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FOREWORD

"The 1deal river, which would have a
uniform flow, does not exlst in nature.™ i

.

From time immemorial floods have transformed beneficent river
waters into a menace to humenity. Men's progress toward economic stabill.
ty has been repeatedly halted or even thrown backward by the interruption
of hls efforts to make effectlve use of rivers and of valley lands. Thls
handicap is not imposed by the destructiveness of large rivers alone, or
of rivers in widely separated areas, for there are few if any streams,
brooks, or rivulets that are not subject to flows beyond their channel
cepacities., Yet, though man for ages has suffered seriously from recur-
ring floods, he has not been deterred from continuing to extend his ac-
tivities 1n areas that are virtually foredoomed to flood damage.

Today in the United States serious floods may occur in any sec-
tlon in any year, and even, in some regions, several times a year. Many
of these floods leave behind them the tragedy of death and disease and of
property irreparably damaged. The aggregate direct property damage caused
by floods in this country has been estimated roughly to average
$35,000,000 a year. In addition there are seriovs indirect and intangible
losses of great but not precisely calculable magnitude.

The persistent recurrence of flood damages in our country, and,
indeed, their tendency to increase, have given birth to the mistaken
notion that floods are increasing in size and frequency. The rising
damage totals are not attributable to greater or more frequent Floods,
however; rather they are the result of increasing occupation of river
banks and river valleys by cities, towns, industrial plants, bridges,
rallroads, and highways and the increasing use of rivers as a source of
water supplies for mmicipalities and indusiries and for power, irrigation,
navigation, and recreation.

Safety of 1life and reduction of both direct and indirect losses
from floods may be promoted by the adoption of measures for protection and
control., It should be borne clearly in mind, however, that probably no

single method of flood control will insure the protection of a large

# Mississippi Valley Committee Report, 2d ed., p. 3, 1934.



10 FLOODS IN THE UNITED STATES

drainage basin. "The improvement of natural channels; the building of
reservoirs - sometimes well adapted for purposes of irrigation snd power;
the construction of levees, such as now exist along the lower Mississippi;
reforestation and a change in certain areas from tilled crops to grass
crops, may all play a part in slowing down the rush of water to the sea,
or in keeping it away from cities, towns, and valuable lands.® #

"Consideration of a national flood-control policy must necessa-
rily recognize that the flood-control aspects of a project, be it a major
purpose or an incidental one, must be evaluated in the light of a broad
study which takes in\to account all other purposes or possibilities in-
volved, Among such other purposes may be power, navigation, irrigation;
may be low-water control, water supply, sewage, or waste disposal. Wher-
ever more than one purpose is indicated, each must be considered in its
full relation to all the others. Only by such procedure can a well-
coordinated project be evolved.® s

In planning public works for the control of floods, and in re-
lating such works to effective utilization of river waters for the various
purposes enumerated above, two basic requirements are (1) accurate and
®eliable records of the stage and discharge of past floods, and (2) devel-
opment of methods for the analysis of such data, to determine the frequen-
¢y of floods heretofore experienced and to estimate the magnitude and
frequency of future floods, It is the purpose of this study to present
for certain rivers in the United States much of the basic information of
this sort now available., Engineers generally agree that a large part of
the flood destruction in this country could have been prevented by control
measures and by an adjustment of human activities on the basis of a great-
er knowledge of the characteristics of our waterways. For some rivers the
characteristics relating to stages and flows of floods are compiled and
analyzed herein for the first time.

The need for a more complete and systematic knowledge of floods
was Impressed upon the Mississippi Valley Committee early in its consider-

ation of public works projects involving river utilization and control.

# Mississippl Valley Committee Report, 24 ed., p. 3, 1934.
4% Idem, p. 27.



FOREWORD 11

Records now available for over 225 rivers of our country show daily flow
for 20 years or longer - a sufficlent length of time to afford reliabdble
information of flood characteristics as a basis for planning. With the
necessity clearly apparent and the data available, this study was under-
taken. It was authorized and directed by the Mississippi Valley Com-
mittes, now the Water Plamning Committee of the National Resowurces Board,
and the work was done by the United States Geological Survey. The Com-
mittee on Flood Protection Data of the American Society of Civil Englneers
has rendered invaluable service by review of procedures for flood-flow
analyses, advice as to the conduct of studies, and suggestions regarding
the form and contents of this report.

The objective has been to review the technique and procedure of
estimating expected floods and to compile, in a form sulted for ready
reference, flood statistics for streams where long-time records are avail-
able. The results of the st:a.tdy here presented are a substantial contri-
bution to this end.

The Mississippi Valley Committee also found it desirable to make
a study of the relations of rainfall, run-off, and related factors, and,
as a project, that study was combined with the study of floods. Both in-
vestigations have been carried forward concurrently with unified control
and supervision, yet with the requisite independence of approach to call
forth the best efforts of the separate groups at work, The results of the
rainfall and run~off studies are contained in another report to be pub-
lished as Water-Supply Paper 772.

Harlan H. Barrows

Herbert S. Crocker

Glen E. Edgerton

Henry S. Graves

Edward M. Markhsm

Charles He. Paul

Sherman M. Woodward

Harlow S. Person (acting chairman)

Water Planning Committee of the National Resources Board

formerly Mississippi Valley Committee of the
Federal Emergency Administration of Public Works.
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FLOODS IN THE UNITED STATES - MAGNITUDE AND FREQUENCY

By Clarence S. Jarvis and others

AUTHORIZATION

The Mississippl Valley Committee, in February 1934, obtained an
allotment of funds under the Public Works Administration for carrying on
in collaboration with the Geological Survey two separate but related in-
vestigations dealing (a) with rainfall and run-off and (b) with floods =
occurrence, magnitude, and frequency. This work was continued after
October 1, 1934, under the direction of the Water Planning Committee of
the National Resources Board, successor to the Mississippi Valley Committee.

Funds were transferred to the Geological Survey for carrying on
this work under the specific authority of the allotments, the general au-
thority of its organic law, and the language of appropriation billls passed
by Congress as follows:

"For gaging the streams and determining the water supply of the
United States, and for the investigation of underground currents and ar-
tesian wells, and for the preparastion of reports upon the best methods of

utilizing the water resources."

ADMINISTRATION AND PERSONNEL

The beginning of the organization of the personnel for these
studies was made by the United States Geological Survey in March 1934, and
the studles have been conducted continuously since that date under the
general administrative supervision of N. C. Grover, chlef hydraulic engi-
neer, and the direct supervision of R. W. Davenport, chilef of the division
of water utilization. Mr. Davenport's experience and familiarity with the
hydrologic fileld, together with his free cooperation, have been so helpful
and constructive as to amount practically to Joint authorship of certain
chapters, besides giving valuable suggestions in relation to all other
parts of this report.

The persons employed on this project were drawn in part from the
regular rolls of the Geological Survey or other governmental departments
as occasion required. Others were appointed by the Secretary of the

13
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Interior from lists of eligible applicants under the Public Works Admin~
istration. Thorough cooperation was given by the various members and
branches of the Geological Survey at every stage of the proceeding, so
that the present report 1s in a large sense a product of the organization
with the unnamed participants more numerous than those specifically men-
tioned, but nevertheless the aggregate of théir occasional and timely

contributions forms a very substantial element of this report.
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thought and methods in the evaluation and analysis of flood data.
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The responsibility for final checking of Geological Survey data
was placed on the district engineers, because of their familiarity with
local conditions and records for their respective districts. Many of them
undertook extensive reviews requiring extra work far beyond first esti-
mates, in order to make necessary revisions, to correct occasional errors
that had long escaped detection, and to supply some data not previously
published.

Many whose names appear only in the bibliography or in other
reference to same specific writing related to thie text have contributed
directly or indirectly to the plan and substance of this report. Meny
others who have contributed notably to this report in one way or another
but whose names do not appear herein were employed for only short periods
or at detail computations, listing, and other processes necessary for the
preparation of a report of this nature. The importance of these contri-

butions is fully appreciated and acknowledged.

COOPERATION

Cooperation from American Society of Civil Engineers

The Committee on Flood Protection Data appointed by the Ameri-
can Socigty of Civil Engineers, at the request of the Mississippi Valley
Committee, to act in an advisory capacity; has assisted materially in de-
fining the scope and policles of the flood studies from the beginning of
this project and has reviewed the procedure and results. The following
1ist shows the membership of this committee:

Gerard H, Matthes (chairman), principal engineer, Mississippi
River Commission, Vicksburg, Miss.

Frederick H, Fowler, consulting englneer, San Francisco,
Calif.

Robert E. Horton, consulting engineer, Voorheesville, N, Y.

