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SURFACE WATER SUPPLY OF HAWAII,
- JULY 1, 1915, TO JUNE 30, 1916.

AUTHORITY FOR INVESTIGATIONS.

This volume contains results of measurements of the flow of cer-
tain streams and ditches and rainfall records of the Territory of
Hawaii made during the year ending June 30, 1916. The investiga-
tions leading to the report were made by the United States Geological
Survey in cooperation with the Territory of Hawaii, under the general
sanction of the organic law of the Survey (Stat. L., vol. 20, p. 394),
which contains the following paragraph:

Provided, That this officer [the Director] shall have the direction of the geological
survey and the classification of public lands and examination of the geological struc-
ture, mineral resources, and products of the national domain.

As water is the most abundant and most- valuable of the minerals,
the investigation of water resources is authorized under the provision
for examining mineral resources. The work has been supported since
the fiscal year ending June 30, 1895, by appropriations in successive
sundry civil bills passed by Congress under the following item:

For gaging the streams and determining the water supply of the United States, and
for the investigation of underground currents and artesian wells, and for the prepara-
tion of reports upon the best methods of utilizing the water resources.

On April 4, 1913, the governor of the Territory of Hawaii approved
the following acts providing (act 56) for the creation and maintenance
of a division of hydrography under the board of agricul‘ure and
forestry, and (act 57) appropriating the revenues from water licenses
for the use of the board of commissioners of agriculture anc forestry
toward forest protection and hydrographic surveying.

Section 1 of act 56 reads:

The board of agriculture and forestry is hereby authorized to create and maintain
a division of hydrography for the investigation and determination of th~ water re-
sources of the Territory by the gaging of streams and rainfall and other means, in
cooperation with the United States Geological Survey or otherwise, and in further-
ance thereof to take over and exercige the functions of the Territory in the conduct of
the present hydrographic survey of the Territory.

Section 2 provides that this act shall take effect on July 1, 1913.

Section 1 of act 57 reads:

All revenues derived from water licenses, issued by the Territory, during the period
beginning July 1, 1913, and ending June 30, 1915, whether by way of rentals or other-_

R
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wise, shall constitute and be held as a special fund in the treasury of the Territory
to be disbursed on warrants of the auditor issued on approved vouchers of the presi-
dent of the board of commissioners of agriculture and forestry. Such moneys shall be
apportioned and applied from time to time by the board of commissioners of agri-
culture and forestry, acting with the approval of the governor, equslly between the
division of forestry and the division of hydrography to the following general purposes,
and not otherwise:

1. For the protection of forest reservations, established or set apert according to
law, against damage by fire, animals, and otherwise by means of fences and any other
means whatsoever, and for the expenditures of the division of forestry.

2. For the development and maintenance of the hydrographic survey throughout
the Territory.

Each voucher against said fund shall designate the general purpase for which it
is drawn.

Section 2 provides that this act also shall take effect or July 1, 1913.

COOPERATION.
COOPERATION WITH THE TERRITORY OF HAWAIL

Under the authority conferred by the Federal and Territorial
legislation, the Director of the United States Geological Survey and
the governor of the Territory of Hawaii entered into a cooperative
agreement, dating from July 1, 1910, for “ the gaging of streams and
the determination of the water supply of the Territory of Hawaii.”” !

The principal features of this agreement are:

1. The United States Geological Survey assumes the responsibility
of gathering, analyzing, and publishing the data.

2. During the progress of the work all notes, maps, and data gath-
ered as a result of field studies are at all times open to inspection by
the representative of the Territory, and if they are not satisfactory
the agreement can be terminated.

3. Accounts for payment of salaries, travel, and subristence, sup-
plies, or other expenses necessary to the completion of the work shall
be rendered in the manner required by the laws and regulations of
the contracting parties, and vouchers shall be preferred to either
party for payment according as it may be convenient or according
to the balance remaining in the respective allotments.

4. The cost of publication is borne entirely by the Geological
Survey. ) : !

Unless otherwise stated, all data have been collected and are
published under this cooperative agreement with the Territory of
Hawaii, which has borne from 60 to 80 per cent of the cost thereof.

Until June 30, 1913, the Territory of Hawaii was rapresented in
the cooperation by the Board of Conservation; after this date it was
represented by the Board of Commissioners of Ag-iculture and
Forestry.

1 The United States Geological Survey also cooperated with the Territory of Hawa'i in mapping several
islands. The whole of theislands of Kauaiand Oahu, and a part of theisland of Hawai have been mapped.
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OTHER COOPERATION.

