a month are incomplete, the total for the month is calculated
by direct proportion. It should be borne in mind that these
are actual measurements of evaporation for the particular time
and places under consideration, and while they have value in
estimates and comparisons, yet like all results depending upon
alternations of temperature, wind, and distribution of moisture,

they must vary from year to year in the same locality.
11 GEOL., PT. 2——3
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Depth of evaporation per month, in inches.
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aIndicates that measurements were continued less than a full month and over 20 days,
b Measureinents from 10 to 20 days
¢ Measurements less than 10 day»

Besides the table of depths of evaporation, the same results
are shown in graphic form on Pl. Lxxi1, appealing more directly
to the eye. On this diagram the avierage depth of evaporation
each day is shown in full scale by the height of the little
column  The full black columns represent the results obtained
in 1889, and the cross-hatched colurans those for 1890,

HYDROGRAPHY OF THEDRAINAGE BASINS

In each of the basius in which the lhydrographic work of
the Survey has been carried on the operations were placed in
charge of young men educated as engineers and trained for
this particular purpose. These hydrographers, as they were
titled, were empowered to employ suitable assistants and were
given general instructions, but these were sufficiently broad to
allow each man to conduct the work in his basin in accordance
with the necessary local conditions, and to exercise such choice
of methods as should beget a personal pride in his own under-
takings. Reports were made periodically to the Office at
Washington showing the progress of the work, and an exam-
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ination of these led to more detailed instructions and inquiries
from time to time, as the assistant engineer in charge of the
work, Mr. ' H. Newell, deemed advisable. It is from these
monthly reports that the following description of the hydro-
graphy of each basin and the results there obtained have been
compiled, the substance and sometimes the wording of the
reports being given.

In the Yellowstone and upper Missouri Basin the work was
under Mr. J. B. Williams ; in the Arkansas, under Mr. Robert
Robertson, assisted by R. P Irving; in the Rio Grande, under
Mr. George T. Quinby, succeeded later by Mr. H M. Dyer,
who was assisted by William B. Lane. On the lower Rio
Grande, at El Paso, was an observing station almost entirely
detached from the work of the upper river; the operations
there were conducted uunder the supervision of Maj. Anson
Mills, U.S. Army, who employed Mr. H. P. Croft to take
direct charge of the details. In the Gila Basin Mr. W A.
Farish had charge of the work, and, in addition to the stream
gauging, supervised a large number of measurements of rain-
fall and evaporation In the basins of the Truckee and Carson,
in Nevada, Mr. William P. Trowbridge, jr., conducted the
operations ; and in the Salt Lake and the Sevier Basins, in
Utah, Mr. T. M. Bannon was in charge. In the upper Snake,
in Idaho, Mr. L. D. Hopson took charge during the spring of
1890, and after his death by a deplorable accident at Kagle
Rock, he was succeeded by Mr F. M. Smith, who up to that
time was conducting the measurements in the lower Snake
Basin.

In the following pages a short description is given of each
drainage basin in turn and of the localities at which stream
measurements were made, together with remarks upon any
peculiarity or modifying circumstance.

The results of these measurements are given in a concise
form in the tabulations beginning on page 93, where are shown
the maximum and minimum daily flows, as well as the mean
or average of all the days of the month. The maximum is
not the greatest flow for any one second or minute, but is the
average flow on the day which had the greatest total dis-
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charge. During this day, therefore, there was probably a
short period during which the rate of flow was far greater than
shown by this maximum.

Besides the discharge in second-feet, there is given the total

for the month in acre-feet. This is obtained by multiplying

the mean of the discharge for the month by the number of
seconds in each month and dividing by 43,560, the number of
cubic feet in an acre-foot. From the result thus obtained the
depth of run-off for the entire basin is calculated.

YELLOWSTONY, BASIN,

The Yellowstone River has its source in the high mountains
of northwestern Wyoming and flows northerly through the
- National Park, receiving numerous tributaries and forming on
its way the lake of the same name. At the outlet of the lake
the catchment area is about 1,300 square miles, embracing in
this extent many lofty peaks over 10,000 feet in altitude, some
of which are nearly destitute of soil. In general, however,
~ this basin may be said to be heavily timbered; the mean
elevation is approximately 9,000 feet. Judging from the
_accounts of men who have been longest in that country, the
annual precipitation probably amounts to over 30 inches, the
major part falling as snow. The land bordering the streams
has a decided slope, even precipitous, causing the melting
snow to run off rapidly.

Measurements of the discharge of the lake have been made.

at various times with the following results:

S.eco'nd-feet.

Aug. 25, 1875, Henry Gannett!, by floats.................... 1,200
Sept. 1, 1886, Dr. Wm. Hallock, by meter................... 1,525
Sept. 7, 1886, W. H. Weed, by meter...... ................. 1,016
Oct. 9, 1889, J. B. Williams, by meter.................. ... 583

All of the above measurements were made at times of low
water and in unusually dry years.

From the lake the river glides gently for 15 miles northerly
before entering the Grand Canyon of the Yellowstone. Through

' For general description see U. S. Geol. and Geog. Survey, Hayden, 1878, part 11, .

p. 478

-
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this and the lower canyons it flows fully 50 miles before reach-
ing open country, receiving on its way numerous tributaries,
the most important of which are Lamar River, or East Fork,
and Gardiner River. About 10 miles up this canyon, near the
town of Horr, the permanent gauging station of the Survey was
established, where the total discharge of the river above all
possible irrigating canals is obtained. Measurements were be-
gun on August 12, 1889, and continued at intervals during the
rest of the year. In the following March the station was
moved about a quarter of a mile lower down and the work con-
tinued. The width of the river here is 150 feet, the cross-section
is excellent, the river being of nearly uniform width above and
below, the bed rocky and firm; and with banks of sufficient
height to prevent overflow in high water. The average daily
mean discharge per month is given in the accompanying tabula-
tions The conspicuous feature of this is the great annual flood,
caused by the melting of the snows accumulated during the
winter. This rises rapidly during May, culminates in the lat-
ter part of that month or in June, and falls off almost entirely
in July. There are numerous minor fluctuations, doubtless
due to alterations of temperature, retarding or hastening the
thawing. Other floods, as from heavy storms, are exceptional,
the lake acting as a regulator. None occurred during the last
year.

The total drainage area above the Horr station is approxi-
mately 2,700 square miles, with a mean elevation of 8,000 feet,
and in general character is similar to the catchment-area basin
above the lake.

From the mouth of the canyon, 10 miles below Horr, to
Springdale, a distance of about 70 miles, the river flows in a
narrow valley one-half to one mile in width, with bench lands
of small extent at an elevation of from 50 to 200 feet above the
river.

The river itself varies from 200 to 300 feet in width, has a
rapid fall, causing a swift current, and carries little or no sedi-
ment except in flood season. The bed of the stream is rocky,
being composed of stones the size of ordinary paving stones,
and the banks are low and gravelly. The river is frequently
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beset with small islands.  Along the valley are cultivated lands
irrigated from some 12 or 15 small streams heading in the
mountains 8 or 10 miles from the river.

At Springdale a few measurements of dxschalge were made
in the fall of 1889, giving the following results:

Discharge,
second-feet.
Aug. 24, 1889, ... e 2,111
Sept. b, 1880 . .. e e e 1,931
Oct. B, 1880, . e e e e e e 1,581

It was not deemed advisable to establish a permanent station
here, as that at Horr gave the flow with an accuracy sufficient
for all demands.

UPPER MISSOURI BASIN.

The Missow is formed by the union of the three rivers Gal-
latin, Madison, and Jefferson, all rising in the order given west
of the Natlonal Park and flowing northerly from the Conti-
nental Divide, which at that place turns off abruptly to the
west. The catehment areas of these rivers are somewhat simi-
lar in character, being in the main timbered mountain lands,
with steep slopes scantily covered with soil, the minor basins,
however, becoming more open and less elevated toward the
western or Jefferson drainage.

GALLATIN,

The west or main branch of the Gallatin heads in the north-
western corner of the park, in a number of small lakes, of which
that of the same name as the river has an elevation of 8,900
feet. The river has a rapid fall, lowing with swift current
through short and narrow valleys, in a rocky channel and be-
tween high banks, the greater part of its course being in gorges.
Its width just befme emerging from the mountains is from 100
to 150 feet. It finally issues from its cafion upon a broad, fer-
tile plain, the greater portion of which lies between the East
and West Gallatin Rivers and the foothills of the mountains—
a magnificent stretch of country contaiming over 250 square
miles of the richest farming land in the State.
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The greater part of this is quite level, while the rough places
are not too broken for irrigation. The country on the left or
west consists of light, rolling land, of which probably one-third
could be reclaimed by irigation. '

"The river still has a rapid fall and swift current, the slope
being about 25 feet to the mile. The banks are low and com-
posed of gravel, as is also the bed of the stream. The river
divides into numerous channels, forming small islands, and in
the lower part of its course there are many sloughs and a few
swamps. The elevation of the land in the valley is from 4,100
to 5,400 feet. There is one large canal taken out of the West
Gallatin River, claiming an appropriation of 150 second feet,
but it does not carry over 100 second feet. The head gate of
this canal is about a half mile above the mouth of the gorge.

The gauging station is located at the mouth of the canyon, a
few hundred feet below Spanish Creek. It is above the head-
gates of the high-line canal which runs northeasterly to Boze-
man, 20 miles distant. The bed of the river is rocky and not
liable to wash out, the banks high and steep, the river straight
and of nearly uniform width, in every way suitable for stream
measurements. The results of the measurements are given in .
the appended tabulation. .

MADISON.

The Madison River also rises in the National Park, receiv-
ing the drainage of the Geyser Basins through the Firehole
River. The upper catchment area, while similar to that of the
Yellowstone and Gallatin, is perhaps less steep and less heavily
wooded.  After leaving the mountains, the river enters the
narrow, fertile Madison Valley. This open land has a length
of about 40 miles, is from three-quarters to one and one-half
miles wide, bounded by benches on either side ; the elevation
is a little over 5,000 feet. The fall of the river is approxi-
mately 18 feet per mile, the chanmel rocky or gravelly, the
banks generally low on the right-hand side and rising in high
bluffs on the left. The stream is usually clear and nearly free
from sediment, excepting in flood. Little of the water used
for irrigation in this valley is taken from the river, but most of
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it from the various small creeks flowing from the Madison range
on the east and from the Jefferson range on the west.