Ivan E. Houk, senior engineer, United States Bureau of
Reclametion, Denver, Colo.

Charles W. Sherman, consulting engineer, Boston, Mass.

Ce W, Kutz, brigadier-general, U. S. Army, retired,
Wa. on, D. C.

Danlel C. Walser, vice-president, Charles B, Hawley Engi-
neering Corporation, Washington, D. C.

Conslderable advantage has been realized from the earlier work
of a similar committee, called the "Special Committee on Flood Protection
Data," of which N. C. Grover was chairman and G. H. Matthes was secretary
gduring the period covered by its official reports, 1922 to 1928, This
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comittee performed very important preliminary or explanatory work in
selecting such records as would be of most practical use, such forms as
would be most helpful for their presentation, and such methods of analysis
as would elicit the desired generalized information. After reaching a
conclusion as to the significant data to be listed regarding flood events,
represented by either the maximum daily average flow or the corresponding
peak discharge, and then devising convenient forms for listing these data,
testing their usefulness by transcribing several station records, and
adopting the simplest, most direct method of plotting and analyzing the
information, the special committee recognized that one phase of the work
had been completed. It appeared inadvisable for the committee to continue
its organized effort under the handicaps imposed by limitations of its
work to the spare time of members who had but scant leisure. The project
seemed to call for full-time effort of qualified investigators, working
with advisory as well as cooperating agencies for collecting, compiling,
interpreting, and publishing the desired data on flood protection. After
it became apparent that such a project could not be financed, activities
of the special committee were necessarily interrupted. The foundation
that was laid by this special committee has contributed mueh to progress
in the present project. For a detailed progress report by the Committee
on Flood Protection Data which includes a review of the work by its pred-
ecessor, see Am, Soc. Civil Eng. Proc., vol. 61, pp. 333-340, 1935.

It is more than a colncidence that the present investigation,
proceeding critically and impartially to review available data together
with methods of listing, plotting, end analysis, arrived at aubstantially
the same conclusions on all the fundamental problems, such as the selec-
tion of flood events and effective methods of treatment and presentation.
Furthermore, this judsment has been confirmed by special mathematical and
statistical approaches, in which Saville and Slade were associated in the

interests of this flood study.

Cooperation from American Geophysical Union
A committee appointed by the Section of Hydrology of the Ameri-
can Geophysical Union in May 1934, has been acting in an advisory capacity
for the studies of rainfall and run-off relations conducted under the same

general supervision as the project described herein. Owing to the cloee
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relationship between the flood studies and those dealing with rainfall
and run-off, there has been of necessity an interchange and comparison of
ideas and material included in both studies. Such correspondence and
conferences have extended to both groups employed on the two projects,
and also to both advisory committees as occasion required, with resulting
benefit to both projects., The personnel of the American Geophysical
Union committee is as follows:

Wesley W. Horner (chairman), consulting engineer, St. Louis,
Mo.

Jacob A. Harmon, consulting engineer, Peoria, Ill.

Robert E. Horton, consulting engineer, Voorheesville, N. Y.
(appointed January 1935).

Adolph F. Meyer, consulting engineer, Minneapolis, Minn.

Ge We Pickels, professor, Unlverslty of Illinois, Urbana, Ill.

Leroy K. Sherman, president Randolph-Perkins Co., Chicago,
I11.

Ray Towl, mayor, Omaha, Nebr.

J. W. Woerman, senlor civil engineer, U. S. Engineer
Office, Chicago, Ill.

Cooperation from other sources

In addition to those mentioned above, numerous members of the
engineering profession, in Federal, State, or private service, have ac-
tively contributed to the substance and tenor of this report. For
example, the authors of certain methods for estimating floods have gone
to considerable length to bring the descriptions of their methods into
acceptable summarized form and have provided some of their later unpub-
lished ideas.

Reference to the various chapters of this report, particularly
those relating to methods for estimating floods and examples of proce-
dure, and the extensive bibliography of technical llterature dealing with
flood phenomena, will show how wldespread an lnterest has been manifested
in this subject during the greater part of the past century. The variety
of flood events recorded and the diverse opinions regarding the best
methods for flood protectlion and control have continued to the present
day, Some progress has been made, however, toward unifying of opinions
as to the most effective practical methods to be applied. It has been

recognized almost unlversally that each river presents its own problems

478 0—35—2
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N
and that the treatment accorded to one stream or system may or may not be
applicable to another. One of the primary considerations has to do with
previously demonstrated habits of run-off, especially as to the volume

and frequency of their extreme phases. With this in view, the main objec-
tive of this report has been to furnish the most reliable sigrnificant data
for a large number of streams and, so far as practicable, to present re-
cords at two or more widely separated stations on the same stream, There-
by, the trends and variations within each drainage area may be traced, and
estimates made for intervening or outlying adjacent stations.

At best, in the dbrief period allotted the limited personnel
could be expected to achieve only a few steps forward in a fleld so filled
with problems, uncertainties, and data of various grades of reliability.
One of the early problems had to deal with orientation - to find the most
profitable and logical direction of approach to various phases of the
study. The wide range of consultants and advisory committees and super-
visors provided the necessary safeguards against individual prejudices or
preferences, and therefore the presentation may properly be said to repre-
sent the coordinated efforts of a large group rather than of a few
individuals. Exceptions to a certain extent are provided by the four
chapters contributed by Profs. Thorndike Saville and J. J. Slade, Jr., and
Messrs. Robert E. Horton and Merrill M. Bernard. Inasmuch as they have
dealt with phases of the investigation representing advanced thought and
methods which necessarily have yet to stand the test of time and diverse
application, it is well to regard these chapters as representative of the
thought and expression.of specialists who have done much constructive

work in their respective fields.



DESCRIPTIVE, GENERAL, AND HISTORICAL NOTES

The investigation of floods in the United States which has re-
sulted in this report represents a phase of the broadening national con-
sciousness of public interest and joint responsibility shared by the
Federal Government in the larger problems of control, development, and
utilization of water resources. It is appropriate to mention, as ex-
amples of the national legislative and administrative acts that express
this concept, those early authorizations for control of the upper Mlssis-
sippl River by large storage projects; the Reclamation Act and the appli-
cation of the conservation policy, both initiated about 20 years later,
during the early years of thls century; the Federal Water Power Act of
1920; and the authorization of Jamuary 1927 for the survey of some 70
important river systems (69th Cong., 1lst sess., He Doc. 308).

Recent notable treatments of the subject of the utiligzation and
control of the countryts water resources are the report of the President's
Committee on Water Flow, entitled "Development of the rivers of the United
States™ (73d Cong., 2d sess., H. Doc. 395); reports on some 70 river sya-
tems by the Corpa Jf Engineers under H. Doc. 308, 69 Cong., lst sess.; a
report of the Mississippl Valley Committee of the Public Works Adminis-
tration, October 1, 1934; a repory of the Natlomal Resources Board, Decem-
ber 1, 1934, especially part 3, the report of the Water Planning Committee,
"National power survey interim report, Power Series no. 1," by the Federal
Power Commission; and "Potential water power sites, summarized from re-
ports by the Corps of Engineers to the Congress,™ March 1935. There have
been almost numberless other evidences, of varying degrees of importance,
of the gradually broadening national consciousness with respect to water
resources, to which only bare reference can be made here.

The need of organized effort in the investigation of the flood
flow of streamg has long been recognized. As a consequence there have
been organlzed fiom time to time numerous governmental and private agen-
cles, which have proceeded in their respective ways to make such investi-
gations of the subject ag were requlred for the solution of their
particular problems or as lay within the flelds selected for their sac-
tivities. Throughout the United States, particularly in recent decades,
there have been .numerous earnest and competent efforts at furthering the

19
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systematic knowledge of the flood characteristics of streams, for the
solution of specific problems for certain localities and for contributing
sounder bases of analysis for the solution of flood problems in general.
It is not practicable to cite at this place even the more notable of such
investigations, but references to many of the reports are included in the
bibliography (pp. 468 to 487).

Many of the earlier studies have involved an aggregate effort
much in excess of that which was possible under the present project and
have produced very notable results. 'The detailed and voluminous reports
concerning some of the special investigations for flood-control districts,
for example, and several years of preliminary and continuing study while
the projects were developing or under construction, cannot be duplicated
under the present authorization for studies of floods in the United
States. The most that can be reasonably expected is a single volume, de-
signed to be one of a possible series if activity in this field is con-
tinued,

In addition to the limitations of time and persomnel available,
the broad scope of the investigations underlying this report should be
mentioned. Unlike studies pertaining to single districts or limited re-
gions, the present project was intended to encompass the entire country
and to include the compilation of correspondingly comprehensive flood data
and the development of pertinent correlations and comparisons. As the
work progressed it was found necessary to give prilority to the compila-
tions of data, and to defer the earlier plen of making some sort of
correlation of results.