Special investigations have been made in cooperation with the
Hawaiian Department of the United States Army, the city and
county of Honolulu, and private persons and corporations, under
one of the plans indicated in the following paragraphs:

1. Expense of work, equipment, or installation paid entirely or
in part by the cooperating party or by direct reimbursement to the
field men.

2. Records collected by employees of a cooperating party but
under supervision of and by methods of the Federal Survey.

3. Assistance given in the collection of records, such as furnishing
transportation, subsistence, or equipment.

4. Records furnished by a cooperatmg pa.rty, collected by his
methods and under his supervision. '

Cooperation of class 4, in which responmblhty for the accuracy
of the records has not rested with the Survey, has been acknowl-
edged in the descriptions of the various stations. Cooperation of.
the other classes is hereby gratefully acknowledged as follows:
Island of Kauai—Hawaiian Sugar Co., Mr. Charles Rice, Makee Sugar
Co., Kauai Electric Co., Waimea Sugar Co., and Lihue Flantation
Co.; Island of Oahu—United States Army Constructing Quarter-
master Department, Wahiawa Water Co., Kahuku Plantation, Laie
Plantation, Koolau Agricultural Co. Waiahole Water Co., Kaneohe
Ranch Co., and Maunawili Ranch; Island of Maui—Wailuku Sugar
Co., Pioneer Mill Co., Olowalu Sugar Co., and Honolua Ranch.

SCOPE OF WORK.

The investigations of stream and ditch flow in the Territory are
not complete, nor do they include all the streams and ditches that
might advantageously be studied. They include, however, as many
of the streams and ditches on the four larger islands as the available
appropriations would allow. It is essential that records of stream
flow should be kept during a period of years long enough to determine
within reasonable limits the range of flow from the maximum to the
minimum. The length of such a period manifestly varie~ for dif-
ferent streams. Experience has shown that the recerds should be
kept from 20 to 30 years.

In the performance of this work an effort is made to reach the
highest degree of precision possible with a rational expenditure of
time and meney. In all engineering work there is a poirt beyond
which refinement is needless and wasteful, and this statement applies
with especial force to stream-measurement work in Hawai*. It has
been found, however, that it is possible to obtain data which are
sufficiently accurate, although many of those presented in this report
are for periods too short to admit of definite conclusions.
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Special intensive investigations of the discharge of meny streams
which are of major importance for domestic water supply, power, and
irrigation have been made.

Investlgatlons of ditch seepage and other losses, in many localities,
were made in cooperation with the United States Army and private
corporations.

FIELD METHODS OF MEASURING STREAM FLOW.
BASE DATA.

In making plans for power, irrigation, municipal water supply, and
other projects involving the use of water from surface streams it is
necessary to have data from which both the total flow of the stream
and its distribution from day to day throughout the year can be
obtained. The data necessary for obtaining such information are
daily gage-heights, which give the fluctuations of rise and fall of the
stream, and measurements of discharge at various stages, from which
a rating curve and table can be prepared, giving the discharge for
any stage. Such a rating is possible from the fact that so long as the
conditions at the controlling point in the stream remain the same
there will be approximately the same discharge for any given gage
height.

The determination of a discharge is termed a discharge measure-
ment, and points at which discharge measurements are made and
records of daily fluctuations of stage are kept for determining the
daily flow are termed gaging stations.

Gaging stations may be divided into two classes, krown as weir
stations and velocity-area stations. At weir stations the head of
water on the crest of the weir is measured and the discharge com-
puted by means of a formula. The discharge at velocity-area
stations is obtained by measuring the velocity of the current and
the area of the cross section, the product of the two giving the dis-
charge.

The data presented in this paper were collected at both weir and
velocity-area stations.

WEIR MEASUREMENTS.

Unquestionably a weir properly constructed and of a type for
which accurate coefficients have been determined is one of the most
convenient and reliable means of measuring small quantities of water.
In practice, however, weirs rargly conform to the requirements
imposed by the experimenter who derived the coeffici~ats. If the
crest of the weir is sharp and clean and sufficiently hivh above the
bottom of the leading channel and the end contractions are complete
and the velocity of approach is wanting, or negligibly small, and, if
the head on crest is measured at a distance back of the overfall of at
least the weir crest length, the Francis formula will give good results.
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On the other hand, if these essential conditions are not complied with,
especially if the velo¢ity of approach is considerable and the contrac-
tions are imperfect, the Francis formula will not give accurate results.
This is particularly true if the weir is improperly constructed and there
is leakage around and under it, as is so frequently the case in practice.