Atthe lower end of the valley the river again enters a canyon,
about 10 miles in length, and finally debouches upon the
western prolongation of the Grallatin Valley, which it crosses to
join the other rivers in forming the Missouri. In the lower end
of the canyon, at a point below the mouth of Hot Spring Creek
and 4 miles from the town of Red Bluff, is located the gauging
station of this Survey, at what is known as Hayward Bridge.
The river here has. a swift current and a vocky bed, with a high
bauk on the left and a low one on the right.

This river is more constant in its flow than is usually the
case with rivers of the arid region, its steadiness being doe

primarily to the perennial supply from the hot springs in the
National Park. .

JEFFERSON.

The Jefferson has a much larger but lower catchment basin
.than the two rivers just mentioned, the average elevation prob-
ably being not over 6,000 feet. The valleys are broader, open
country extending nearly the whole distance from the junction
of the three rivers up to the point where the Jefferson is, in
turn, formed by the union of the Big Hole and Beaver Head
Rivers. These valleys are fairly well settled, but the population
is somewhat scattered.

On August 19, 1889, the river was discharging at Willow
Creek, 202 second feet, and on October 15, at Three Forks,
333 second feet. There is no permanent gauging station on
the Jefferson itself, the work being confined to measurements
of Red Rock Creek, at the town of Red Rock, on the Utah and
Northern Railroad. At this point the bedis of gravel, the
banks about 4 feet high and the channel very tortuous. This
locality was selected from the fact of its being one of the
places on the river which were not dry during the summer in
1888 and 1889. This creek is the headwaters of the Missouri,
or, in other words, 1s the stream which is farthest removed
from the mouth of the rivey, as the water flows. It risesin a
loop in the Continental Divide, about 15 miles west of the
National Park, and continues nearly due west for 60 miles
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before turning northerly, passing on its way through the
elevated and open Red Rock Valley.

A comparison of the discharges of these three rivers, the
Gallatin, the Madison, and the Jefferson, is interesting as show-
ing the low-water discharge of 1889 into the Missouri. In the
following table are given the results of gaugings made on the
three streams at about the same time in August and again in
October. In the last colummn is given the run-off m second-
feet for each mile of drainage area obtained by dividing the
discharge in second feet by the number of square miles of
catchment above the gauging point.

Comparison of discharges.

Discharge

Date Raver Discharge Area per square
nule

1889 Sec -feet | Sq nules | Sec -feet
Aug 16 [ West Gallatin 437 850 51
Oct 14 do 402 850 47
Aug 17 | Madison 1,104 2,085 53
Oct 14 do 1,191 2,085 ‘57
Aug 19 | Jefferson 202 9,450 02
Oct 15 do 333 9, 450 03

THE MISSOURI RIVER.

The Missouri River, formed by the union of the three
streams above mentioned, flows north from Three Forks about
20 miles before reaching an open valley. This valley, at the
head of which is Toston, is over 40 miles in length and has
good bench land on either side. At the lower or northern end
of the valley the river enters a narrow gorge or canyon about
60 miles long, the sides of which are timbered and have highly
inclined slopes. Issuing from this canyon, the river flows
through a pnarrow valley, which broadens out occasionally.
Ou the westside, beginning near Cascade, are wide, flat bench
lands of immense area, 50 to 300 feet above the water, extend-
ing, with ocecasional breaks, for several hundred miles down
the river Between Three Forks and the mouth of the Dear-
born River no large tributaries are received, the streams which
enter between these points being short and carrying a small
amount of water, except in flood.
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The current of the river is sluggish in low water, the fall
being only about 4 feet to a mile; its width varies from 300
to 450 feet; the bed is rocky or of gravel, as are also the
banks. It carries little sediment except in high water, fre-
quently forms small islands, and is fordable at many points
in low water. Few ditches are taken from the river and these
are of small size. The elevation of the agricultural land varies
from 3,700 to 3,900 feet, that of the benches in the vicinity of
Great Falls, from 3,400 to 3,500 feet.

Measurements of discharge have been made at three places
on the river: (1) at Toston, at the head of the valley, 20
miles below Three Forks; (2) at Canyon Ferry, at the lower
end of the same valley, nearly 40 miles below Toston; and
(3) at Craig, about 40 miles farther down.

A station was located at Toston on account of the ferry at
that place, it being the only point convenient of access on that
part of the river. The section was found to be far from good,
however, and the results did not give entire satisfaction. The
measurements are herewith given.

Run-off
per square
mile.

Drainage

| Date, |Discharge. area.

1890. Sec.-feet. | 8q. miles. | Sec.-feet.
3,843 280 0-27

April 8 ) 14,

May © 12,377 14,280 ‘R6
May 13 14,440 14,280 101
June 6 13,745 14,280 ‘06
July 4 6,838 14,280 48
July 26 3,697 © 14,280 26

At Canyon Ferry, 18 miles from Helena, a temporary station
was established in the latter part of August, 1889, and con-
tinued through the succeeding three months. The location
was favorable for obtaining the low-water discharge, but during
the spring and early summer floods the stream Hows in two
channels ; accordingly, before the next field season the equip-
ment was moved farther down the river to a point more con-
venient of access and better suited for current meter measure-
ments.

- The station at Craig was put in operation April 18, 1890.

The river at this point is of nearly uniform width, is straight
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for a short distance above and below the section, and has a
good gravel bed. /

THE SUN RIVER.

The mountain catchment arca of the Sun River lies at an eleva-
tion of from 4,500 to 7,000 feet. Itis heavily timbered and has
highly inclined slopes well covered with soil. The total drainage
area is estimated to be 2,240 square miles. The river has a fall
of about 40 feet to the mile, a rocky bed, banks generally high,
but in some cases low, with bluffs on at least one side of the
river. It frequently flows through narrows, canyons, and deep
gorges, and is free from sediment except in flood season. Below
the catchment area the river flows through a narrow valley,
having an elevation of from 3,300 to 3,800 feet, with broad
bench lands on the left bank, extending to the Missouri River
on the east and to the Teton River on the north. On the right
or south bank the bench lands are more limited in area, but are
nevertheless of large extent. A portion of the country is rough
and broken, with ¢ flats” here and there.

The regular floods are caused by the melting of the snows
in the mountains, which sometimes disappear with great rapid-
ity, due to the ‘Chinook wind.” The snows which fall in
April and May are melted by the warm rains before they be-
come consolidated, and thus irregular and overwhelming floods
are liable to occur.. The water for irrigation is taken out by
means of small ditches only. There is one good-sized ditch
partially completed, on which no work has been done for the
last two years. |

The gauging station is about 18 miles above the town of
Augusta and 58 miles from Craig, the most convenient railroad -
station, and it is above all the irrigating ditches. Measurements
were begun August 5, 1889, and carried on during September,
October, and November. In the following spring a better
locality was chosen about 200 yards below, and observations
of height and discharge begun on April 1. The area of catch-
ment above the gauging station is about 1,175 square miles.

1
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CACHE LA POUDRE BASIN

The gauging station on the Cache la Poudre was constructed
in the spring of 1884 under the supervision of Mr. K. S. Nettle-
ton, at that time State engineer of Colorado. A record of the
amount of water passing this station has been kept, usually
from March to October of each year, since that time, giving the
longest record yet obtained of the annual fluctuations of any
stream in this part of the arid region. During 1889 this Survey
cooperated with the State engineer in continuing the work at
this important point to preserve an unbroken record of the
summer discharge The station is about a half mile above the
ngouth of the canyon, and 12 iniles above Fort Collins. A
description of the station, the equipment and self-registering
height gauge or milometer, together with results, may be found
in the second, third, and fourth biennial reports of the State
Engineer to the governor of Colorado.

The results obtained here are of more than local interest;
they may be taken as in a certain degree representative of the
condition of other streams, not only in Colorado, but over a
large portion of the arid region, in the gradual decrease of dis-
charge during the last few years, culminating in the unusually
dry seasons of 1888 and 1889, when there was great loss and
even suffering in many settlemeuts in Colorado, New Mexico,
and Utah, due to shortage of water and failure of crops.

The mean discharge of the several years, as obtained by the
State engineer and by this Survey, is given in the tabulations
further on.

In the following table of the average daily flow by months
the great decrease from year to year can be seen by inspection.

Meun discharge of Cache lu Poudre River in second-feet.

Year April | May | June | July Aug, | Sept

1884 219 | 2,537 | 4,812 | 2,144| 92| W5
1885 447 | 1410 | 2010 | 1,857 ( 6| 22
1886 405 139 1,85 v 38| 18
1887 1401 | 73] 807 | 15
1888 181 483 1L113| 420 23| 109
1889 13 649 | 1,338 | 54| 187 67

1890 200 ( 1,044 | 1,230 649 287 103
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.

THE ARKANSAS BASIN.

The Arkansas is, in many respects, a typical river of the arid
region, in both its topography and regimen. Geographically,
it is intermediate between the large rivers of Montana, with
their superabundant water supply and regular spring floods, and
those of Arizona, with usually small flow and spasmodic, disas-
trous deluges in the late fall or winter months. It rises in the
snow-mantled mountain slopes of central Colorado in an area
varying in altitude from about 5,000 feet at the eastern base to
10,000 on the west, and dotted over with peaks rising to 14,000
feet above sea level

At the higher altitudes (above 10,000 feet) most of the pre-
cipitation is in the form of snow, which accumulates from Octo-
ber to April. The melting of this snow is the source of water
for the river during the irrigating months of spring and early
summer. The snow falls frequently, and the winds blow it
into the gulches and ravines until these are often filled to a
depth of 50 or more feet. Were the snow uniformly spread on
the ground a large portion would evaporate without melting or
would melt muelt more rapidly in the spring, causing higher
and shorter floods than is now the case Though as a whole
this portion of the arid belt is denied a rainfall sufficient for the
needs of agriculture, this condition is somewhat ameliorated by
the fact that the mountain areas receive more than their share
of moisture in the form of snow. This, being stored up during
the time of the year when not needed and loosed when the
requirements of irrigation demand, is borne downward by the
rivers to be delivered on the land by the irrigators in such time,
gquantity, and place as are needed. At present there is a time
of scarcity in early spring and in July and early August, and it
is the inability to get water at this time that limits agricultural
development. To supplement the action of nature, storage
reservoirs are huilt to furnish water in these months

Above Canyon City, Colorado, the Arkansas River has, in
the main, the character of a mountain torrent, descending from
an altituade of 10,000 feet near Leadville to 5,300 feet near
Canyon City, a distance of 120 miles. Below that poiut it be-
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gins to traverse the Gireat Plains, and assumes a different type;
its gradient is diminished, its breadth increases, and, owing to
its reduced velocity, it assumes a sinuous course. With this
lessened velocity it is unable at ordinary stages to carry the
load of detritus collected in the more rapid portion above, and
this is deposited, forming low, sandy banks and bars, blocking
the course and causing the stream to shift its bed. But at high
stages this material is again caught up, the banks are eaten
away, and the loops are sometimes cut. Very considerable
changes of channel are thus produced by a single flood. Owing
to this instability of the bed and banks of this portion of the
river, dams and other headworks for irrigating canals are con-
structed and maintained with difficulty

On the headwaters of the river are eight gauging stations,
located chiefly at points where the results will be of greatest
value in any discussion of storage problems. At these altitudes
the climate is too cold for crops to mature, except hay, of which
but one cutting is made in a season.