It is fully realized that such merit as may be claimed for any
part of this report should be credited largely to preceding investigations
and assembled records. It is hoped that this report may facilitate fur-
ther studies by placing observed data in convenient form for reference and
use, by showing relative advantages and disadvantages of various methods
and avenues of approach or treatment of data, and by recognition of the
limitation of even the best of devices or methods of analysis in compari-
son with carefully observed and recorded physical data.

One of the prime objectives of the present study was to review
in a fundamental way the existing methods and technique of estimating and

analyzing floods. Thercfore, the first steps in the investigation
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involved (1) a compilation and review of the literature treating this sub-
Ject and the subject of flood occurrences in general and (2) a review of
methods of estimating floods and the preparation of a manual for guiding
the application of such methods as seemed to be required. The results are
presented in the bibliography (pp. 468 to 487) and in the chapters enti-
tled "Methods for estimating floods"™ (pp. 28 to 67 ) and "Examples of pro-
cedure® (pp. 68 to 89 ).

In the early stages of the present flood study it was recognized
that many phases of the selection, plotting, and interpretation of flocod
data should be reviewed before adopting a definite procedure from among
the several that hdve been proposed or used to & notable extent. The
group engaged on this project therefore considered as many different lines
of approach as seemed promising and undertook to conduct independent tests
of results to be derived from them.

As explained in some detalil under appropriate headings elsewhere

n this report, flood data may be collected on the basis either of maximum
daily average discharge or of momentary peak discharge for each flood rise,
but in practice the former is generally used, because of its uniform
availability. Furthermore, these data may be distributed with regard to
time as annual floods, monthly floods, dally flood peaks of flood events,
or complete gseries of average daily flows above some arbitrarily adopted
base flow, commonly coincident with the minimum annual flood for the peri-
od of record. (For definitions of terms as used in this report see pages
462 te 467).

Floods caused primarily by ice obstructions, dam fallures, high
tides, and gales are intended to be excluded fram the tabulations. Such
flood conditions are not necessarily indicative of high natural rates of
run-off but frequently occur at times when stream flow would normally not
have exceeded bank-full stages. Backwater caused by ice jams and the
movement of large masses of ice have inflicted annually much damage in
norther sections of the United States - iIn some localities more damage
than is caused by unimpeded storm run-off.

Flood data having been listed to conform with each of the sev-
eral methods above mentioned, for more than 20 widely separated stations,
the next step was to plot the data on the various types of cross-section

charts, including arithmetic probability paper, logaritimic probability
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paper, log-log cross-section paper, semi-log charts, and ordinary cross-
section paper. After the data were plotted the lines or curves of aver-
age tmend corresponding to the plotted points were drawn and then extended
to magnitudes and frequencies outside the range of observation. In this
manne: | it was possible to compare the results derived for various perio-
dicities - for example, 1 year, 10 years, and, by extrapolation, 100 years
or morie, as well as for any‘ desired intermediate periods.

By way of comparison, solutions were made by the mathematical
processes devised tc fit curves to series of observed data, on such arrays
as were strictly time series and thus amenable to such analysis, Likewise,
various well-known formulas for estimation of rarely exceeded floods or
floods corresponding to designated periodicity were compared with results
derived from graphic or mathematical analysis.

The results thus obtained were found to vary throughout a con-
siderable range but not more widely than should be normally expected, in
view of the inherent differences in methods of selection and plotting of
records. The mathematical or statistical treatment for fitting curves to
plotted data usually resulted in falrly close agreement with the curves
derived by strictly graphic processes. MNany of the widest divergences, as
might be expected, resulted from the use of general formulas. One of the
misleading aspects of the use of formulas 1s the close agreement occasion-
ally attained, in contrast with the usual wide differences either above or
below results obtained by the graphic processes.

After consideration of the avalilablllity and significance of the
various kinds of data, the labor involved in their listing and sanalysis,
the probable uses to which they may be applied, and the kind of infor-
mation usually desired, it was decided that flood events or rises general-
1y afford very satisfactory basic items for such a study -~ in other words,
for each flood rise the highest average flow for a calendar day ("daily
flood peak"™) and the "momentary" flood peaks, either or both as available,
chronologically listed as shown on pages 120 to 397.

This view was confirmed by independent research in mathematical
and statistical fields by Prof. J. J. Slade. Quoting from his letter of
July 25, 1934, addressed to Prof. Thorndike Saville:
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"flood peaks present the most satisfactory statistical popula-
tion in a record of stream flow. . . Daily flood flows are not indepen-
dent events - that is, a high flow Impliles high flows preceding and
following it."

Other pertinent tests and analyses of flood data by graphlc
means were made as described on pages 74 to 87 , by comparing trends de-
rived from total records. In the category of investigation of fundamental
techhique and methods fall also studies and researches by Professors
Saville and Slade. Professor Saville has contributed a study of the ap-
plication of methods of estimating flood flows to records of the Tennessee
River at Chattanooga, Tenn., which appears on pages 298 to 420. This is
presented as an example of statistical and mathematical approach and
treatment and a comparison of results derived from the separate methods.
It is not intended as an endorsement or recommendation for any particular
method of analysis, but rather as a clear exposition of the application of
such devices. A digest of Professor Slade's studles appears on pages 421
to 432.

Studies by Merrill M. Bernard in the application of the unit-
hydrograph method are described in the report on the assoclated study of
relations of rainfall and run-off (Water-Supply Paper 772). A digest of
these studles as they relate to the application of the method to the in-
vestigation of floods from excessively heavy rainfall appears on pages 451
to 461 of this report.

The most important feature of the investigation has been the
compilation of flood records on representative streams. The effor; has
been made to insure that these flood data should be as authentic and re-
liable as possible.

The desirability of procuring long-period records of rainfall
and run-off has been rccognized in many notable investigations, wherein
many short records were combined or laid end to end, so to speak, for
analysis as a single composite record. Thereby composite records totaling
several hundred years or even running into thousands of years have been
brought together for consideration and analysis. However, the question
arises as to the comparability of composite records with those based on

observations at single stations for like periods.
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Among the rivers in the United States for which most promising
long-period records of stage are avallable, the Delaware, the Susquehanna,
the Potomac, the James, and the Roanoke all cross the Fall Line marking
the boundary between the Coastal Plain and the Piedmont belt, where there
are durable rock dikes or other resistant ledges capable of maintaining
the channel section with little change for hundreds of years. Fortu-
nately, some of the river-stage records were obtained at or somewhat up-
stream from such permanent controls, and therefore they show the most
notable flood occurrences on some of those rivers for 200 years or more,
with continuous records during recent decades. Where the river channel is
not so nearly permanent, as on the Ohio River at Pittsburgh or Wheeling
and on the Mississippli River at St. Paul or St. Louls, and where the chan-
nel material is notably uastable, as throughout the lower Mississippi
Valley, the records of stage are less capable of satisfactory transfor-
mation into corresponding discharge. Despite such instability of chan-
nels, and the changes in stage-discharge relations wrought by levees,
contraction works, channel rectification and stabilization, and drainage
and reclamation projects, the long records of maximum annual river stages
in the lower Mississippil Valley, for example, are still regarded as of
considerable interest and historic value and as worthy of space in this
report. Naturally, such records are listed as gage readings only, even
though approximations to corresponding discharges are avallable for frecent
years and for a few others more or less irregularly distributed. It has
been observed at several stations along the lower Mississippi River, for
instance, that the stage-discharge relation is affected materially by the
phase of flood and by the manner of succession of flood rises, so that the
usual procedures for converting gage readings into corresponding discharge
quantities are not applicable. It is concelvable that a thorough coordi-
nation of all available data regarding stages and discharges of the main
river and its tributarles, together with a consideration of channel rnd
valley storage, may yet be accomplished, to permit estimates of river dis-
charge for the floods of record. The labor involved in such a coordina-

tion program is clearly beyond the scope of the present investigation.
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An interesting incident of the initial exploratory studles was a
more or less brief examination of the avallable long-time records of
floods on forelgn streams, It was the hope that this examination would,
by reason of the long experience represented by such records, disclose
some of the characteristics of floods with respect to their magnitude and
frequency and thus furnish a desirable adjunct to this iInvestigation. It
has seemed lnappropriate to pfesent the detailled results in this paper,
but a digest of some of the more important features follows:

There are no systematic records of discharge on any river In any
country extending back more than 50 or 60 years. For many of the rivers
of Europe there are records of flood heights for several hundred years,
though generally they incorporate only the notably high floods of earlier
centuries. For several French rlvers the records extend back into the
sixth and seventh centuries and therefore afford fragmentary data covering
more than 1,000 years.