Observations made on various types of weirs in Hawaii st 'w that
of the weirs in use in the Territory not all are giving accurate results.
If the error is known, so that corrections can be made, the trouble is
largely mitigated, but faulty weir records are too often accepted with-
out investigation as to their accuracy.

VELOCITY-AREA METHOD.

The velocity-area method of measurement consists of determining
the mean or average velocity of the water past a given cros--section
area. The area of the cross section at right angles to the direction
of flow is determined by soundings which are taken at such distances
apart as will develop the contour of the stream bed. The devths are
recorded and also their distances from some arbitrarily chosen initial
point on one side of the stream.

The method of making the soundings depends on the size and stage
of the stream. On ditches and small streams, where the denths and
velocities are not large, a graduated rod may be used to ad~antage;
on large streams, which must be measured from bridges or cables, a
lead weight and sounding line must be used. The weights are of
different sizes—64, 10, or 15 pounds—according to the swiftness of
the current, and are torpedo shaped, so as to offer as little rosistance
as possible to the moving water.

On streams with beds which are permanent or nearly so a standard
cross section is usually constructed from ecareful soundings and
referred to the zero of the gage, so that the depths for any stage can
be found by adding the gage height at that stage to the depths below
the zero of the gage. This method is especially useful at high stages,
when it is difficult to make accurate soundings.

After the cross-section area of the stream has been measured by
soundings and horizontal distances the velocity is determined at a
number of points. These measurements of velocity should be made
at frequent intervals across the stream and close enough to take
account of any abrupt change in the velocity. For convenience, the
velocities are usually observed in the same verticals at which sound-
ings are made. On some streams fairly good measurements of veloci-
ties may be made by means of subsurface floats. This method is
applicable, however, only to channels of uniform cross-section area
over a considerable distance, and is very unsatisfactory fcr use on
natural streams like those of Hawaii.!

1 Further information regarding the float method is given in Water-Supply Paper 95 and in textbooks
on stream flow.
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The velocity of flow is best determined by the current meter, which
is a form of water wheel actuated by the current, and of such size and
shape that it can easily be placed at any point in the stream.

The new type of penta-recording current meter consists of six cups
attached to a vertical shaft which revolves on a conral hardened-
steel point when immersed in moving water. The revolutions are
indicated electrically or acoustically. The rating, or reletion between
the velocity of moving water and the revolutions of the wheel, is
determined for each meter by drawing it through stil’ water for a
given distance at different speeds and noting the numkar of revolu-
tions for each run. From these data a rating table is prepared which
gives the velocity in feet per second of moving water for any number
of revolutions in a given time interval. The ratio of revolutions per
second to velocity of flow in feet per second is very nearly a constant
for all speeds and is approximately 0.45.

Three classes of methods of measuring velocity with ¢rrent meters
are in general use—multiple-point, single-point, and integration.

The two principal multiple-point methods in general use are the
vertical velocity curve and 0.2 and 0.8 depth.

In the vertical velocity-curve method a series of velocity determi-
nations are made in each vertical at regular intervals, usually about
10 to 20 per cent of the depth apart. By plotting these velocities as
abscissas and their depths as ordinates, and drawing a smooth curve
among the resulting points, the vertical velocity curve is developed.
This curve shows graphically the magnitude and chang-s in velocity
from the surface to the bottom of the stream. The rean velocity
in the vertical is then obtained by dividing the area bounded by this
velocity curve and its axis by the depth. This methoc of obtaining
the mean velocity in the vertical is probably the best known, but
on account of the length of time required to make a complete meas-
urement its use is largely limited to the determination of coefficients
for purposes of comparison.

In the second multiple-point method the meter is held successively
at 0.2 and 0.8 depth, and the mean of the velocities at these two
points is taken as the mean velocity for that vertical. O~ the assump-
tion that the vertical veloocity curve is a common parabnla with hori-
zontal axis, the mean of velocities at 0.22 and 0.79 denth will give
(closely) the mean velocity in the vertical. Actual observations
under a wide range of conditions show that this raultiple-point
method gives the mean velocity very closely for open-water condi-
tions and that in a completed measurement it seldom vries as much
as 1 per cent from the value given by the vertical velocity-curve
method. It is very extensively used in the regular practice of the
United States Geological Survey.
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The single-point method consists in holding the meter either at
the depth of the thread of mean velocity or at an arbitrary depth
for which the coefficient for reducing to mean velocity bas been
determined or must be assumed.