The first aund highest of these gauging stations is on the East
Fork of the river, about 3 miles north of Leadville, at the out-
let of a reservoir site examined by this Survey in 1889. The
next is on the Tennessee Fork, about H miles from Leadville
and 4 mile from its junction with the East Branch. The third
station is on Lake Fork, about 6 miles from Leadville.

About 10 miles below the union of the forks there is, on the
main river, a fourth station, 13 miles below Hayden, a stop-
ping place on the Denver and Rio Grande Railroad. At this
point are to be the headworks of the diversion canal, outlined
in the report of Mr. S. H. Bodfish, Division Engineer, to take
the water from the river around the base of the hills into the
Twin Lakes Reservoir site. Gaugings are also carried on be-
low the outlet of these lakes to obtain the present discharge.

The sixth station is on Clear Creek, the next tributary com-
ing in from the west, about 4 miles below Twin Lake Creek.
The measurements are made a few hundred yards above the
place where it empties into the Arkansas. The two remaining
gauging stations are on Cottonwood Creek, a stream which
enters also from the west about 15 miles below Clear Creek.
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The measurements are made on the Middle and South Forks
just above their junction and about 7 miles from the town of
Buena Vista. These branches are typical mountain streams—
their fall is rapid and the channels are blocked by bowlders and
fallen timber, rendering it a matter of difficulty to find a place
suitable for gauging.

Measurements were begun in the spring of 1890, as soon as
the roads were opened, and were carried on continuously. The
results obtained are shown in the following table :

Mean discharges of tributaries of Arkansas River above Canyon City, Colo., 1890,
m second feet.

| Drain-
April, | May. | June. | July. | Aug. age
area.

. Sq. nu.
EastFork................... *46 213 224 103 46 4
Tennessee Fork ............]oeenenn. *289 141 64 a8 S |
Lake Fork.................. *75 a4 243 73 35 21
Twin Lake Creek ........... *24 252 552 365 176 102
Clear Creek.........cccoocofoen . 187 856 238 98 72
Middle Fork Cottonwood...| *26 83 121 70 a5 v
South Fork Cottonwood . ... *10 7 121 98 53 28

* Month not complete.

The principal station on the Arkansas Riveris near Canyon
City. This was located® in the spring of 1888 by the State
Engineer of Colorado at a foot bridge crossing the river near
the Hot Springs Hotel, about 2 miles above town. Previously
gaugings had been made farther down the river, at Pueblo in
1885 and 1886, and at a point 9 miles above Pueblo in 1887,
- but both of these places had been abandoned as unsuitable
from the frequent- change of cross-section. In 1889 the Can-
yon City station was reestablished by this Survey and work
carried on continuously from that time. The discharge at this
point gives the flow of the river little diminished by diver-
stons for irrigation, as at this locality the stream makes its exit
from the mountains. Above this point there is comparatively
little irrigation and there are small possibilities of future de-
velopment of it, in the few small patches of land adjacent to
the river. The channel here is straight for several hundred
yards both above and below, the current is neither too swift

?See Fourth Biennial Report of the State Engineer to the (Governor of Colorado,
p. 88,
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at high water nor too sluggish at low water for satisfactory
work with the current-meter, and the banks are of a height to
retain the floods.

A comparison of the mean discharge by mouths for the past
three years gives some suggestions of the range in discharge
of the river at this point.

Mean dischurge of Arkansas River at Canyon City, Colorado, in second-feet.

Year Apnl | May | June | July | Aug | Sept

1888 1,40 | 2,090 | 1,350 932 605
1889 300 600 ( 1,374 602 340 20
1890 477 | 2,090 | 2,611 | 1,571 670 519

Below Canyon City the Arkansas River receives ordinarily
but little water from its tributaries, though in summer there
are occasional very violent floods due to storms, locally called
“cloud-bursts,” on the plains or in the foot-hills. These
storms do much damage and but little good. The downpour
is very great for an hour or two, and, falling on the bare,
baked earth, the ramwater runs off so rapidly that it only
serves to swell the streams to abnormal proportions and to
sweep away dams, bridges, and other structures in its course.
The amount of water precipitated by these storms is large,
but its utilization presents great, if not insurmountable, diffi-
culties. They ocecur, however, at the time when water is
scarce and very much needed, and if only a small portion of
their waters could be stored it would be a great boon to the
country. The principal difficulties to be overcome arise from
the fact that the area over which a given storm will extend is
very limited and the time of occurrence exceedingly irregular.
A reservoir site might have such a storm in its drainage area
one year and none for several successive years. The violence
of these storms, when they do ocecur, is such that, even if dams
can be constructed sufliciently strong to withstand the force of
the torrents, it s to be feared that their cost will be too great,
since there is no certainty of filling them every year, and,
owing to the large amount of débris carried by such waters,
the reservoirs would silt up very rapidly. On the other hand,
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if the storage could be made, water would he available at a time
of the year when it is much needed

In the summer of 1889, after one of these storms, the Arkan-
sas River at Lamar, Colorado, discharged enough water in 24
hours to keep the river at a height sufficient for all the needs
of irrigation for more than one month if it had been gradually
supplied to the stream. Instead of doing good this storm did
only harm in washing out and carrying away dams, flumes,
and other similar structures. Within two days after the storm
the river had resumed about its ordinary low-water stage, and
within a week or so thereafter the farms within the area of the
storm were suffering for water.

At Pueblo, as stated above, measurements of the stream
were begun by the State engincer in 1885' and continued dur-
ing the following year. In 1887 the gauging was donc at a
point about 9 miles above Pueblo, and in 1888 discontinued
in favor of the Canyon City station The next year, however,
this Survey took up the work in the canyon above Pueblo, as
well as at Canyon City. These two localities, nine miles apart,
may be considered as one station, this giving results for four
crop seasons with a break of an intervening year, that of 1888,
The short table below shows, by eliminating the daily fluctua-
tions, the relative discharges for the various months in these
years.

Mean dascharges of Arkansas Rwver at or above Pueblo, Colo., in second-feet.

Yeax May | June | July | Aug | Sept
1885 1,069 | 3,187

1886 3,046 | 5,560 | 1,724 | 1,481 | 1,372
1887 3.477 | 8,352 1,717 | 1,129
1889 1,300 | 2,108 766 668

The falling off in the discharge of the Arkansas River from
1886 to 1889, as shown here and at Canyon City, finds its
counterpart in the diminution of the observed precipitation.
This is best shown by the totals taken from January to June
of each year, the period which affords the rain and snow for
the May and June floods. The data for Pike’s Peak and

' Thud bienmal 1eport State engineer, Colorado, p. 172, et. seq.
11 ¢EOL., PT. 2
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Colorado Springs, a mountain and a plateau station of the
basin, both exhibit the precipitation diminishing from 1886 to
the minimum amount of 1888.

But, while the precipitation reached its minimum in 1888,
the discharge of the Arkansas reached its minimum in 1889,
when the outflow was considerably less than in 1888. Au imn-
portant circumstance contributing to this minimum flow of
1889 lies in the fact, already mentioned, that the increase of
precipitation shown in the tables did not occur as snowfall in
the mountains, and oonsequently did not contribute to the
spring floods.: :

The winter of 1890 was once more one of heavy snows in
the counties (Lake, Chaffee, and Fremont) embracing the head-
waters of the Arkansas. The river began to feel the effect of
the melting snows before the 1st of May, and reached its maxi-
mum discharge between May 27 and June 4. The total dis-
charge of the river for the season has exceeded that of 1888
and 1889, but has not equaled that of 1887.

This failure of the discharge in 1890 to equal that of 1887,
although the precipitation has probably been greater, and the
delay of the year of minimum discharge from 1888 to 1889
illustrate the slowness with which streams of large drainage
area respond to the annual fluctuations in precipitation.

The Arkansas River begins to diminish in volume at about
Catlin, Colorado, 40 miles below Pueblo, owing to the diver-
sions of its waters by irrigators and to loss by seepage and
evaporation. Below this point, in the present condition of the
river and with the present usages in administering its waters,
there is no certainty that the farmers will get sufficient water
in July and August for the needs of their crops. Just east of
the Colorado and Kansas State line in summer there is fre-
quently no water visible, though there is always more or less
~ percolating through the loose sands of the bed.