Records of greater length but with less certainty regarding
altitude of reference points have been kept in Mesopotamia, Indla, and
China., Unfortunately, little 1s kmown regarding the comparative channel
cross sections and the tendencles of the rivers either to erode or to de-
posit bed loads in the vicinity of the gages. It follows that equal gage
readings many years or centurles apart may not indicate even approximately
equal flood discharges. By fer the longest avallable records with fixed
datum planes are those made In the neighborhood of the second Nile cata-
ract, in upper Egypt. Some of the lnscriptions on canyon walls date back
to 1800 B. Ce or earller. With allowance for the weathering and erosion
of river banks and channel bed, these records lead to the conclusion that
not only in magnitude but also in frequency and irregularity of occurrence
the notably high Nile floods of those early days closely resembled those
of recent centuries.

The longest continuous record of annual flood helghts now avail-
able was made at the Roda gage, on the Nlle at Calro, at the apex of the
delta. Although the structure containing the graduvated masonry column
used as a nllometer has every appearance of stabllity, it 1s known that
many changes have taken place along the channel during éhe 13 centuriles
covered by the record anc that these changes must have affected the sta-

bllity of the stage-discharge relatlon for this point. Among them are
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changes in the number and position of outlet channels to the Mediterranean
and Red Seas and in the number of branches and canals for diverting flood
waters from the river in that vicinity; the construction of protection
dikes and other improvements along the banks; the deposition of silt,
which accounts for a falrly uniform aggradation of land surface within the
flood plains amounting to a rise of 5 or 6 inches to the century; the
opening and closing of dikes, canal headgateé, and flood channels, elther
as regulatory measures or in consequence of devastating inundations; end
attempts at barrage construction. Furthermore, considerable variations in
magnitude and duration of flood stages were attributable to changes in the
amount of natural and artificial storage within the drainage basin during
the period of record.

The avallable records pertaining to the Roda gage, comprising
what purport to be maximum annual flood stages for nearly 1,200 years dur-
ing the last 13 centuries, have been plotted on a single chart together
with the corresponding low-water stages for some 1,100 years within the
same period of record. This chart, together with a somewhat detailed dis-
cussion of long-period river records with special reference to floods, is
in process of publications at the time of this writing. What is perhaps
the most significant observation concerning the nilometer record at Roda
18 similar to the conclusion expressed above regarding the longer period
of fragmentary records at the second cataract and is applicable in some
degree to all other long-period river-stage records investigated under
this project - namely, that the variations in river stages from year to
year and from century to century show no well-defined or progressive
chenges from the earliest periods of record to the present day except as
may be explained by sedimentation, erosion, or regulation. However, it is
readily apparent by reference to the Roda gage record about 1000 A, D.,
for example, that analysis of that part of the record would result in a
graph or curve of quite different trend from those derived from the rec-
ord for other centuries, and notably for the period from 1831 to 1930,
during which permanent barrages and storage reservoirs have been con-

structed and perennial irrigation for lower Egypt has been accomplished.

# Jarvis, C.S., Flood stage records of the Nile River; Am. Soc. Civil Eng.
Proc., vol. 61, p. 803, August, 1935,



U. S. GEOLOGICAL SURVEY i WATER—SUI_’PLY PAPER ?71 PLATE 1

i r 2e 127 128°

L7

e
L J

NATIONAL RESOURCES BOARD
WATER RESOURCES SECTION

LOCATION OF
ACTIVE STREAM GAGING STATIONS

AS OF
SEPTEMBER, 1933

Red lines indicate divisions used in the
Nationel Resources Board report. These
correspond in generai to Geological Survey
divisions. (See plate 3.)

Scale x1.875.000.
100 [ wo 200 300 400 500 - aoo Miles




DESCRIPTIVE, GENERAL, AND HISTORICAL NOTES 27

It appears to be the consensus of opinion that there is an
attractive fleld for further studies of various aspects of floods, both
those treated in this report and others, which will give results of great
public value and may appropriately be carried on by a governmental agency
or agencies. For example, there is opportunity for profitable research in
relation to great floods of the past, with a view to making available for
guidance of present development the most authentic possible records of
such critical events. It is belleved that careful search in a variety of
sources of record would yleld information which at present is at least not
generally or readily available. There 1s opportunity for a beneficial
study of total volumes of floods as contrasted with their rates of flow,
for consideration in projects involving limlted availability of storage
and appropriate splliway design. Studies of the flood-producing capaci-
ties of drainage basins as revealed by an analysis of meteorologic and hy-
drologic factors may be advanced with advantage. The list of profitable
projects of flood investigation is long. The present and many previous
investigations have fallen far short of covering the field in an adequate
way.

As 1llustrative of recent progress and the present status of
stream measurements in this country, which provide basic information for
such studies as the present one and also for those mentioned in the fore-
going discussion, plate 1 is presented herewith. This map was reproduced
from page 304 of the report of the National Resources Board, dated December
1, 1934. This map shows the locations of all the active stream-gaging
stations reported by the United States Geologlcal Survey on September 30,
1933, a total of nearly 3,000, This represents approximately one-half
the total number of stations for which records have been published by the
Geological Survey and other agencles since the beginning of stream gaging
in this country.



METHODS FOR ESTIMATING FLOODS

The purpose of the study embodied in this chapter is to make a
compilation of various methods representing the principal bases of ap-
proach thus far proposed for estimating the rate of flood flow to be ex-
pected on any given stream, together with a brief analysis of the several
methods and a comparison of their relative advantages and disadvantages.
No particular attempt 1s made to select the best methods for use, except
ag advantages and limitations of particular methods are inherently
apparent.

As different lines of reasoning have been followed in esti-
mating floods, and engineers have not reached agreement as to which
methods are most desirable under given condltions, 1t 1s essentlal that
any study of flood problems be based on an adequate understanding of the
various theories and of their relation to one ancther.

Historical Review

River stages have been regarded as important items of histori-
cal records for thousands of years along the Nile, and for more than a
thousand years on other foreign river systems, but apparently no success-
ful attempts were made toward translating gage heights into corresponding
discharge quantities until the last century or so., The uncertainties or
lack of informatlon regarding channel roughness, changes in cross section
and gradient, stability of reference datum, and other elements affecting
stage-discharge relations prevent satisfactory evaluations of flood flows
from most of the recorded river stages, both ancient and modern; and some
uncertainty extends to periods after the beginning of reliable discharge
measurements.

Among the longest river-stage records avalilable for American
streams, extending intermittently over a period of about 200 years, only
the later records are capable of satisfactory translation into discharge.
Such later records, i1f they cover a period of adequate length, constitute
by far the most reliable bases for flood estimates. A large part of this
report 1s devoted to the presentation of data of flood f£flows that have
been experienced at gaging stations where records of considerable length
are available. However, the data now being collected by some govern-
mental and private agencles are gage-height records, with no direct

28
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reference to stage-discharge relations. Analysis of available flood data
must therefore include gage readings, with or without the corresponding
rates of discharge, if the treatment is to be comprehensive in scope.

The need for determination of flood discharge where records are
lacking, as they have been more often than not, has led to various efforts
to express the rate of flow in terms of known or assumed factors, or some
function thereof, Thus, discharge measurements of different rivers may be
compared and rates of flood discharge may be found to vary either directly
with the size of the drainage area or with some fractional power thereof.
The influence of intensity and manner of occurrence of rainfall, or of
physical characteristics of the drainage basin may also be evaluated and
related to the rates of discharge. Indeed, Hayford: found that 23 factors
or coefficients entered into the determination of the discharge of a
stream.

Such efforts on the part of hydrologists and engineers during
the past century have resulted in several formulas designed to express the
observed relationships, some of them distinguished by their simplicity and
others by their complexity of structure and symbols. The defect most
commonly shared by flood-flow formulas 1is their restricted applicability,
which is due to thelr being based on local phenomena observed during rela-
tively short periods. It i1s believed that a general review of some of the
representative types of formulas may promote their more Intelligent use
and possibly prepare the way for other forward steps in this field of
study. The preliminary work dealing with this subject has confirmed the
view commonly held by modern hydrologists - that at best a general formu-
la is only a temporary substitute for observed or logically derived flood
information and should be superseded by or amended ln accordance with au-
thentic physical data as they become available, A general expression for
extremes of run-off rates is comparable with pioneer equipment for bridg-
ing ravines or scaling cliffs, which provides means for preliminary re-
connaissance and thus assists the later operations looking toward a
trustworthy structure for all reasorable purposes. Any proposed formula
should therefore be used with due precautions and restricted to fields in

which its applicability has been tested.