Extensive experiments by means of vertical velocity curves show
that the thread of mean velocity generally occurs between 0.5 and
0.7 total depth. In general practice the thread of mean velogity is
considered to be at 0.6 depth, and at this point the meter is held in
most of the measurements made by the single-point method. A
large number of vertical velocity curve measurements, taken on
many streams and under varying conditions, show that the average
coefficient for reducing the velocity obtained at 0.6 depth to mean
velocity is practically unity. The variation of the coefficient from
unity in individual cases is, however, greater than in the 0.2 and 0.8
method and the general results are not as satisfactory.

In the other principal single-point method the meter is hold near
the surface, usually 1 foot below, or low enough to be out of the effect
of the wind or other disturbing influences. This is known as the sub-
surface method. The coeflicient for reducing the velocity taken at
the subsurface to the mean has been found to be in general from
about 0.85 to 0.95, depending on the stage, velocity, and channel
conditions. The higher the stage the larger the coefficient. This
method is especially adapted for flood measurements, or for measure-
ments when the velocity is so great that the meter can not be kept
in the correct position for the other methods.

The vertical integration method consists in moving the meter at a
slow but uniform speed from the surface to the bottom and back again
to the surface and noting the number of revolutions and the time
taken in the operation. This method has the advantage that the
velocity at each point of the vertical is measured twice. It is useful
as a check on the point methods. In using the Price meter great
care should be taken that the vertical movement of the meter is not

rapid enough to vitiate the accuracy of the resulting velocify deter-
mination.

In practical work on rough streams, such as exist in Havaii, the
meter should be held at 0.6 depth for depths of 1 foot or le~s. For
greater depths the meter should be held at two points in the vertical,
0.2 and 0.8 from the surface.

When the mean velocities in the different verticals have been
found, the average of two adjacent means is taken as ti~ mean
velocity for that individual section. The area of the sestion is
computed by muliplying the width of the section by the mean depth.
The discharge of each section is then the product of the area multi-
plied by the mean velocity, and the total discharge of .the stream
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results from summing up the discharge of the individval sections.
In practice the work is tabulated in such a way as to render the com-
putation very simple.!

Current-meter measurements are not practicable wheve there are
eddies, cross currents, swirls, or passages for the water underneath
stones. It is usually possible, however, to improve the channel by
removing bowlders and rocks, so that a satisfactory measuring sec-
tion amy be obtained, even on rough, steep streams such as exist in
Hawaii.

Three kinds of velocity-area gaging stations are in general use in
Hawaii, according to the means provided for making the observations
of depth and velocity. They are wading, bridge, and cable stations.

A wading station is one at which measurements are m«de only by
wading—that is, no means exist for getting above tl'~ water at
any stage except by wading. Such stations are usually on ditches
or wide, shallow streams, which do not fluctuate greatly in flow.
Frequently, however, measurements are made at low staves by wad-
ing, even though other means exist for making measurements at
higher stages.

A bridge station is one at which the meter is used frcm a bridge.
In some places highway or other bridges are available from which
to make measurements, but generally they are not at the right place
on the stream. Special bridges are then built.

A cable station is one at which measurements are made from a
cable spanning the stream. Cable stations are ‘used on large streams,
such as Hanapepe, Wailua, and Hanalei rivers on the island of Kauai,
and Wailuku River on the island of Hawaii. The cable supports the
car from which a man works above the water. Distances are marked
off on the cable itself or on a small auxiliary cable stretched taut
above it. ‘

A suitable place for a gaging station having been sele-ted, a staff
gage is set in the edge of the stream, either vertical or inclined, but
graduated into tenths, half-tenths, or hundredths of feet vertically.
The gage is securely fastened to rocks or trees to prevent displace-
ment by floods and is so placed that the zero, or reference datum, is
well below extreme low water. The datum is also referr~d tq a per-
manent bench mark as an additional precaution. A water-stage
recorder is then installed or an observer is engaged to record the
heights of water morning .and evening, and the mean of the two
readings is used as the mean gage height for the day. C-ving to the
rapid rise and fall of most of the streams in Hawaii, two gage-height
readings a day will not as a rule give a true mean for tl » 24 hours.
For this reason, and also owing to the fact that many of the gaging

1 For a discussion of methods of computing the discharge of a stream see Engineering Nyws, June 25, 1908.
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stations are necessarily situated in the mountains at points remote
from all habitations and difficult of access, it has generally been
found necessary to use water-stage recorders. These instruments are
of various types, some requiring weekly visits and others operating
for a month without attention.