Below Pueblo attempts were made in 1889 to measure the
river at two points, and also two tributaries, the Huerfano and
the Purgatoire. Owing, however, to the irregular summer
floods and constant shifting: of the channels during and after
high water, the results were not wholly satisfactory. The two
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lower stations were La Junta, 60 miles below Pueblo, and
Lamar, 50 miles farther down and about 35 miles above the
Kansas State line

On the Huerfano a station was located at the outlet of the
Cucharas Canyon on the Hermosilla Ranch, 20 miles south of
Pueblo. This stream is subject to very violent summer floods,
though its normal discharge is small. Two trips were made
for purposes of gauging, one in the latter part of June and the
other on July 30, 1889, but on neither occasion was there
enough water flowing in the bed to allow the use of a current-
meter, the discharge being from 3 to 5 second-feet At La
Junta, in spite of the great changes in countour of river bed,
the discharge for any given height was fairly constant, and
quite good results were obtained

The station on the Purgatoire was one and a half miles above
its junction with the Arkansas and about the same distance east
of the town of Las Animas. This stream is very small except
at the time of melting snows, when it swells to a considerable
size, and after storms or “cloudbursts” of summer, when it be-
comes a raging torrent. The unstable character of the bed
rendered the measurements somewhat unsatistactory; the fol-
lowing estimates contained in the tables of monthly discharges
are, however, of value, as showing the size of the stream.,

At Lamar the scour and fill of the bed of the Arkansas was
so great that the bottom at one time was above the water sur-
face of a later date; hence, the height of the water referred to
any permanent bench-mark could have but little meaning. The
banks of the river are low, the surrounding country being a
plain or prairie. The channel is about 325 feet wide and very
shallow, in low water the depth averaging perhaps a half foot.
Eastward the stream diminishes rapidly, until at Coolidge,
Kansas, the flow sometimes ceases in summer. Lamar being
about the eastern limit of Colorado trrigation, the water which
passes here may be considered as waste or drainage. Instead
of attempting to compute averages for this locality, the section
being so poor, the results of measurements only are given,
viz: May 26, 1889, 300 second-feet; July 19, flood estimated
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at 15,000 second-feet; July 22, 851 second-feet; August 3, 284
second-feet ; August 7, 187 second-feet.

In order to illustrate the influence of the rainfall upon the
river height, the progress of the floods, and other related facts,
there is given on Pl rxx1 a hydrograph or plot showing the
fluctuations in river height from May to September, 1889, for
the four stations on the Arkansas, viz, at Canyon City, Rock
Canyon (9 miles above Pueblo), La Junta, and Lamar, and also
for the two tributary streams, the Huerfano and Purgatoire.
On the same page, above these diagrams, is shown graphically
the daily rainfall as measured at twelve stations in the basin
during this period. By studying these the relative effect of the
melting snow, of the sudden local showers or “cloud-bursts,”
and of periods of drought can be seen, as well as the progress
of the floods down the main stream. -

RIO GRANDE BASIN,

The Rio Grande rises in the mountains of southern Colorado,
flows easterly into the great San Luis Valley, then turns south-.
erly into New Mexico, traversing that territory from north to
south. It forms for a few miles the boundary between New
Mexico and Texas and then is the dividing line between Texas
and the Republic of Mexico. From Del Norte to the Pecos
River in Texas its waters are diverted by hundreds of ditches.
Some of these are of great antiquity, dating back to the Span-
ish conquest, and perhaps earlier. Communities and towns in
Colorado, New Mexico, T'exas, and in the Mexican republic are
dependent for their life upon the waters of this river, and any-
thing that affects the flow is of vital importance to thousands
of people.

The diversions of water have proceeded from the south up
stream, the Mexicans gradually extending their settlements
‘and taking out small tortuous ditches along the bottom lands.
Within the last few years, however, following upon the develop-
ment of mining in Colorado, agriculture has been found very
profitable in the San Luis Valley, and canals as large as, if not
larger than, those of any other locality in the United States
have been built. The enormous diversions of water in this



IRRIGATION SURVEY—SECOND ANNUAL REPORT. 53

valley and the unusually dry seasons have resulted in a dimin-
ished flow in the river below, so that for two summers the bed
of the stream has been dry below San Marcial As a conse-
quence, loss of crops and great suffering have ensued among
the farmers who have been accustomed to depend upon the
river water.

Such a succession of dry years is, of course, likely to occur
again, and even if the drought is not so severe, with the con-
tinual diversion of water in Colorado and upper New Mexico
there must finally come a time when scarcity of water will be
the rule in the lower part of the Territory and in Texas and
Mexico The water-storage problem, therefore, is of imnomen-
tous importance, and a study of all the facts bearing upon
hydrography is demanded at once

"The investigation of the water supply of the Rio Grande
basin was begun by the establishment of river-gauging stations
at Del Norte, Colorado, at Embudo, New Mexico, and at
El Paso, Texas The tables of monthly discharges for these
three places will give the main facts of the water measurements.

The total amount of water which passed Del Norte during
the year ending June 30, 1890, was 023 cubic miles, or an
average of 1,090 second-feet for the 12 months. This amount, -
if distributed uniformly over the drainage basin above the
gauging station, would cover the ground to a depth of 104
inches. There are but few small ditches taken out above Del
Norte, and no large bodies of level land, so that the results
obtained there may be considered as the total discharge
unmodified by artificial means.

The distance from Del Norte to Embudo by river, omitting
the tortuous meanders, is about 130 miles. During this course
the river receives many small tributaries, as will be seen by a
glance at a map. Many of these, however, at ordinary stages,
lose all their water by diversion to irrigating ditches, or by its
sinking into the sandy beds long before it can reach the trunk
stream. Only in tinies of flood do they actually coutribute to
the discharge of the river.

At Embudo the total discharge (see Pl Lxx1m) for the year
was 026 cubic miles, or a daily mean of 1,240 second-feet, only
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150 second-feet more than at Del Norte. Considering any such
point as Embudo, it becomes a difficult matter to compute the
drainage area which actually contributes to the flow. As just
stated, the rain which falls upon vast areas included in the
drainage basin seldom or never reaches the river. In the
northern portion of the San Luis Valley the streams flow into
the San Luis Lakes, from which there is no outlet. - All this part
of the drainage basin can therefore be excluded at once, as not
contributing to the Rio Grande. Farther south, however, the
difficulty of discriminating between the portions of the basin
which do or do not supply water becomes greater, and it is
impossible to decide what particular areas should be considered
as tributary to the stream. The total area of the basin above
Embudo, excluding the drainage into the San Luis Lakes, is
7,000 square miles. Distributing the total flow for the year
over this area, the depth would be 2'4 inches. The excess of |
the discharge of Embudo above that of Del Norte, it distrib-
uted over the drainage included between Del Norte and
Embudo, would cover the ground to a depth of only 0:36 inch.
It should be noted that in this comparison no account is taken
of the results of the canal diversions.

- El Paso, according to the survey made by army engineers’
is about 517 miles below Embudo, following the course of the
river. The slope ranges from 4 to 52 feet per mile. The
'principa,l tributaries are the Chama, Jemez, and Puerco, all
coming in from the west. As is shown by the diagram of
discharge and monthly averages, the water received from
tributaries below Embudo is not sufficient to supply the loss
by evaporation and diversion. |

The total flow for the year at El Paso was 022 cubic mile,
averaging 1,050 second-feet, or 190 second-fect less than at
Embudo. From the latter part of July to the middle of
December the water ceased flowing, the bed being dry except
in deeper pools.
The following comparison of the meap daily discharge in

second-feet at Embudo and El Paso gives some facts of in-
terest:

t Annual Report Chief Engineer U. 8. A.; 1889, p. 1571.



U. §. GEOLOGICAL SURVEY

JANUARY

FEBRUARY

MARCH APRIL MAY JUNE ALY

AUGUST

SEPTEMBER

OCTOBER

ELEVENTH ANNUAL REPORT PL. LXXIll

NOVEMBER

DECEMBER

S Jo 15 20 25

5 10 15 20 25

5 10 15 20 25 5 1210 15 20 25 5§ 1¢ 15 20 25 5 10 15 20 25 5 10 15 20 25

5§ 10 15 20 25

5 10 15 20 25

5 19I5 20 .25

590 a5 200 250

5 J0 15 20 25

sec 1
v

9000

75

Sec

oy

000

75

750

25

sec [t
Y4

7000

575

sec f1.

Sed

5000

i
%

'uev

350

25

Vi)
v

\
—L_ |
=

3000

2750

250

250

sec. [1
L/

2000

75

\\%\\“_

150

25

1000 Sec 11

M,

000

\ —

75

WZANY

=N
T\

A

\AM

1890

il

410

Vi

ok

—~J

o : \N\r\/

1889

et

I~

250

|
s 10 15 20 25

N

T/\T._f\f“\/"’_

s ' 100 25 20 25

5 10 15 20 25 5 120 15 20 25 5 10 15 20 25 5 10 15 20 25 5520 A5 20 25

5 10 15 20 25

5 10 15 20 25

S 10 15 20 25

520 25 20° 25

s 10 I5 .20 25
-

JANUARY

FEBRUARY

MARCH APRIL MAY JUNE
DIAGRAM OF THE DAILY MEAN DISCHARGE

RIO GRANDE

JULY

AUGUST

AT EMBUDO, NEW MEXICO,

SEPTEMBER

OCTOBER

N {GUBIC FEET PER 'SEGCOND -QF “THE

NOVEMBER

DECEMBER



IRRIGATION SURVEY—SECOND ANNUAL REPORT. 5D

Mean daily discharge of Rio Grande in second-feet.

1889. . 1890.

July. | Aug. | Sept. | Oct. | Nov. | Dec. | Jan. Feb. |March.

Embudo.......... a1 | o0s| 22| om3| se6| sa2| a8y | s3] es2
ElPaso. ......... 37! 0 0 0 0 70| 19| 20| 424

Difference . . .. 234 06 212

283’ 366 | 472 | 241_| 263 | 28

It is evident that from 300 to 400 second feet must pass
Embudo, in addition to the ordinary discharge of the tributaries,
before any water can reach El Paso. '

SEDIMENT.

The sediment observations were begun at Embudo, New
Mexico, January 15, 1889, and were continued- for three
mounths. The apparatus was then shipped to El Paso, where
samples were first taken on July 10, the work being continued
from that time through the following fiscal year. In these
measurements the object in view was not so much the obtain-
ing of results of scientific accuracy as the procuring of certain
data for engineering purposes, viz, the approximate proportion
of silt carried by the river water at various stages and seasons.
The equipment for doing this work was necessarily simple and
‘rather crude, owing to the original requirements that these
measurements should be made in camp and that all parts of
the apparatus should be strong and portable

In the previous annual report' mention is made of the con-
clusions reached as to the most convenient way of taking
samples and drying filtrates. These methods have been in use
during the year and give quite satisfactory results. With- the
sediment trap, a horuont&l cylinder with vertical sliding doors
at each end, water was taken at about one-balf foot below the
surface for the top sample, and at about one-half foot above
the bottom for the bottom sample. These were then placed in
covered jars and allowed to settle for three or four days. At
the end of the time the clear water was carefully drawn off
with a glass siphon and the sediment washed out apon filter
paper by means of a jet of clear water. The filter papers were

I Tenth Annual Report U. S. Geol. Surv., Part i, Irrigation, p. 85.
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previously dried and weighed, and after receiving the sediment
were again put into the drying oven. This waskept at a tem-
perature of from 50° to 60° C. by an oil stove. After 24 hours’
drying the papers containing the sediment were carefully
weighed, due precautions being taken against increase of
weight by absorption of moisture from the air.