# Hayford, J. F., and Folse, J., A.,, A new method of estimating stream
flow: Carnegle Inst. Washington Pub. 400, 1929.



30 FLOODS IN THE UNITED STATES

The earlier efforts at estimating flood flows were ln general
rather crude, because authentic records of rates of flow on streams were
very scanty and the attainable accuracy was below later-approved stand-
ards. Practically all such studies were based on observations of flow in
small areas or on single streams and were commonly summarized as formulas
giving the rate of flood flow expected as a function of the drainage area,
Some investigators added other varisbles, such as length and average width
of drainage basin, depth of rainfall, and slope of river, also factors
taking into account the soll texture, vegetative cover, and other physical
characteristics. As stream-flow data became more numerous, the records of
individual floods also increased in number, and tabulations of maximum ob-
served floods on various rivers were made, to be used as guldes in esti-
mating future flow from those or other river basins.

One of the earliest extensive investigations in the United
States was made by Emil Kuichling and described in the repori of the New
York State Barge Canal for 1901, which contalns a table of floods on
American and foreign streams and lists flood formulas that had been pro-
posed by American and European engineers. Xuichling also gives flood
formulas of his own, which recognize the two general classificatlons with
respect to perilodicity as "rare" and "frequent."

The first comprehensive and sclentific approach in the United
States toward a study of rainfall and run-off phenomena, with floods
necessarily representing the plotted pesks in the hydrographs, appears to
be that of George W. Rafters:, On pages 68 and 69 of his paper are forms
of duration curves, representing yearly depths of rainfall and evaporation
on the Lake Cochituate Basin, Mass. This was followed, in 1905, by his
883-page volume on the hydrology of the State of New York, in which the
results of several earlier and related papers and investigations were in~
corporated, with such revisions of views as had developed during his more
recent studies. In this volume frequency of floods was considered briefly,
with reference to such rivers as the Tiber and the Seine. However, the
dearth of long-period records on American rivers at that time hindered the

further application of periodicity investigation.

# Relatlion of rainfall to run-off: U. S. Geol. Survey Water-Supply and
Irrigation Paper 80, 1903.
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A brief paper by Robert E. Hortons# dlscusses earlier appli-
cations of the Gaussian princlples of probability to rainfall and flood
phenomena.

The first really comprehensive study of statistical methods
applied to floods in this country was a paper by Weston E. Fulleris pre-
sented at the meeting of the Amerlcan Society of Civil Engineers in
October 1913, Fuller was the first to publish a formula introducing the
concept of a flood magnltude-frequency relationship into the problem, in
this respect following a line of reasoning that was introduced into
studies of river flow about the same time by Allen Hazen. Hazen's applle-
catlion of statistical methods to englneering studies and Fuller's adap~
tatlon of these methods to flood predlction have had an important
influence on engineering developments since that time.

Further extensions and variations of Hazen's and Fuller's ldeas
have been made by several writers. In addition, various attempts have
been made to develop empirical formulas for estimating the magnitude of
very large floods on a more logical basis than the older formulas of this
type. As stream-flow records have become more extensive and reliable, the
tabulations of extreme floods have increased in value and have providéd
the basis for more comprehensive studies and approaches to general formu~-
las covering more adequately the practical range of flood phenomena.

An entirely dlstinct line of study has been made in recent years
by dealing with rainfall and its relation to run-off, by so-called
"rational™ methods, which involve attempts to determine stream run-off by
analysis of rainfall records and corresponding hydrographs, with due con-
sideration of the influence of ground water, evaporation, transpiration,
shape of dralnage area, et cetera. Related to such procedures are studies
of frequency of intense rainfall and its distribution over large areas,
the most notable of which are those published by the Miaml Conservancy
District, whose report on "Storm rainfall of eastern United States" is a

classic in thils fleld.

# Frequency of recurrence of Hudson River floods: U. S. Weather Bureau,
Bull. Z, pp. 109-112, 1913.
## Flood flows: Am, Soc. Civil Eng. Trans., vol. 77, pp. 564-617, 1914.
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In the following pages the various methods, including the formu-
las suited for use where flow records are sparse and also the devices for
analyzing observed flows where data are more ample, will be classified as
to broad general types. An effort will also be made to show their dis-
tinctive features and to clarify certain points that have been confusing
and have led some investigators into difficulties.

Clagsification of methods

The various methods of estimating floods may be grouped into the
following classification:
A. Extreme-flood formulas.
B. Flood-frequency formulas.
1. Formulas with frequency relation implied.
a. Formulas involving only drainage area.
b. Formulas involving length or width of drainage basin.
c. Formulas involving rainfall plus other factors.
d. Formulas involving total flood run-off.
2. Formulas with frequency relation expressed.
C. Statistical (or probability) methods.
1. Theoretical probability curves.
2. The duration-curve method.
D. Methods dependent on relation of rainfall to run-off,
le "Rational"™ methods. TUnder this heading would come the
methods for determining the frequency of rainfall of
various intensities.
2. The unit-hydrograph method.

E. Method for estimating peak flow from 24~hour average flow.

A. Extreme-flood formulas

The fundamental relation that has been most often ehployed in
extreme~flood formulas is that between rate of flow and some power or
other function of the drainage area. The best handbooks and treatises on
engineering hydraulics list a large number of such expressions, with the
powers of drainage areas ranging from about 0.5 to 0.8, and some of them
introduce other factors. Limitations of space as well asg inhersent re-
strictions in their significance preclude a complete listing and consider=-

ation of these formulas. It is proposed, therefore, to discuss in detail
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only such formulas a3 make use of the perlodicity or frequency, proba-
bility, rainfall, or similar relations, which mark the later trends of
scientific investigation in the hydrologic field. Some formulas that are
about equally representative of extreme-flood and flood-frequency concepts
are thus given consideration, even though such concepts were somewhat
vague in the early attempts at developing the ldea of frequency or of
periodicity. Precautions against inexperienced or ill-considered use are
pgrticularly applicable to such formulas and in varying degree to all
similar expressions.
B. Flood-frequency formulas
l. Formulas with frequency relations implied
a. Formulas involving only drainage area

The simplest type of rare-flood formula is that relating the
maximum expected flood to the drainage area. A large group of formulas
are of the type

Flood flow = @ = caR

where C is a coefficient, A the drainage area, and n a constant. The
value of n is chosen by the investigator so as best to sult the flood
records which the formula is to represent or to envelop, and has been
given variously, from 0.5 to 0.8 or even as high as 1.0. The coefficient,
C, must vary to suit local conditions, combining the rainfall and run-off
characteristica of the drainage area under consideration, the season of
the year, and the probable freguency of occurrence.

A formula of this type is the "modified Myer formula®™ (Am, Soc.
Civil Eng. Trans., vol. 89, p. 994, 1926);

Q = 10,000 pyif

where Q is the flow in c.f.s., M the drainage area in square miles, and p
a variable percentage coefficient expressing the ratio of the maximum
flood for the given stream to an assumed extreme maximum of all streams.

Kuichling (op. cit., p. 844) gives several formulas of this
type, mostly based on rivers in India. In other formulas the area enters

as a more complicated factor. Two of Kuichling's formulas are as follows:

(1) q = 44,000 <4 20 (for frequent floods)
M 4 170
(2) q =z 127,000 4 7.4 (for rare floods)

M <4 370
where q 1s the maximum flood in c.s.m. (c.f.s. per square mile) and N is

478 0—35—3
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the area in square miles. To convert the units into flood discharge rate
in ¢.f.s8., both members of the equations must be multiplied by M. The
first expression applies to 2l1l but exceptionally heavy spring freshets;
the second is exceeded only in cloudbursts or under a very rare combi-
nation of favoring circumstances. Where M is 1,000, the rare flood as
thus derived is about 170 percent of the frequent flood; where M is
10,000, the percentage is 124. Thus Kuichling made some attempt to con-
sider the frequency of the floods. Similar formulas quoted by Kuichling
are the Ganguillet formula (for Swiss streams), the Italian formmlas, and
the 0'Connell formula (English), all apparently intended to represent the
rate of discharge to be attained at rare intervals,

The "culvert formulas™ used in railroad work (such as those of
E. T. D. Myer, A. N. Talbot, and J. T. Fanning) and the storm-sewer formu-
las (such as that of R. McMatbh) are also of this type. (See Merriman,
American civil engineers! handbook, 5th ed., pp. 2009-2010, 1930.)