The essential features of water-stage recorders comprise a float
free to rise and fall with fluctuations of the water surface, a davice for
transferring the motion of the float to the record sheet (either directly
or through a reducing mechanism), the recording device, and the clock.
The instruments may be designed for any range of stage. Those
used by the United States Geological Survey in Hawaii are designed
for ranges up to as high as 36 feet, but so far those having & 20-foot
range have been found to be sufficient for any stage.

DEFINITION OF TERMS.

The volume of water flowing in a stream—the “run-off” or ““dis-
charge”’—is expressed in various terms, each of which has become
associated more or less definitely with a certain class of work. These
terms may be divided into two groups: (1) Those which rep+esent a
rate of flow, as “second-feet,” “gallons per minute,” “gallons per
day,” “miner’s inches,” and “run-off in second-feet per square mile,”
and (2) those which represent the actual quantity of water, as ““run-off
in depth in inches,” “million gallons,” and “acre-feet.” They may
be defined as follows: '

“Second-foot’’ is an abbreviation for cubic foot per secord, and is
the unit for the rate of discharge of water flowing in a stream 1 square
foot in cross section at a rate of 1 foot per second. It is generally
adopted as the fundamental unit in the measurement of flowing water
and is the “natural” unit, as the foot and the second are the units
used in making the physical determinations. Other units may be
computed from this by the use of factors given in the table of equiv-
alents.

“Gallons per minute’’ is generally used in connection with pumping
and city water supply, the United States gallon of 231 cubic inches
- being the unit of quantity and 1 minute the unit of time.

The “miner’s inch” is the unit for the rate of discharge of water
that passes through an orifice 1 inch square under a head which varies
locally. Itis commonly used by miners and irrigators throughout the
West, and is defined by statutes in each State in which it is used.

“Second-feet per square mile”’ is the average number of cubic feet
of water flowing per second from each square mile of area drained, on
the assumption that the run-off is distributed uniformly both as
regards time and area.
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““Run-off in inches” is the depth to which the drainage ares would
be covered if all the water flowing from it in a given period were con-
served and uniformly distributed on the surface. It is u-ed for com-
paring run-off with rainfall, which is usually expressed in depth in
inches.

An “‘acre-foot” is equivalent to 43,560 cubic feet, and is the quan-
tity required to cover an acre to the depth of 1 foot The term is
commonly used in connection with storage for irrigation.

In the Territory of Hawaii the unit most commonly used in con-
nection with the measurement of water is the ‘‘million gallons.”
This is used with two meanings—(1) to indicate a rate of flow and
(2) to express an actual quantity of water. In the former sense
“million gallons per day” is inferred, 1,000,000 gallons being taken
as the unit of quantity and 24 hours as the unit of time. With this
meaning the term is generally used in connection with pumping and
irrigation. In the latter sense ‘‘million gallons’ as an ab-olute quan-
tity is used in the measurement of storage capacities of reservoirs.

The following convenient approximate relations exist between
second-feet, million gallons per day, and acre-feet; 1 second-foot
flowing 24 hours equals about 2 acre-feet; 1,000,000 gellons equals
about 3 acre-feet; and 1 second-foot equals approximatel™ two-thirds
million gallons per day.

““Man’s water” is an irrigator’s term also in common us» in Hawaii.
It signifies the amount of water that one irrigator can properly handle
in the field. It varies greatly, being dependent upon the condition of
the furrows, the age of the crop, and the skill and individality of the

irrigator.
CONVENIENT EQUIVALENTS,

The following is a list of convenient equivalents foruse in hydrau]lc
computations:

Table for converting discharge in second-feet into run-off in acre-feet.

Run-off (acre-feet
Discharge ¢ )
{
feet). 1 day. 28 days. 29 days. | 30days. 31 dayr.
*
1 1.983 55.54 57.52 59. 60 61.49
2 3.967 111 115.0 119.0 123.0
3 5.950 166.6 172.6 178.5 184.5
4 7.934 222.1 230.1 238.0 246.0
5 9.917 217.7 287.6 297.5 307.4
= 6 11.90 333.2 345.1 357.0 368.9
7 13.88 388.8 402.6 416.5 430.4
8 15.87 444.3 460.2 476.0 491.9
9 17.85 498.8 517.7 535.5 553.4

Nore.—For a part of a month multiply values for one day by the number of days. -
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1,000,000 United States gallons per day equals 1.556 second-feet.

1,000,000 United States gallons equal 3.07 acre-feet.

1 second-foot equals 7.48 United States gallons per second; equals 448.8 gallons per
minute; equals 646,317 gallons for one day.