On the diagram, Pl 1xx1v, are given the data from the Kl
Paso station, showing graphically the number, date, and agree-
ment or lack of agreement of the observations. One, two, or
three samples were taken on the same day. As above stated
each sample was, in general, made up of portions taken from
near the surface and bottom, being intended to represent the
average sediment of that vertical plane.

The river at that point is 220 to 230 feet wide. The samples
were taken on this section in the center and usually 30 to 60
feet from either shore. On the diagram the parts by weight
are given on a vertical scale of 100,000. The horizontal line
marked 1,000 represents a thousand parts in 100,000, or 1 per
cent, and the 2,000 line 2 per cent by weight. It will be
noticed that the greatest divergencies of observations made on
the same day are those at the time that the per cent increases
suddenly; and that as the sediment falls the observations come
closer together. This is what might be expected from the
nature of the case, as high ratio of sediment means an increase
of the larger, coarser particles, whose distribution is probahly
far less uniform than that of the finest silt.

[n addition to the points marking the individual observations,
a broken line is drawn connecting the mean of the observations
for each day, or the single observation when there is but one.
This line serves merely as a guide line for the eye, and of
course can have no further value. Comparing this sediment
diagram with that for discharge, it is seen that during the low
water of the winter the sediment follows, in a general way,
the discharge, an increase of discharge being accompanied by
an increase of percentage of sediment. In other words, the
small storms bring down muddy water. This is especially
noticeable on March 15.

After the main flood of the vear has set in, however, and the
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earlier storm waters Lhave presminably washed out the silt most
easily moved, the percentage drops off rapidly by dilution,
although the actual amount in suspension is far greater than
before, as shown by the table below. Again, as the flood de-
creases, the minor disturbances following on its decline give
an immense increase in ratio of sediment, especially noticeable
in the last week in June, 1889,

The river bed being dry from the latter part of August to
the middle of December, no observations, of course, appear.
In December, however, the first water coming down the dusty
channel might properly be termed fluid mud; the determina-
tions therefore run very high, as shown on the diagram at the
extreme right

In order to express in a few figures the results shown in the
diagram, the following table has been constructed, making sev-
eral assumptions which may or may not be true. It is assumed
that the mean of the determinations for a month is the average
sediment for that month. This is given under the column
headed ‘Sediment ratios” The averages of the daily dis-
charges in second-fect for the same month is then taken. In the
next column is given the weight of the water making up this
number of second-feet. Multiplying this rate by the ratio for
that month gives the sediment in pounds per second passing
the station. This is then multiplied by the number of seconds
in the month, and the result is given in tons per month.

The total for the year ending June 30, 1890 is, in round num-
bers, 3,830,000 tons; this earth, at a weight of 100 pounds per
cubic foot, would cover a square mile two and three-fourths

feet in depth.
Sult in the Rio Grande at El Paso.

[Estimates by months ]

Month Sediment | Average | Weight | Sediment | Sediment
1at1os discharge | of water |per second |pet month
1889 Sec fret Pounds Pounds Tons
June 00168 2 638 165, 000 772 2| 1,000,570
July 00201 37 14, 810 29 6 39, 800
Decemblegg0 00813 v 4,440 36 1 48,380
January 00295 196 12,250 36 2 48, 500
February 00362 200 18,130 65 5 79, 200
March 00613 424 26 500 102 6 219,700
Apri 00585 2,190 136, 900 794 6 ) 1,029,800
May 00347 5,771 360, b80 1,248 5| 1,671,7
June 00196 4,404 275, 250 589 3 699, 200
July 00131 854 53,373 70 0 93, 730
August N 00710 734 45,875 325 7 4306, 100
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GILA BASIN.

In this basin are found rivers most difficult and dangerous to
examine and control, differing in character and habit from those
of the North as widely as in geographic position. In place of
the regularty recurring annual floods of spring and early
summer, so strongly marked on the discharge diagrams of
other basins, these rivers show conditions almost the reverse,
being at that season at their very lowest stages—even dry—and

-rising in sudden floods at the beginning of and during the winter.
These floods are of the most destructive and violent character;
the rate at which the water rises and increases in amount is
astonishingly rapid, although the volume is not always very
great. For instance, in an ordinary flood the Salt River, the
principal tributary of the Gila, has risen in about three hours
from 500 second-feet to 30,000 second-fect, falling again almost
as rapidly, so that the average for the day or for two or three
days would not be more than 10,000 or perhaps 5,000 second-
feet. :

From this it will be recognized that the onset of such a flood
is terrific. Coming without warning, it catches up logs and
bowlders in the bed, undermines the banks; and, tearing out
trees and cutting sand-bars, is loaded with this mass of sand,
gravel, and driftwood—most formidable weapouns for destrue-
tion. '

The Gila rises in western and southwestern New Mexico,
receiving its waters from mountains having an elevation of from
7,000 to 8,000 feet; at the point at which it crosses into Ari-
zona it still has an elevation of 6,000 feet. From this place it
continues between mountain ranges, falling rapidly, until at .
Florence, 180 miles away, it is about 1,500 feet above sea level.
At a point 15 miles above Florence the river emerges upon the
plains, which it traverses for about 75 miles before receiving
the waters of the Salt, its principal tributary. After receiving
the Salt drainage the Gila continues west and southwest, cross-
ing Arizona and flowing into the Colorado River at Yuma, near
the southwestern corner of the Territory:.

Along the headwaters of the river are several open valleys,
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and in those of southeastern Arizona agriculture is steadily in-
creasing by the use of water from the river or from side streams.
On the extreme eastern edge of the territory, near the town of
Duncan, some 2,000 acres have been reclaimed, and in the val-
ley from Solomonville westward for 20 miles down the river
fifteen irrigating ditches, covering in the aggregate 45,000 acres,
have been constructed. There are in addition several other
irrigated areas near the mouth of the San Pedro.

The principal tributaries are the San Pedro and Santa Cruz
Rivers, on the south side, and the Salt, Aqua Fria, and Hassa-
yampa Rivers, on the north side. The floods of the upper Gila
and its tributaries are usually short and violent, the highest
water occwrring during the months of January and February.
During o freshet the river rises from 8 to 12 feet and increases
in width from 300 feet to a mile and a half It is sometimes
impassable for weeks, and in places has the appearance of a vast
sea of muddy water. The season of low water occurs during
the months of June and July, the river bed being then dry in
places for miles.

SAN PEDRO.

The San Pedro River, entering from the south, rises in the
northern part of the Mexican State of Sonora. Flowing north-
erly for more than 100 miles, it empties into the Gila a few
miles below the town of Dudleyville, 45 miles above Florence.
It has a total watershed of 2,700 square miles. Rising in a
country of very light snowfall, the San Pedro depends for the
greater part of its water supply on the frequent showers of the
rainy seasons. It flows over a sandy bed between high and
steep banks, and during the dry season the river shrinks to an
insignificant stream of clear water, which rises and sinks in the
sand with the varying depth of bed rock. During the rainy
seasons it rises very suddenly, sometimes to the height of 12
feet, and, assuming the character of an angry torrent, carries
everything before it.

In Cochise County the San Pedro flows through a valley 80
miles long and from 1 to 10 miles wide For a distance of 70
miles along the river small ditches have been taken out, reclaim-
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ing, it is estimated, about 10,000 acres of land, on one fourth
of which crops are annually raised. The soil is fertile and pro-
duces large crops of wheat, barley, oats, alfalfa, vegetables, and
the hardier kinds of fruits

In the upper San Pedro Valley there are several thousand
acres of land, at present utilized by stock-raisers, susceptible
of cultivation under a judicious system of irrigation

Near Dudleyville a gaunging station was established to
obtain the total discharge of the San Pedro into the Gila.
Measurements were begun here April 9, 1890, and observa-
tions carried on continuously. During the summer of 1890 the
water has been extremely low, hardly flowing. For instance,
the average flow for the month of April was only 16 sccond-
feet; for May, 5 second-feet; for June, 3; and for July, 6.

The Santa Cruz rises in the southern part of Pima County
near the Mexican line, and flows northerly to a point a few
miles northwest of Tucson, where it sinks, finding its way to
the (rila, if at all, by percolation or underground passages.
About 3,000 acres, it is reported, have been reclaimed in Pima
County by the use of the waters of this stream.

Below the San Pedro for a distance of 25 miles the valley
of the Grila is very narrow, in places becoming a gorge a
thousand feet or more in width. The narrowest pointis at The
Buttes, 15 miles east of Florence. Below this point the Gila
Valley proper begins, widening out rapidly toward the west,
and extends to the banks of the Colorado River, a distance of
about 200 miles. That portion of the valley situated between
the mouth of the Salt River and the Colorado i§ known as the
Lower Gila Valley.

In the Upper Gila Valley, beginning just below the canyon
and about 12 miles above Florence, fourteen canals are taken
out at intervals, from the river, covering many thousands of
acres. Above all these canals, at the Buttes, it is proposed
to construct a dam of sufficient height to hold back the greater
part of the flood waters, and for this preliminary surveys and
estimates have been made.

To obtain data concerning the discharge at this point a
gauging station was located a short distance above the Buttes,
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near an abandoned smelter. Observations were begun August
26, 1889, and continued through the succeeding year, the
floods, however, were unusually low, and the results given in
the tables are probably far less than the average discharge for
several years.

SALT.

This river, though considered as a tributary of the Gila, is
in fact larger both in catchment area and discharge, and might
properly be considered the main stream. It receives the
drainage from central Arizona, its principal tributary, the
Verde, flowing southeasterly and south from the mountains
and table-lands south of the Colorado River  There is a
little irrigation along the upper waters of the Verde and in the
Tonto Basin, but the diversions of water are too small to be
noticeable on the main stream.