In all forrmlas of this type, if the numerical coefficients are
given, the formula should be restricted in use to the region for which it
was prepared and perhaps to comparable regions elsewhere; otherwise the
coefficients must be newly determined to suit the stream under consider-
ation, which will probably require considerable study of existing records.

be Lengbth and width formulas

A group of rare- or high-flood formulas involves the length or
average width of the drainage basin.

Kuichling quotes the Craig formula, based on Indian records
(Inst. Civil Eng. Proc., vol. 27, p. 217, 1868):

Q = 440 nB (hyperbolic log _§%E_)

where L = length of basin, in miles.

B = average width of basin, in miles.
n ranges from less thar 1 to more than 2, with
rainfall and topography.

For any assumed rates of rainfall, the resulting floods should
fall into corresponding classifications, as frequent or rare, with due
regard to such factors as seasonal influence, soil moisture, and vege-
tation. The Craig formula was apparently the first to include the shape

of drainage area as a factor.
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The Dredge or Burge formula (based on Indian records) is
Q=1,5oo—£]g75

Inasmuch as area (M) equals average width times length (W 1),
this expression is evidently reducible to the form Q@ - 1,300 W Ll‘/5 and
thus may be accorded a place among formulas based essentlally on wldth or
length or shape of drainage basin.

c. Formulas involving rainfall

Some formulas include a rainfall factor, together with the
drainage area or other factors.

1. Kuichling quotes the Burkli-Ziegler, Possenti, and Cramer formu-
las, which are of this type. He gives the Iszkowskil formula as developed
in Austria (Am. Soc. Civil Eng. Trans., vol. 77, p. 648, 1914].

2. C. E. Grunsky (Am. Soc, Civil Eng. Trans., vol., 85, pp. 66-136,
1922) proposed a formula based on Cglifornia records, in which the
frequency relation is expressed in the intensity-duration measure of the
ralnfall:

I:-—:{
where t is the critical time, in minutes, during the continuance of a
rainstorm for the area under consideration, within which the rain will
produce the maximum rate of run-off (table is given in Military Engilneer,
May-June 1931, p. 226); I is the rainfall intensity, in inches per hour,
throughout the entire dralnage basin; and C must be determined from local
records of rainfall. The maximum rainfall In one hour is expressed as
R (inches) Z 0,129 C
The maximm stream flow from large areas 1s

q - 413 al, in c.f.=. per sq. mi.
3,200 a R
=

or q

where a 60

oo +C g7

ranges from 0.5 for impervious areas to 250

(e}

for sandy reglons.
3. G. E, Llllie (Inst. Civil Eng. Minutes of Proc., vol, 217, pp.
295-332, 1924) proposed a formula involving both rainfall and shape of

basin:
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Q = VR A X(eL)
where Q = peak discharge, in c.f.s., representing the potential
maximum,

V I standard mean velocity of river in flood.

Rz 2 +-22§232i§22925ll (for areas less than 10 square miles,
R = 4.0).
>\ 1.1 4 logloL'.

L'Z length of drainage basin in miles.

L = length of the several sectors of drainage basin in miles.

© I engle of the several sectors of the drainage basin, in
degrees.

The drainage basin is divided into a number of sectors, center-
ing at the gaging point. The expression 3 (6L) is proportional to the
width of the drainage basin, the reduction factor 57.3 being applied to
convert degrees into units of circuler measure. This formula relates to
rivers in Indla. For small rivers it was proposed as giving a flood that
may be realized only once in a "lifetime"; for larger rivers, a discharge
only slightly greater than an ordinary heavy flood. The "standard ve-
locity" of a river generally will not vary to any great extent from source
to mouth, according to Lillie's assumption.

4. C. Re. Pettis (A new theory of river flood flow, published
privately, 1927) proposed this formula:
- cpwl.zs
or, as modified in Engineering News-Record,
June 21, 1934, p. 804, Q = c(Pw)l’25
where Q = peak flood discharge in c.f.s. (presumably the 100-year
maximum flood).
C - a mensuration factor, or coefficient representing the
combined influence of other factors, such as regional
and drainage-basin characteristics.

W = average width of drainage basin - drainage area
length of main stream

P I a rainfall coefficient.
For the recently modified expression P is the probable 100-year
maximum l-day rainfall, in inches. As originally proposed, it was the

100-year pluvial index of a 6-day storm, from "Storm rainfall in eastern



METHODS FOR ESTIMATING FLOODS 37

United States,™ Miaml Conservancy Distrilct reports, 1917, part 5. There-
in it is disclosed that, practically without exception, the l1-day pluvial
index is more than half of the 6~day index.

For the rivers originally studied (northern United States, Ohlo
to Connecticut), when P is based on 100-year 6~-day rainfall, C = 328; when
P 1s based on 100-year l-day rainfall, C I 480. For the expression as
modified in June 1934, based on P representing 100-year l-day rainfall,
the numerical value of C will range in different regions from 310 in humid
areas to 40 in desert areas, such as central Nevada.

The Pettis formule is based on several assumptions, including
the consideration of a single storm covering the entire width of the
drainage area, when the soil molsture content is high initlally, and the
average channel slopes and stream velocities are falrly uniform at all
controlling cross sections. Limltations of the Pettis formula are summa-
rized as follows:

(a) The "width formula" should be limited generally to drainage
areas between 1,000 and 10,000 square miles, although it may be applicable
in some areas outside these limits.

{b) There must be no extensive lakes or artificial storage in
the drainage area. _

(c) The drainage area must be of fairly uniform width through=-
out its length., If wider at its lower end, the formmla gives too small a
flood; if wider near its upper end, the formula gives too large a flood.
Corrections of 10 to 13 percent may be required owing to variations in
width.

5. F. S. Besson (Military Engineer, September-October 1933, p. 424)
proposed a generalized formula:

Qn = P T Gy A%
where Qp = maximum flood flow,
Py = maximum precipitation during the period of the flood.
= factor representing dnfluence of topography.

= factor representing influence of grouna

surface conditlons for maximum run-off.
A I drainage area.

X = an exponent to be determined for each drainage area.
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Subscript r being used to indicate factors representing re-

corded flood conditions,

S I Gp

Q = Pp Gp
If ground conditions for the recorded flood are the same as for
the maximum flood,

Sm - _Pm Qr
Py

Py, is obtained from the ralnfall record of the given storm. Pp
is gstimated by a study of storm records.

The comparison of factors a&s employed by this method results in
cancelation of such coefficients or reduction factors as are common to
numerator and denominator, thus permitting the use of any desired units
of drainage area, rainfall depth, and stream discharge. Besson recommends
the use of factors of safety, selected according to local conditions, to
be applied to the probable future maximum flood estimated as shown above.
This method depends on the possibility of properly estimating the maximum
expected rainfall, in which the element of probability may enter to some
extent. Its accuracy also depends on whether the recorded flood occurred
with ground conditions most favorable to the production of floods.

6., F, G, Switzer and H. G. Miller (Floods: Cornell Univ. Eng. Exper.
Sta., Bull. 13, Dec, 15, 1929), from a study of 47 rivers in different
parts of the United States, propose the following formula:

Q = peow"
where Q <= 24-hour average flood discharge, in c.f.s.
Pe = rainfall factor.
W = mean width of drainage basin, 1n mlles.
C and n are empirical constants (average values,
C =80, n = 1.5).

The rainfall factor, Py, is based on thé Miami Conservancy
District chart of maximum l-day rainfall expected to be equaled or ex-
ceeded once in 100 years, at single staticns, adjusted to allow for time
of concentration and for area of drainage basin (by methods of Hazen and
Creager). The resulting "corrected rainfall factor" gives the total rain-
fall over the entire drainage area that would be expected to produce a

maximum flood. This formula is similar to the Pettis formula, except
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that Pettls used the Mlami Conservancy District rainfall fectors without
correction for length of storm or distribution over drainage area. The
Pettis formula gives peak flow; Switzer and Miller's formula gives the
24-hour average flood discharge.
d. Total run-off formulas
The Boston Society of Civil Engineers proposed a formula based
on a study of floods in New England (Report of committee on floods:
Boston Soc. Civil Eng. Jour., September 1930, pp. 297, 376-407):
Q= oV A&
where Q@ = peak flow, in c.f.s.
Cp = a coefficient, which is a measure of drainage-area
characteristics.
= total flood run-off, in inches on the drainage basin.
= drainage area, in square miles.
Let T = total flood period in hours (base of triangle repre-
senting flood hydrograph); then Cp = 1229_!:31__ H
therefore Q = EZ%Q_E A. T

Let = the peak flow in c.f.s. per square mile, or c.s.m.;

1290 R,
T

=1
1

then Q = gA, and accordingly, q=

The maximum suggested for New England streams is Cp = 1,000,
with R = 8, equivalent to 80 percent on the Myer scale mentioned above.