1 second foot for one year (365 days) covers 1 square mile 1,131 feet or 13.572 inches
deep.

1 second-foot for one year (365 days) equals 31,636,000 cubie feet.

1 second-foot for one year (365 days) equals 724 acre-feet.

1 second-foot equals about 1 acre-inch per hour.

1 second-foot for one day covers 1 square mile 0.03719 inch deep

1 second -foot for one day equals 1.983 acre-feet.

1,000,000 cubic feet equals 22.95 acre-feet. A

1 acre-foot equals 325,850 gallons.

1 inch deep on 1 square mile equals 2,323,200 cubic feet.

1 inch deep on 1 square mile equals 0.0737 second-foot per year.

1 foot equals 0.3048 meter.

1 mile equals 1.60935 kilometers,

1 mile equals 5,280 feet.

1 acre equals 0.4047 hectare.

1 acre equals 43,560 square feet.

1 acre equals 209 feet square, nearly.

1 square mile equals 2.59 square kilometers.

1 cubic foot equals 0.0283 cubic meter.

1 cubie foot equals 7.48 gallons.

1 cubic foot of water weighs 62.5 pounds.

1 cubic meter per minute equals 0.5886 second-foot.

1 horsepower equals 550 foot-pounds per second. >

1 horsepower equals 76.0 kilogram-meters per second.

1 horsepower equals 746 watts.

1 horsepower equaiss 1 second-foot falling 8.80 feet.

1} horsepower equals about 1 kilowatt.

To calculate water power quickly: Bec.ft. xlf;’l Lin feet net horsepower on water

wheel realizing 80 per cent of theoretical power.

" OFFICE MET.!IODS OF COMPUTING AND STUD"ING
N " DISCHARGE AND RUN-OFF.

At the end of each year the field or base data for current-meter
gaging stations, consisting of water-stage record sheets, daily gage
heights, discharge measurements, and notes from observers’. books
are assembled. - The measurements are plotted on crosrsection
paper, and rating curves are drawn wherever feasible. The rating
tables prepared from these curves are then applied to the tables of
daily gage heights to obtain the daily discharge, and from these
applications the tables of monthly discharge and run-off are computed.

Rating curves are drawn and studied with special referonce to
the class of channels which they represent. The dlscha.rgﬂ meas-
urements for all classes of stations, when plotted with gage heights
in feet as ordinates and discharges in million gallons per day as

81605°—17—wsp 445——2
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abscissas, define rating curves whmh are generally more-or less
para,bohc in form.

For every rating table the following assumptions are made for
the period. of application of the table: (¢) That the di-charge is a
function of and increases gradually with the stage; (b) that the dis-
charge is the same whenever the stream is at a giver stage, and
hence such changes in conditions of flow as may have occurred
during the period of application are either compensating or negli-
glble, except that the rating, as stated in the footnote of each table,
is not applicable for periods during which the channel was obstructed;
(¢) that the increased and decreased discharge due to chenge of slope
on rising and falling stages is either negligible or compen-ating.

As already stated, the gaging stations may be divided into several
classes, as indicated in the following paragraphs:

The stations of class 1 represent the most favorable conditions for
an accurate rating and are also the most economical to ‘maintain,
The bed of the stream is usually composed of rock and is not subject
to the deposits of sediment and loose material. This c'ass includes
also many stations located in a pool below which is ¢ permanent
rocky riffle that controls the flow like a weir. Provided the control
is sufficiently high and close to the gage to prevent cut and fill at the
gaging point from materially affecting the slope of the water surface,
the gage height will for all practical purposes be a true index of the
discharge. Discharge measurements made at such stations usually
plot within 2 or 3 per cent of the mean discharge curve, and the
rating developed from that curve represents a very high degree of
accuracy.

Class 2 comprises mainly stations on rough, mountairous, stroams
with steep slopes. The beds of such streams are, as a mle, com-
paratively permanent-during low apd -medium stages, and when the
flow is sufficiently well defined: by -an adequsate number of discharge
measurements before and after each flood the stations of this class
give nearly as good results as those of class 1. As it is seldom pos-
sible to make measurements covering the time of chsmge at flood
_stagé, the assumption is often made that the curves before and after
the flood converged to & common point at the highest gage height
recorded during the flood. Hence the only uncertain period occurs
during the period of actual ¢hange in conditions of flow.