The Verde Valley is situated in Yavapai County, on the
headwaters of the stream, and extends from a canyon above
Camp Verde to a point 10 miles below the fort, where a.
branch of the Mogollon Mountains on the east and another
of the Verde Mountains on the west approach the river.
About 3,000 acres of land in this valley are under cultivation,
and large crops of alfalfa, small grain, corn, and potatoes are
raised, as well as fiuits in great variety and perfection. The
mjlitary reservation comprises about 1,000 acres of farming
land, much of it capable of irrigation.

About a mile below the junction of the Verde, and 30 miles
above Phoenix, the river begins to enter upon the plains of the
Gila Valley. At this point the Arizona Canal Company have
built a dam or weir across the river to raise the water and turn it
into their canal. The engineer of this company, Mr. Samuel
A. Davidson, has calculated the daily discharge over this weir
for a number of years, and with his permission these results
are given herewith, as they show in a general way the
character and range for nearly three years of the rivers of
this portion of the arid region  While these calculations,
being based on weir formule, may be in error to a consider-
able degree, yet they are comparable among themselves, and
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show the sudden fluctuations and the relative size of the
stream. -

Atterpts have been made to establish gauging stations on
the Verde and Salt above their junctions, but great difficulties
have been encountered, and, after moving the stations, that on
the Verde was finally abandoned and work on the Upper Salt
suspended during the winter of 1889—"90. 'The measurements
on the Salt, made at about a half mile above the junction of
the Verde, are as follows:

Discharge. ‘ Sec, ft.
JUune 27, 1889 . .. it tiiieiiiera ittt Cevees e 251
JUIY 10, 1880 . .. it ittt ettt s ctenenrtarsaronasensansenenen 195
July 17, 1889 . .coeveee e, et e 272
AUGUSE 16, 1889 .t vt eeee e s eaeetneeeannenss e, 213
August 30, 1889 ... ... Ceserasevies Creseriaeensan ... 216
September 16, 1889 ... .ttiiieirieresaotassnnarsnrsrannnns 212
SePtETIDEE 22, 1889 .ttt e toeeee et e eeereesanenrans 306
September 26, 1889 ...... .. ciiieiiiiennn et reetetee e 225
September 30, 1889 ........0viviuans S reeesatasarrae st e, 212

In the spring of 1890 a new station was located at a more
favorable though remote place up in the canyons about 50
miles above Pheenix. The mean discharges in second feet are:
For May, 500; for June, 298; for July, 21.

. The measurements on the Verde, made at a place a mile
above the Salt, are as follows:

Discharge. ) Sec. ft.
JUne 26, 1889 ...ttt ittt e s eara s 127
JUly 11, 1880, .. ittt i ettt ie et it 234
July 20, 1889. ...t vt naaanns Cerreenearenas e 436
August, mean, 1889 ............. P 200
September, mean, 1889 ... ... ...iiiiiiii i e 192

Besides the Arizona Canal Company, at whose headworks
the estimates of daily discharge have been made, there are
below it a dozen other canals taking water from the Salt River.
These vary in length from 3 to 22 miles, and cover in the
aggregate 300,000 acres of land, of which about 35,000 are
annually cultivated. All the water in Salt River has been
utilized and little more can be done in the way of land reclama-
tion without the construction of storage reservoirs. If this



IRRIGATION SURVEY—SECOND ANNUAL REPORT. 63

were done it is estimated that sufficient water could be
impounded during the storm floods to reclaim many times
the area now under cultivation. The soil is very productive,
large crops of wheat, barley, and alfalfa are grown, and fruits
of all descriptions flourish and yield bountifully.

TRUCKEE AND CARSON BASINS.

These rivers rise in the Sierras, receiving drainage from
mountains 7,000 to 10,000 feet high, aﬂd,ﬂowing easterly, lose
their waters in the sinks of the interior basin. The catchment
areas, though small, yield a considerable amount of water,
owing to the steepness of the slopes and the general elevation
of the basin. In the drainage of the Truckee is Lake Tahoe,
the highest lake of its size in the country. From its elevated
position, however, the catchment area of the lake is very
restricted, being only 522 square miles, less than four times that
of the water surface, which is 195 square miles As a conse-
quence the run-off from the lake is comparatively small.

The situation of this basin in regard to political divisions is
somewhat peculiar  The line between California and Nevada,
running through Lake Tahoe, cuts the catchment area into
two portions, of which 793 square miles are in California and
283 square miles in Nevada, measuring the drainage above
Reno. The water is most largely utilized in Nevada, but any
comprehensive system of water conservation for the further
benefit of these desert tracts is rendered complex by questions
arising from differences in jurisdiction and in water privileges
in the two States.

Measurements were begun in the Truckee Basin in the lat-
ter part of May, 1889. The high water of that year came
very late on account of light fall of snow during the preced-
ing winter. There was a very heavy snow storm about the
middle of May, followed by warm weather, causing floods of
short duration, which were followed by unusually low water
during the summer and fall.

The results obtained are here given, beginning at the outlet
of Lake Tahoe and taking the various tributaries in succession.
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Near the dam of this lake the measured discharges were as
follows: ' |

: : Sec. ft.
JUly 9, 1880, . i e s et e 136
August 8, 1880 ... . e e 7
August 14, 1889 ... i e 56
August 13, 1889............ e e e 49

The maximum for that year is estimated at 170 second-feet.

A small mountain stream entering the Tuckee from the west
or left bank about half way between Lake Tahoe and Truckee,
known as Squaw Creek, was measnred and found to have, on
June 3, 1889, a discharge of 92 second-feet, and on June 22,
15 second-feet. The mean flow from June 7 to 22 was 50
second-feet, falling after this latter date to an insignificant
stream. ' -

The creek above Tahoe Tollgate on June 3, 1889, dis-
charged 74 second-feet.

Donner and Cold Creeks—The first of these is the outlet of
Donner Lake, and has a drainage area of 16 square miles. It
flows easterly for about 2 miles into the Truckee, being joined
at a point three-quarters of a mile from the lake by Cold
Creek, which drains the valley south of Donner. In 1888
this creek carried, it 1s estimated, about one-half more water
than in 1889. The measured discharge of these creeks in
second-feet is as follows:

Discharges.
Date.
Donner Cold
Creek, | Creek. | Total
1889. Sec.-feet.| Sec.-feet.| Sec.-feet,
June28 ... ... ... ... 55 S
July8....... 8 10 18
| Julysé. ...... 5 5 10
July1l...... 2 1 3
July16...... ) N PV P
August?7 ... 09 1 19
August 10 . 02 1 12
August 17 . 03 07 1-

More detailed measurements (see appended tables) were
made of Prosser Creek, the outlet of Twin Valley, flowing into
the Truckee a short distance above Boca, and of the Little
Truckee, which receives the drainage of Weber and Independ-
ence Lakes and flows into the Truckee at Boca.
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Other small tributaries were measured in 1889 when they
were at about their maximum, except at the second measure-
ment of Martis Creek, the result being as follows:

Date Location Discharge

1889 Sec -feet
June 1 Martis Creek 19
Jupe 22 do 7
May 30 Junmper Creek, at Clinteon P
May 31 Joe Grey Creek, at Cuba - &8
May 31 Broneo Creek, at Bronco 42
May 22 Dog Creek, at Verde J 7

Gaugings on the main stream were begun in May, 1889, at
Essex, Nevada, a’point near the State line and about 12 miles
above Reno, the results being as follows:

Dischurge. Second-feet.
May 20, 1889.. Ceieeeres o Co 2,330
May 21, 1889 . . . . . .. . 2,570
May 22,1889 .. . e . . Coe C e e 2,610
May 29,1889 . . ce C o eeeen . . - 1,716
June 20, 1889.. . ... . . . .. . Coe 350

The maximum flow for the year was on May 21st. The mean
discharge for the last ten days of May was 2,134 second-feet ;
for June, 771 second-feet; for July 278, and for August
and September approximately 200 second-feet, these latter re-
sults being considered in doubt, however. In the spring of
1890 the ssex station was abandoned and gauging made at a
point a mile below Boca and 12 miles above Essex, also at
Laughtons, 6 miles above Reno, and again 8 miles east of Reno
at Vista

Car son Basin.—This basin, like that of the Truckee, is partly
in California, 464 squarc miles being in that State and 444
square miles in Nevada above Carson City A measurement
was made in 1889 of the West Fork in Hope Valley, giving,
on June 14, 72 second-feet, while the main river below the
junction of the forks, about a mile from Geneva, showed on
June 10,1889, adischarge of only 527 second-feet, many ditches
being taken out above this place. In 1890 stations were estab-
lished on the East and West Forks and also on the main river at

Empire, 7 miles east of Carson City. That on the East Fork
11 ggoL., PT. 2—5
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is at Rodenbah, about 14 miles from Genoa and 22 miles from
Carson. That on the West Fork is about one-half mile above
the town .of Woodford, California, which is 20 miles from
Genoa and 32 miles from Carson. During the high water the
velocities at this point were so great that the measurements
were made at Fredericksburg, California, 1 mile south of the
Nevada State line, gaugings being made on Jarvig's bridge.

SALT LAKE BASIN.
BEAR RIVER.

‘ The study of the hydrography of the Bear River, of the pres- -

»ent utilization of its waters and their future conservation, offers
problems of unusual inferest, not only from the geologic and
engineering sides, but from political, economic, and social stand-
points. '

This river rises in the lofty Uinta range in northwestern
Utah, flows through the southwestern corner of Wyoming, a
high, rolling country devoted mostly to grazing, then turning
west, crosses the line again into Utah, where the drainage

" waters begin to be utilized on a considerable scale for raising
grass. 1tthen turns to the east and recrosses the line into Wyo-
ming, where the valleys contain hay ranches. Beyond these the
river swings abruptly to the west into Idaho, winds through a
mountain chain, and enters a large valley having an elevation
of about 6,000 feet. Here is found the distinetive feature of
‘this drainage basin—the peculiar lake and marsh, which act as
a great natural reservoir, or rather as an equalizer of the flow
of the lower Bear River. The river does not, as shown on the
Land Office maps, enter the lake, but passes along in front of
or below the open lake, meandering through the great marsh
or level plain. In times of high water it spreads out through
and over the marsh and its waters back up into the lake. In
times of drought the marsh dries, much of it becomes good hay
land, and the water from the lake finds its way through tortu-
ous channels down to the river. ‘

Around this large valley and beautiful lake, the southern
half of which is in Utah, are clustered many prosperous towns
and villages, which depeud for their subsistence upon the waters
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of the smaller tributaries of the Bear. The center of the valley
north of the lake is still public land, though dotted by houses,
corrals, and haystacks. The occupiers of this land can not get
a title from the Government, as it is designated a lake on the
official maps.