Total estimated run-off depths from severe storms: for oc-
casional floods (about 50-year frequency), 3 inches; for rare floods
(50- to 200-year frequency), 6 inches; for maximum flood (200 years or
more), 8 inches. '

The idea of a fairly constant base for hydrographs of storm
run-off at a given station, with the peak discharge varying with the
magnitude of that portion of the rainfall appearing as direct surface
run~off during a prescribed period, expressed or implied in connection
with the presentation of this formula, is one of the fundamentals under-
lying some of the most valuable recent contributions to the sclence of
hydrology. These have to do with the unit hydrograph and distribution
graphs and relatéd methods of analysis, discussed on pages 65, 451-461,

The effect of pondage 1s to reduce the peak flow in the direct

ratio that the volume of pondage bears to the total flood run-off.



40 FLOODS IN THE UNITED STATES

The frequency of occurrence of a flood is involved to some ex-
tent, through selection of the magnitude of R, though on a somewhat arbi-
trary basis, evidently intended to represent a fair estimate of broad
experience in this field. The principal difference between this Boston
Society formula and most other formulas is the introduction of the term
R, which affords a unit of measure independent of area, thus making it
possible to compare floods on different drainage basins, A somewhat
similar or related factor appears in the Pettis formulas as P, the rain-
fall coefficient or pluvial index, indicating the total precipitation
expected to occur once in 100 years at any rain-measurement station during
a storm of given duration, ranging from 1 to 6 days. From the known re-
lations of rafnfall to run-off, it is apparent that R should represent
varying percentages of the average rainfall over the drainage basin, up
to 100 percent as a limit, except in the event of released storage or
melting snow and ice, when R might occasionally exceed the average rain-
fall, On an equal area of a neighboring river system the total run-off
from a single storm might be considerably greater or less, and the co-
efficient for such a drainage basin might vary so as either to balance or
to magnify such differences in rate of discharge; yet these facts or
estimates would be readily shown by this formula.

The foregoing formulas with implied frequency relations all give
maximun rates of discharge for a short interval of time (except Switzer
and Miller's formula, which is for a 24-hour flood), To summarize some of
Hazen's comments relating to his collection of data and their analysié by
such formulas (Flood flows, pp. 117, 123, 1930): All the data treated
represent peak rates of discharge; l-day average floods are not used.

This 1s a difference that is important and is greatest for small areas.
The length of time in the record period does not enter this picture. Many
of the floods considered are isolated occurrences on streams that are not
ordinarily gaged. There is no basis for comparing them with the mean
flood of the same stream, Most of the items are not very accurate. The
methods above described may be the best to use in regions where local data
are meager, They also serve as a basis for roughly checking estimates by
other methods. There 1s no question that there have been a few enormously
high rates of run-off from small areas that apparently do not fall in line
with other methods of estimating floods.
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One of the important features of methods utilizing the maximum
recorded dilscharge 1s the use of tabulated records of floods on numerous
rivers, in which the length of record period provides a first approxi-
mation to the probable frequency. The most recent extensive table of
floods hitherto published is given in Am. Soc. Civil Eng. Trans., vol.
89, pp. 1003-1029, 1926, Other published tabulations are as follows:

Emil Kuichling, Annusl report on the Barge Canal, New York,
1901, p. 844,

Emil Kuichling, Am. Soc. Civil Eng. Trans., vol. 77, p. 650,

1914.
Weston E. Fuller, idem, p. 564.
H, P. Eddy, Am. Soc. Civil Eng. Trans., vol. 85, p. 1528, 1922.
Joel D. Justin, Am., Soc. Civil Eng. Trans., vol. 87, p. 135,
1924.

Practically all the extreme or rare flood formulas include an
area factor. The shape of drainage basin is involved in the Craig, Dredge,
Lillie, Pettis, and Switzer and Miller formules. A rainfall factor is in-
cluded in the Grunsky, Lillie, Pettis, Switzer and Miller, and several
European formulas.

The formulas discussed under this heading do not involve primary
consideration of probable frequency of floods; such conceptions in their
beginnings were somewhat vague and were utilized only indirectly in the
selection of the proper values of the coefficients to be applled in any
particular formula.

2. Formulas with frequency relation expressed

A distinct group of methods for studying flood flows 1s that in-
volving & primary consideration of the frequency with which floods of any
glven magnitude may be expected on a certain river. The following are the
best-known formulas that have been proposed to express the direct relation
between the intensity of flood flow and the expected frequency of its
occurrences

1, Weston E. Fuller (Am. Soc. Civlil Eng. Trans., vol. 77, p.
564, 1914) is credited with the first published formula involving flood
frequency. Robert E. Horton, in his discussion of Fuller's paper, states
that the use of probability methods in run-off studies had been suggested'
to him In 1896 by George W, Rafter, with whom he was associated in the
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preparation of "Hydrology of the State of New York."™ Horton had made
numerous plottings of flood-frequency records on logarithmic paper, prior

to 1908. (See notes below on Horton's formulas.) Fuller's formulas are:

Qave = CAO*8
Q = Quye (14 0.8 logyg T)
x = Q (1 4 2470-3)

where the average of the annual floods (24-hour), in c.f.s.

Qave -
Q = the probable greatest average rate of flow in c.f.s.
for 24 consecutive hours during a period of years
(T), (maximum l-day flood).
Qmnax - the maximum rate of discharge of a flood, in c.f.s.
A = drainage area, in square miles.
= the number of years in the period considered.
Cc - a coefficlent, which is assumed to be constant for
the river at the podnt of observation.
The formula for Qpgy 1s an approximate relation and was based
on only 26 available records of the maximum flood and the 24-hour flood.
The maximum flood does not necessarily occur on the same day as the 24-
hour flood.

The formula for Q is intended to give the "average maximum
flood" as compared with "the flood to be equaled or exceeded" as used in
other methods. For a given record, Q is determined by the following pro-
cedure:

1. From each year's record, obtain the maximum daily flow.
The average of these maxima for all the years of record is the Maverage
yearly flood," or Qgye.

2, List all such annual floods in order of magnitude and
number them serially.

3. Compute ratio of each flood to the average annual flood,
Qave.

4. Sum up all the floods equal to or exceeding the flood con-
cerned; that is, the one corresponding to any given serial number.

5. Divide item 4 by the serial number of the flood concerned
to obtain Qgye for that portion of the recard.

6. Divide total number of years represented in record by the
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serial number of the flood concerned to find the corresponding period of
years.

Item 5 represents the average of the floods that occur in the
period of years found by item 6; that is, item 5 derives Q for the years
{T) found by item 6.

The "flood to be equaled or exceeded™ as used by Hazen and
others, for any given serial number in the order of flood magnitudes, is
given by 1item 3, for the period of years in item 6.

Comments on Fuller's formula: Quye 1s the same as the "average
1-day flood" as used by Hazen. For the whole period of record Fuller's
Qnax 1s the same numerically as Hazen's "maximm l-day flood"; but Fuller
regards It as the average maximum for the period In which such floods
recur, whereas Hazen treated it as & magnitude to be equaled or exceeded.
For smaller numbers of years (T) the Fuller and Hazen methods glve
different results, those from the Hazen method usually being smaller.
The influence of storage, slopes, shape of drainage basin, etc., is in-
cluded in the value assigned to the coefficient, C. The proper value to
be adopted for T depends on the chance to be taken, the hazard varyling
inversely with the length of the time interval.

Compared with other formulas, Fuller's glves consliderably
higher rates of flood for very small and very large drainage areas, It
was based on records of a large number of American and some foreign
rivers. An spplication of the Fuller method to flood data on the Tenne-
see River at Chattanooga has been sontributed by Thorndike Saville,
pages 398 to 403.

2. Robert E, Horton#z (Am, Soc. Civil Eng. Trans., vol. 77, p.
665, 1914) gives a formula suitable for eastern Pennsylvania streams
(records of 1885-94), which may be rendered in the following fowvm, to
agree with the usual nomenclature,

q - 4021,5 _T0-25
Y

in which A T drainage area in square miles.
q = flood "equaled or exceeded™ in an average interval of
T years, in c.f.s. per square mile.
Horton gilves the following general formula, which involves the
assumption that there is a certain maximum finite rate of flood discharge
(Am. Soc. Civil Eng. Trans., vol. 89, p. 1086, 1926):

# Detalls regarding further development and use of the Horton formula
may be found on p. 437.
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- _ o-kt®
RIRg (1- 0 )

where R = ratio of magnitude of the event to its average magnl-
tude.
t = average "exceedance" interval of an event of magnitude
R.

e = base of the Naperlan (or hyperbolic) logarithms.
Rg = true maximum or limiting value of the magnitude of
the flood or other phenomenon.
k, n = constants.
Values of k, n, and Rg may be determined from the :_Lower defi-
nitely located portion of the "exceedance" interval curve. For

Connecticu® River records (1843-1917), Horton gives:

0.54
R = 1.82 (1-e~0+255 t7°77,

3. E., W, Lane (Am. Soc. Civil Eng. Trans., vol. 89, p. 1051,
1926) derived an expression to represent the average interval between
floods of various magnitudes for New England rivers as

Q= K(log I 4+ B)
"™in which Q is the discharge in second-feet per square mile, which would
be equaled or exceeded on the average once in I years; K is a constant
for the statlion in question; and B is a constant for New England streams
and probably nearly constant for much larger area."