Class 3 includes those stations where the stream bed is of & shifting
character, or the controlling section below the gage frequently
changes, owing to cutting out by the current and the filling in of
sand, gravel, and drift. In some cases in Hawaii changes are caused
by the growth of vegetation in the stream bed. No ebsolute rule
can be laid down for stations of this class. Each rating curve
must be constructed mainly on the basis of the measmrements of
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the current year, the engineer being guided largely by the history
of the station and the following general law: If all measurements
ever made at a station of this class are plotted on cross-section
paper, they will define a mean curve which may be called a standard
curve. It has been found in practice that if after a change caused
by high stage a relatively constant condition of flow oc~urs at
medium and low stages, all measurements made after the change
will plot on a;smooth curve which is practically parallel to the stand-
ard curve with respect to ordinates or gage heights. This law of .
the parallelism of rating curves is the fundamental basis.of all ratings
and estimates at stations with semipermanent and shifting cl annels.
It is not absolutely correct, but, with few exceptions, answers all
the practical requirements of estimates made at low and medium:
stages after a change at a high stage. This law appears to hold
equally true whether the change occurs at the measuring section or
at some controlling point below. The change is, of course, funda-
mentally due to change.in the channel caused by cut or fill, or both,
at or near the measuring section. For all except small streams the
changes in section usually occur at the bottom. The following
simple but typical examples illustrate this law:

(a) If 0.5 foot of planking were to be nailed on the bottom of a.
well-rated wooden flume of rectangular section, there woulc result,
other conditions of flow being equal, new curves of discharg=, area,
and velocity, each plotting 0.5 foot above the original curves when
referred to the original gage. In other words, this condition would
be analogous to a uniform fill or cut in a river channel which either
reduces or inereases all three values of discharge, area, and velocity
for any gage height. In practice, however, such ideal conditions
rarely exist.

(d) If a cut or fill occurs at the measuring section, there is a marked
tendency toward decrease or increase, respectively, of -the velocity.
In other Words, the velocity has a compensating effect, and if the
compensation is exact at all stages the discharge at a given stage Wl]l
be the same under both the new and the old conditions.

(¢) If change along the crest of a weir or rocky control is vmiform,
the area.curve will remain the same as before the change, and it can
be shown that here again the change in velocity curve is suel. that it
will produce a new discharge curve essentially parallel to the original
discharge curve with respect to their ordinates.

In actual practice, of course, such simple changes of sectior do not
occur. The changes are complicated and lack uniformity, & cut.at
one place being largely offset by a fill at another, and vie~ versa.
If these changes are very radical and involve large percentages of
the total area—as, for example, on small streams—there may result
a wide departure from the law of parallelism of rating curves.: In
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complicated changes of section the corresponding change~ in velocity
which tend to produce a new parallel discharge curve may interfere
with each other materially, causing eddies, boils, backwater, and
radical changes in slope. In such extreme conditions, I owever, the
measuring section would more properly fall under class 4 and would
require very frequent measurements of discharge. Spencial stress is
laid on the fact that in the lack of other data to the contrary the
utilization of this law will yield the most probable results.

Slight changes at low or medium stages of an oscillating character
are usually averaged by a mean curve drawn among them parallel
to the standard curve, and if the individual measurerrents do not
vary more than 5 per cent from the rating curve the results are
considered good for stations of this class.

Class 4 comprises stations on streams that have soft, muddy, or
sandy beds. Good results can be obtained from such sactions only
by frequent discharge measurements, the frequency rarging from a
measurement every two or three weeks to a measurement every day,
according to the rate of diurnal change in conditions of flow. These
measurements are plotted and a mean or standard curve drawn
among them. It is assumed that there is a different rating curve
for every.day of the year and that this rating is parallel to the stand-
ard curve with respect to their ordinates. On the day cf a measure-
ment the rating curve for that day passes through that measurement.
For days between successive measurements it is assumed that the
rate of change is uniform, and hence the ratings for the intervening
days are equally spaced between the ratings passing through the two
measurements. This method must be modified or abandoned
altogether under special conditions. Personal judgremt and a
knowledge of the conditions involved can alone dictate the course to
pursue in such cases.

After the computations have been completed they are entered in
tables and carefully studied and intercompared to eliminate or
account for all gross errors so far as possible. Missing periods are
filled in, so far as feasible, by means of comparison with records for
adjacent streams. The attempt is made to complete yéers or periods
of discharge, thus eliminating fragmentary and disjointed records.
Full notes accompsanying such estimates follow the daily and monthly
discharge tables.

EXPLANATION OF TABLES.