From the north or lower end of this broad, level valley the
river, again in a defined channel, winds north through hilly
and broken grazing lands, then west along and through great
lava plains, and finally, as though cut off by this lava sheet,
turns abruptly south. Having passed the lava, the valley
broadens, forming Grentile Valley, at the northern end of which
there is a large body of high arable land. It is proposed to
irrigate this land by a ditch taking water from Bear River
itself. But at present the river is not attacked in or below this
valley; all the water for irrigation is taken from the lateral
streams, which are largely fed by springs. .

Below Gentile Valley the river flows through narrow passes
and over rapids to enter the beautiful Cache Valley, ‘the
granary of Utah.” This valley lies due west of Bear Lake
Valley, but about 1,000 feet lower. Like the former, its
upper end is in Idaho, its southern in Utah, the latter portion
being the most thickly settled.

All the streams which go to join the Bear, from Gentile
Valley southward, are diverted during the growing season upon
the land, but the water in the river itself is untouched, be-
cause it has cut for itself a channel so deep below the general
level that the communities along its banks have not been able
to divert it upon the dusty plains.

The river flows through the Cache Valley nearly to its lower
end, finally turns back toward the northwest, and rushes
through a very deep, precipitous canyon and enters upon the
Salt Lake Plains, where, after meanderings more and more
tortuous, it finally is lost in the Great Salt Lake.

Until recently there has been no attempt to utilize, except
on a few acres fringing the stream, any of the river water
below Bear Lake. In 1889, however, a company began to
construct in the canyon below Cache Valley two canals of
the aggregate capacity of 2,000 second-feet. 'This system was
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designed to be one of the largest and best constructed works
of the kind in this country, and to cover ultimately upwards
of 200,000 acres, embracing within these limits many lalge
towns as well as a portion of the city of Ogden.

During the' last two years, 1888 and 1889, the rainfall hd& |
been unusually small. The Bear River, like others, showed
the effect of this in diminished flow, the discharge shrinking
to an unprecedentedly low amount.

Crauging stations were established on the main stream in
1889: one at Battle Creck railway station at the upper end of
Cache Valley, and the other at Collinston, in the canyon below
Cache Valley, near the headworks of the new canal system.
Asseen by the tables of monthly averages for 1889, the flow at
Collinston is far below the future needs of the new canal
+ This cendition was abnormal, but may it not happen again?

There are dimly outlined for the future, as shown by the
brief statement above, several questions of great importance,
upon whose correct solution hang the peace and prosperity of
many communities, embracing over 30,000 inhabitants. Here
is a river crossing State lines five times, its water furnishing
subsistence for scores of ‘communities differing in laws and
customs, flowing first through grazing countries, where its
waters are lavishly used for raising hay, then through broad
valleys of great elevation, where it is again robbed of its
waters to raise the hardier grains and vegetables, and finally
delivering its surplus waters to one of the most fertile valleys
and genial -climates of the West.

In times of scarcity who is to apportion this water? How
~ much belongs to this community and how much to that cor-
poration? What protection do the present users enjoy against
the stronger and richer canal companies or the aggressive
adventurers at the headwaters? These questions are seriously
disturbing the minds of the inhabitants of that country, and
are being discussed in the market places and in conventions.
Each year, as population becomes more dense and a larger
acreage is brought under cultivation, the demands upon the
water increase, and the time is fast approaching when, instead
of the demand exceeding the supply for, say, 1 in 15 years, it
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will be 1 year in 10, and later 1 in 5, and perhaps oftener.
Thus questions of economic distribution and of priorities and
equities of rights must depend upon the measurements of
water, the knowledge of the distribution—in short, the results
of the hydrographic studies begun now while the matter can
he impartially investigated.

The total amount of water which passed the Battle Creek,
Idaho, gauging station during the year ending June 30, 1890,
was 0032 cubic mile, or a daily mean of 1,480 second-feet, very
nearly equivalent to 3,000 acre feet. 'This water, if spread out
uniformly over the drainage. basin, would cover it to the depth
of 4% inches.

At Collinston, Utah, the discharge for the same time was
053 cubic mile, or a daily mean of 2,500 second-feet, nearly
5,000 acre feet. This would cover the entire drainage basin
5% inches in depth.

Comparison of these figures shows that the run-off from the
Cache Valley is larger than from the upper part of the Bear
drainage basin. Taking the difference between these, it is
found that the run-off for the drainage basin above Collinston
and below Battle Creek is 9% inches.

This can be accounted for by an examination of the topog-
raphy of the country. A glance at a map shows that the
streams entering below Battle Creek come directly from a high
mountain range with precipitous slopes cut by deep canyons,
while the upper part of the drainage basin consists largely of
rolling country.

Unfortunately there are no records of continuous rainfall
measurements in this basin. The nearest localities where rain
has been measured are as follows.

Fort Bridger, in Uinta County, Wyoming, at an elevation
of 6,643 feet, had, from 1859 to 1887, a mean of 85 inches.

Fort Hall, in the Snake River plaius, in Oneida County,
1daho, at an elevation of 4,870 feet, had, from 1871 to 1880,
an average rainfall of 17'5 inches.!

Taking Fort Bridger as representing the rainfall for the

'Report of rainfall in Washington, Oregon, etc., Fiftieth Congress, Senate Ex.
Doc. No. 91.
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upper Bear, and Fort Hall for the Cache Valley drainage, the
run-off would be nearly one-half the rainfall. This agsump-
tion is, however, erroneous, as the rainfall on the basin of the
Bear must be far greater than that at cither of these forts.

On examining the daily average discharge for the last year
it can be seen that the maximumn discharge at Battle Creck
occutred on June 1, when the amount reached 6,000 second feet.
Down the river at Collinston, however, the maximum occurred
earlier, from the 21st to the 23d of May, at which time the
discharge was 8,700 second feet. "The spring flood was marked
by gradual increase day by day, and after the maximum by a
quite steady decrease; there was not that irregular fluctuation
so characteristic of the mountain streams, . especially of the
southern territories. _

The minimum flow at Collinston was in the middle of July, -
when the discharge barely reached 300 second feet. The
“ oldest inhabitants” united in declaring this the lowest amount
ever reached by the river. The rain and snow fall had been
for two years unusualiy light, giving less river flow, and also
indirectly resulting in its diminution by the increased diversion
of water for hay lands as well as for the raising of other crops.
The area of meadow lands and cultivated lands had also in-
¢reased, especially near the headwaters. At this juncture the
project of the great canal starting in the canyon above Col-
linston, and the notices of appropriation posted in various
places, caused general uneasiness among the individuals and
communities in the drainage basin of the Bear, especially in
Idaho, from the undefined fear of a contest regarding water
arising with this great rival. This fear was largely founded
on the fact that the newcomer was carefully protecting every
point by an elaborate compliance with the law, while the
former appropriators had relied wholly upon possession and
custom, taking water wherever found, without notice or formal
record.

UTAH LAKE SYSTEM.

The Utah Lake drainage system receives water from the
Wasatch range from Mount Nebo northward to a point about
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opposite Salt Lake City. Besides this drainage area, there is,
on the west side of a line drawn north and south through Utah
Lake, a large area of mountainous and valley lands which is
topographicall y a portion of this drainage basin, but from which,
owing to small rainfall, there are few intermittent streamns. The
characteristic feature of this systemn is the interposition of a
large shallow lake in its midst, at a point where the tributaries
of the main river would naturally unite. The trunk stream is
called the Jordan River. The principal tributaries arc the
American Fork, Provo, Hobble Creek, Spanish Fork, and Salt
Creek, which, instead of uniting to form the Jordan, flow first
into Utah Lake.

The lake in this position has a peculiar modifying effect upon
the régime of this river system, inasmuch as the great floods
which are liable ta occur in these torrential tributary streams
are discharged into this broad and shallow sheet, where the mass
of water finds its way out gradually through the inain river
below

Beginning at the south end of the dramnage system, the first
tributary is Salt Creck, which rises on the rear or eastern side
of Mount Nebo, flows south and west around the mountain, and
enters the Juab Valley at about its center. At the mouth of
the canyon through which Salt Creek flows is situated the town
of Nephi, where all the water of the creek is used on the town
lands or the agricultural areas below Leaving Nephi, the
stream channel turns north and winds through the northern end
of Juab Valley, finally passing out through a range of low hills
mto the Goshen Valley and eventually disappearing in the
extensive marshes at the south end of Utah Lake

In Goshen Valley are thousands of acres of fertile lands,
which, however, can never be irrigated, as there is no proba-
bility of this creek, even with all the flood waters stored, ever
being able to cover more than a very small proportion of the
land along its course.

Following the mountain range northward from Mount Nebo,
there s, near the towns of Santaguin and Payson, a succession
of small torrential streams entering Utah Valley, whose waters
are all used on the lands belonging to these communities. Be-
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yond these the first stream of notable size is the Spanish Fork,
which in times of flood, its drainage area being large, carries
an enormous volume of water. In ordinary crop seasons, how-
ever, its entire discharge is claimed and utilized. In 1889 the
scarcity was so great that on only about one-seventh of the
land on which ecrops are ordinarily raised by its waters were
these able to mature. North of this is Hobble Creek, whose
waters are used almost entirely by the town of Springville.

The Provo River heads on the east side of the Wasatch Moun-
tains, through which it cuts in a deep and ragged canyon. On
this stream, near the headwaters, there is considerable agricul-
tural land, Provo Valley containing a broad gxtent of fertile land
at an clevation of about 6,000 feet. In this valley several
ditches are taken out to supply the land around Heber and
Midway; also at Wallsburgh, south of these, there is a large
body of land under ditch. ,

After leaving these upper valleys and passing through the
canyon, the river is diverted by a number of large canals upon
the bench lands and Jower grounds bordering the lake.

These canals are the largest, excepting those of Salt Lake
Valley, in this drainage system, and the water at the end of the
crop season is entirely ntilized, the lower canals taking the
seepage and waste water from those above. There is already
such scarcity of water in this river that the question of prior
rights between canals of Utah Luake Valley and those of the
upper Provo Valley is already a matter of discussion.

I'he canal system at Provo is typical of that at every large
settlement where old ‘and small ditches have been enlarged
land new oues built at higher and higher grades, finally result-
ing in long lines of parallel canals each covering a narrow strip
of country and perhaps crossing each other and conducting
the water with little economy and great expense to the owners,
The lower canals, being in general built first, have the better
rights, while the higher canals, last built, have rights only to
surplus waters; but from their position up the stream, they
have the best facilities for getting what they wish. B

In the north end of the Utah Lake Valley is the American
Fork River and a few other streams, whose waters are entirely
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taken out to supply the settlements of Battle Creek, Pleasant
Grove, American Fork, and Lehi

In each of thesc rivers the flood of the spring comes about
the time of growing crop, but falls away before the grain ma-
tures. It is after the crop has been planted and is well along
that the scarcity of water begins to be felt, and every effort is
then made to economize and to produce the greatest effect with
a small stream

The gauging stations on each of these rivers, viz, the
American Fork, Provo, and Spanish Fork, were placed at the
mouths of the canyons above the heads of all canals in order
to obtain the total flow of these streams undiminished by
divisions.

The water which passes these stations or flows in smaller
streans is either diverted by canals or, as in times of flood, flows
directly into Utalh Lake  Part of the water taken by the
various canals finally makes its way by seepage to the same
place, so that the lake may bhe considered as receiving all the
unutilized waters  From this body the water which is not lost
by evaporation flows into the Jordan.

The use of the water of this stream is limited only by its
quantity—that is, the irrigable land in the valley of the Jordan
is in excess of the water supply, and hence the growth and
future extension of the City of Salt Lake and the agricultural
resources of the beatuiful county of the same name are pro-
portional to the economic use, and more especially to the
prevention of a portion of the enormous loss by evaporation
of the waters coming into Utah Lake. The main canals
depending upon Utah Lake are taken out at the point where
the Jordan enters the Salt Lake Valley, and in addition to
these there are numerous canals and ditches farther down
which irrigate the lower-lying areas.

Besides the waters of the lakes the people of that portion of
Salt Liake Valley depend largely upon the waters of the streams
flowing in from the east. These streams, of which the prin-
cipal are Little and Big Cottonwood, Mill Creek, Parleys
Canyon Creek, Emigration Creek, and others, are in times of
flood tributary to the Jordan, but in dry seasons their waters
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formerly sank into the sand beds. The inhabitants of the
valleys have, however, built extensive systems of ditches, by
which all of their waters are utilized upon the ground hetween
the foothills and the Jordan. There are thus in this valley
two general systems of water supply, that from the Jordan
and that directly from the high mountains. These two systems
cross and recross and arc intermingled apparently in the
greatest confusion; and, as in other systems which have grown
up without any comprehensive plan, the waters of the one are
used on lands which could be, covered to better advantage
by the waters of others, and there is a very general lack of
economy both in canal construction and in the use of the
water. . :

An examination of the conditions in this basin, the pressing
need of water in the lower valleys, especially in that of Salt
Lake, and the many fine natural opportunities for saving the
floods which now run to waste, leads to the conclusion that a
comprehensive and general study must be made of the water
supply of the whole region, in order that vested rights may
not be disturbed and that the best results may follow any
attempt at storage, for which there are unexcelled facilities in
the high mountains.

SEVIER.

This river rises north of the Grand Canyon of the Colorado,
_in the high plateaus of southern Utah, at elevations of 7,000 to
10,000 feet, and flows northerly through deep canyons and nar-
row valleys about 170 miles, then turns abruptly to the west,
passing still between high rocky walls, and finally emerges
through a deep cutting in the old delta upon the level plains,
once the bed of a large lake. This ancient lake has shrunken
to the lowest point in the basin, and is now merely an alkaline
sink into which the river water flows in flood time and is lost
by evaporation, leaving behind an expanse, miles in extent, of
white, glistening salts.

Along the course of the river are many narrow valleys of
great fertility and in these agriculture has sprung up rapidly
since the Indians have been held in check. Settlements have
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progressed from the north southward and canals are being
taken out higher and higher up along the stream. The increase
of population in the older towns, the enlargement of ditches,
and the development of a comprehensive system of high-line
canals, covering more land, has gone on rapidly, while at the
same time newcomers have settled in the higher valleys and
have dug new ditches. Thus the time has come when the
need of water in the older and lower settlements has already
far exceeded the summer discharge, and the younger men and
emigrants in want of farms have goue higher and higher up
stream, above other settlers, even to altitudes where only the
hardier crops will flourish, but where water, fuel, and grass
abound. In these high plateaus the water is turned from the
small strecams lavishly upon the gently sloping land, making
hay meadows; but this greatly decreases the flow of the river
at the points where most needed, 50 or 100 miles below. The
matter left to itself is thus becoming a striking instance of the
survival of the man highest up the stream, irrespective of his
rights or of the best use of the water.

Six counties, depending largely for the support of their popu-
lation upon this river, are thus involved in rancorous disputes,
and are threatened with interminable litigation as the questions
of priorities have been complicated by shifting of settlements,
enlargement of ditches, and transfers of water rights, and the
effect of water diversions in one part of the river upon any por-
tion below can not easily be foreseen. In these straits, despair-
ing of any iinmediate or certain settlement of the rights of each
canal to the flowing water, the farmers are agitating the ques-
tion of the storage of the flood waters in the hopes of thus pro-
viding water for all. There are in the upper catchment areas
many fine reservoir sites where, by a small expenditure for
embankments, large bodies of water can be held.

The largest and most important valley through which the
Sevier flows is that from Joseph or Munroe northward to Gun-
nison, at the outlet of the San Pete Valley. Here are about a
dozen towns of considerable size, surrounded by excellent
farniing lands of great extent. All the summer water of the
river is taken out, the bed of the stream having been dry at
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three different points along the valley in the summers of 1888

and 1889. Below each of these places, however, a notable

amount of water returns to the bed by leaks or scepage, to be

in turn diverted into a canal lower down. At the lower or
northern end of this valley the river enters thé canyons and

flows north and westerly for about 40 miles through broken

country, with but an occasional strip of bottom land along its
course. [Finally, at Leamington, the river debonches and be-
gins to wind through the great plain, or Sevier Desert. Here
are enormous tracts of fertile Jand, far greater in extent than
the volume of the river can ever cover. The principal canal
of this plain is the Deseret, taken out about 25 miles below
Leamington and carrying water to the town of that name.
Two or three small ditches are taken out at Leamington, bnt

as they do not extend back from the river to any considerable

distance their water largely returns again within a few miles.

The history of the Deseret Canal gives an illustration of
the manner in which the first canal systems were laid out and
the costly experiments that were made before permanence was
obtained. The project, as first planned, was to take water
from the river at a short distance above Deseret by building
a dam across the channel and thus raising- the water to an
elevation sufficient to cause it to flow into the ditch. This
could readily be done, as the banks ot the stream are some-
what higher than the surrounding country.

The settlers came to the country in 1876, and two years:

later built the first dam, only to see it washed out by the next
high flood. Dam after dam was built, each in turn, founded,
from necessity, upon the alluvial clay deposits from the old
lake, being undermined or flanked by the spring torrents.
Finally the river forced its way into a waste ditch and cut a
new channel, thus ruining the whole system in spite of much
labor spent in fruitless efforts to turn the river back into its
former place. After every resource had been tried, successive
crops being lost, and the farmers nearly brought to ruin, they
awoke to the fact that they were attempting the impossible,
that a dam built in the clay banks and bed of the river could
not stand. The first system was then abandoned and a new

i
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canal taking water from the river higher up, was constructed
at considerable expense. This promises success, as the neces-
sity of raising the water by a dam has thus been obviated.

All this expense has been incurred to save what are practi-
cally waste waters from the numerous canals above, and there
are now grave doubts as to the permanence of this supply—
whether any water will be left in the latter part of the crop
season. As in cases previously mentioned, where inhabitants
of the large valleys of the upper Sevier were anxiously discuss-
ing the storage problem and how to get the stored water down
to those who pay for it, the settlements about Deseret are
eagerly questioning the advisability of attempting storage in
lower valleys or in depressions among the foothills along
the edge of the desert adjacent to the river. Hopes are enter-
tained that by diverting some of the flood water of the river
into such reservoirs these lowest and last users of the river
water may be independent of the river during the eritical
periods.

The amount of water which passed Leaniington—and which
would be thus available for storage —during the last year has
been measured at the ganging station located at a convenient
point near this town, giving the results shown in the tables of
monthly discharges.

SNAKE RIVER BASIN.

The Snake River and its tributaries receive the drainage of
that part of Wyoming west of the Continental Divide, of
nearly all Idaho below the forty-fifth parallel, and also of
southeastern Oregon and northeastern Nevada. The eleva-
tion of the main river at the junction of the North and South
Forks is about 4,800 feet, and at its union with the Columbia
River, near Ainsworth, Washington, under 340 fect.

The headwaters of the Snake inay be divided into two dis-
tinet catchment areas, separated by a high mountain range.
One of these, the basin of the North Fork, receives its water
entirely from the mountains on the east, while the South Fork
Basin includes all the area between the Bear River range on
the south and the Continental Divide on the north and east.
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NORTH FORK.,

The basin of the North Fork may be subdivided into thrce
distinct areas, commonly known as the Henry Lake, Fall
River, and Teton Basins. Henry Lake, the real head of the
North Fork, is a shallow sheet of water, about 7 miles long,
with a varying width of from 1 to 3 miles. It is situated
almost on top of the divide of the Rocky Mountains, the ele-
vation between its watershed and that of the Madison River in
Montana being very low. It is only during the melting of the
snow in the spring that there is any discharge of. note from
this lake, and in 1889 the flow ceased entirely about Septem-
ber 1. The average elevation of the basin is approximated at
6,500 feet. \

About 20 miles below the lake the North Fork receives a
large tributary on the east or left bank, evidently the flow from
large springs in the high mountain range on the west line of
the National Park. The flow of this creek on August 1, 1889,
was 300 second-feet.

The total discharge from this basin was measured at a point
about a mile above the mouth of Fall River, which is 10 miles
from St. Anthony post-office and about 65 miles from Eagle
Rock. :
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