For each regular current-meter gaging station are givsn in general
the following data: Description of station, list of discharge measure-
ments, table of daily discharge, table of monthly and year'y dlscharge
and run-off in acre-feet and million gallons,

All rates of flow are expressed as million gallons per day.
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. In -addition to statements regarding the location and installation
of current-meter stations, the descriptions give information in regard
to any conditions which may affect the constancy of the re'ation of
gage height to discharge, covering such points as shifting channels
and backwater; also information regarding diversions which decrease
the total flow at the measuring section. Statements are also made
regarding the utilization of the water, the maximum and rinimum
stage and discharge, and the accuracy of the data.

The discharge-measurement table gives the results of the discharge
measurements made during the year, including the date, name of
hydrographer, gage height, and discharge in second-feet and million
gallons per day.

The table of daily discharge gives the discharge in million gallons
per day corresponding to the observed gage height as determined
from the rating table, the number of significant figures used varying
with the size of the discharge. )

In the table of menthly discharge the column headed “Maximum "
gives the mean flow, as determined from the rating table, for the day
when the mean gage height was highest. As the gage height is the
mean for the day, it does not indicate correctly the stage vhen the
water surface was at crest height and the corresponding discharge
was consequently larger than given in the maximum column. Like-
wise in the column of “Minimum” the quantity given is the mean
flow for the day when the mean gage height was lowe~t. The
columns headed “Mean” give the average flow in million gallons per
day and in cubic feet per second during the month. The “Total in
million gallons” and ‘‘Total in acre-feet” given in the colunins under
these heads are computed from the mean discharge in million gallons
per day.

Owing to the volcanic formation of the Hawaiian Islands there is
such wide diversity in the character and porosity of the various
drainage basins that the determination of a general relation between
rainfall and run-off is of no value. For this reason information con-
cerning drainage areas has been omitted in the various station
descriptions.

ACCURACY OF FIELD DATA AND COMPUTED RESULTS.

The accuracy of stream-flow data depends (1) on permenence of
the relation between discharge and stage and (2) on the accuracy
of observations of stage, measurements of discharge, and interpre-
tation of data.

The accuracy, as stated, in the station description is based on the
accuracy of the rating, the reliability of the gage-height rezord, the
range of the fluctuation in stage, and knowledge of local conditions.
Estimates rated as ‘“good,” “fair,” “poor,” or “approximate”’ are
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considered as accurate within probable errors of 5, 10, 15, -and 20
per cent, respectively.

It should be borne in mind that the observations in each succeed-
ing year may be expected to throw new light on data already col-
lected and published.

DIVISION OF WORK.

The data. were collected and prepared for publication under the
direction of G. K. Larrison, district engineer, Honolulu, Hawaii, by
C. T. Bailey, office engineer, W. V. Hardy, R. C. Rice, R. D. Klise,
H. A. R. Austin, D. E. Horner, E. E. Goo, R. M. S. G»o, and John
Kaheaku.

GAGING STATIONS MAINTAINED IN HAWAIIL

The following list comprises the gaging stations mraintained in
Hawaii by the United States Geological Survey and cooperative
parties. The stations are arranged by stream basins and appear in
systematic order for the several islands, tributaries of main streams
being indicated by indention. The date refers to the years or parts
of years for which records are available. A dash folloviing the date
indicates that the station was being maintained June 30, 1916.

KAUAI ISLAND.

‘Waimea River near Waimea, 1910-
Poomau River:
Kawaikoi Stream near Waimea, 1909-
Waiakoali Stream near Waimea, 1909-1912,
Mohihi Stream near Waimea, 1909-1912.
Waishulu Stream near Waimea, 1916
Waialae River near Waimea, 1910-1916.
Kekaha ditch at Camp No. 1, near Waimea, 1910-1915.
Kekaha ditch at flume No. 3, near Waimea, 1910-1912.
Kekaha ditch at flume No. 4, near Waimea, 1916~
Kekahg ditch at siphon, near Waimea, 1910-1912.
Kekaha ditch at tunnel No. 12, near Waimea, 1910-1914.
Waimea ditch near Waimea, 1911-1913, 1916
Kamenehune ditch near Waimea, 1911-
Makaweli River near Waimea, 1911-
Halekua Stream near Waimea, 1912-13. N
Olokele River near Waimea, 1915-
Olokele ditch attunnel No. 12, near Makaweli, 1904~
Olokele ditch at weir, near Makaweli, 1912
Poowaiomahaihai ditch near Waimea, 1911-1913,
Hanapepe River above Hanapepe Falls, near Eleele, 1911-12.
Hanapepe River at Koula, near Eleele, 1910~
Hiloa ditch near Eleele, 1911-1915.
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