This expression was later shown to be capable of transformation
to a form similar to that of Fuller,

ez ca%® (1 4+ 0.8 10g T)

4, 8, L, Moyer has proposed a method for plotting a frequency
curve of floods, rainfall, or other hydrologic data (The rainfall hazard,
private manuscript, about 1929. See also Am. Soc. Civil Eng. Trans.,
vol. 93, pp. 907-919, 1929). His general frequency formula is

Pz 2
b-N
- T-1
where a =T+ 2-—'].-_72—--1
- T-1
b =T+ S5

¢ = a constant, to be evaluated for each problem.

- 2 20
¢ 23Ftrym

- 147
T Tt s
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Also Q = (¢c=4) e magnitude of flood,
where ce = upper limit, when F = co.
(c-1) e = lower limit, when F = 1.
differeénce between upper and lower limits.
3 35
I0F + F+ 49

In these formulas,

d , for rainfall and similar studies.

T = total number of items in the record series.

N = numerical order of any item, arranged in order of
increasing magnitude,

J = "basis of frequency distribution, or the average inter-
val in the count of opportunities in the sum total
of the chances, betwegn events exceeding the maximum
of T observations,"

F - frequency ox average interval between events of given
or exceeding magnitude.

Pz _%?,; probability or proportion of the total events
exceeding the magnitude of the given event.

5. W, P, Creager (Hydroelectric handbook, p. 55, 1927) pro=-

poses the following formula:

203
-0,04 A
- p0:5 | 2-¢""° _log 0,1 T log 0,1 T
QI cA [——————-3 (1 5 Y+ 3 :|

where Q = peak flood flow, in c.f.s.

A = drainasge ares, 1n square miles.

e = base of Naperien or hyperbolic logarithms.

T = frequency in yearé.

C - a coefflcient depending on characteristics of the
dralnage basin; 6,000 for areas having character-
istics most favorable to large floods.

Comments on flood-frequency formulas: The flood-frequency
formulas are closely related to the statistical or probability methods,
described under the next heading. The statistical methods as a rule do
not attempt to set up general formulas of flood frequency applicable to
any number of streams but are intended to be applied to the flow records
of individual rivers in order to determine the probability of occurrence
of floods of different magnitude as indicated by those particular records.

The flood~frequency formulas, on the other hand, are attempts to
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generallze the probabllity expressions so as to cover a large group of
streams, thereby eliminating the necessity for a detalled analysis of
each flow record and being applicable especlally to streams on which flow
records are lacking or few in number.

Fuller's formula 1s intended to give the "average maximum
flood™; the others give the flood "to be equaled or exceeded.®™ Fuller
says on this point (Am. Soc. Civil Eng. Trans., vol. 89, p. 1078, 1926):
"If it were desired to find the flood for which to design, so as to be
quite sure that the structure would fall within a given period, then the
flood that is equaled or exceeded in the period would be the proper one
to use., The writer's view of the matter, however, is that for the design
of the structure 1t ls desired to ascertain the flood for which there 1is
an even chance that it will not fail during the period, and for that
reason he used the average flood. It really matters little which method
is used, if the computer understands what he is doing." According to
1imited tests and observations, approximately the same results will be
obtained by either method, provided the value of T used with the
"equaled or exceeded™ method 1s twice that used in Fuller's method.

Adolph F. Meyer (Elements of hydrology, p. 345, 1917) says:
"When meteorological and hydrologlcal data are entirely wanting, so that
the cause of floods in the given stream cannot be studied, the use of
such formulas as Fuller's may be justifiable, in that they serve as a
rough guide."

The Fuller and Creager formulas for the flood to be expected
contain as variables the dralnage area and the tlme interval between
floods, The characteristics of the drainage area are covered by the co-
efficient, C. Fuller's formula gilves the 24-hour average expected flood,
which must be adjusted to give the momentary peak; Creager's formula
glves the momentary peak flow.

The Fuller and Creager formulas do not define or meke use of
an ultimate finlte maximum flood. The Horton and Moyer formulas assume
that there is such a maximum and proceed to use it. Wlth the Horton
formula the flood flow must be determined from the average flood (pre-
sumably the average of the annual floods). ' The ultimate maximum flood
and the average flood must be estimated from records on the stream con-
sidered, or on similar streams. Thus the Horton and Moyer formulas in-

volve the analysis of individual flood records to some extent,
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See also comments under "Curves of average intervals between
floods" (p. 58).

C. Statistical (or probability) methods

Under "statistical methods" have been included two general
types of methods for estimating the probabllity of flood occurrence
wherever sufficient data ame available for their applicetion:- (1)
"theoretical probability curves,” which are plotted from equatlons based
more or less on the general mathematical theory of probability; (2) the
"duration-curve method," which is a strictly graphic treatment of flood
records by use of duration curves. Under some conditions the results of
the second method may be expressed by an empirical formula.

1. Theoretical probability curves

The theoretical probability curves are all derived from some
type of theoretical frequency curve and are more or less closely related
to the "normal curve of error." The normal curve 1s symmetrical, how-
ever, v;hereas the frequency curves used in flood studies are generally
asymuetrical or "skew" curves. Many skew frequency curves or families
of curves have been proposed for statisticgl work, but only a few have
been applied to any extent in hydrology. The better-known methods are
listed below.

(a) Pearson's curves are a family of curves originally pro-
posed by Karl Pearson, of London, and have had extensive use in statisti-
cal and actuarial work. They have been subdivided into seven types, of
vwhich type 2 is a special case of type 1, and type 7 is the "normal
curve." Type 1 and type 3 have been put in a form convenlent for use in
hydraulic work, by H. Alden Foster (4Am. Soc. Civil Eng. Trans., vol. 87,
p. 142, 1924). An extension of Foster's tables 1s given in dlagrammatic
form by F. G. Switzer and H. G. Miller (Floods: Cornell Univ., Eng.
Exper. Sta., Bull. 13, pp. 4-6, Dec. 15, 1929).

The process involved in applying these curves to a particular
record consists in computing a "coefficient of variation"™ (CV) and "co-
efficient of skew"™ (CS) from the record, and from these coefficients,by
using suitable tabulated factors, plotting the corresponding theoretical
duration curve. The duration curve and the original data are plotted
generally on "probability paper" (which was originally developed by
Allen Hazen), and the theoretical curve is extended beyond the 1limits of
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the original record to obtain estimates of floods having any glven
probabllity of occurrence.

(b) Allen Hazen (Flood flows, p. 188, 1930) has developed a
table of factors for computing a theoretical duration curve by means of
the coefficlents CV and CS. The table was obtailned by empirical methods
but glves results closely similar to the Pearson tables. Hazen used
tables of this form in 1921 (Am. Soc. Clivil Eng. Trans., vol. 84, p.
219). Hazen's and Foster's methods are practically equivalent, except
as to the table of skew-curve factors to be used. Hazen's factors glve
somewhat higher values for the 'rare floods and hence are more conserva-
tive.

The Hazen method may be outlined as follows:

(1) Find the average of the annual floods, in c¢.f.s., and
compute the "flood coefficient," which expresses the relation of the
average flood to the size of the catchment area, by the following formu-
la, in which A = drainage area, in square miles.

Flood coefficient = mean flood
20:8

Hazen's "flood coefficient™ 1s the same as Fuller's C.
(2) Find the coefficilent of variation (CV) and the coefficlent

of skew (CS) of the annual floods. If & - recorded V:iue - mean gng n -
me.

number of items in record,
ov = EE
ne

CS (computed) = Zdz‘
(n-1) (cv)®

The computed CS should be adjusted to allow for influence of
the length of record, by multiplying by the factor F - 1 + —8—‘5—. (In
> n

5

using the Foster tables, F = 1 + —8-1.1_' for curves of type 3 and

L % for curves of type 1.)

(3) Using CV and the adjusted CS, the theoretical curve which
will represent the data is obtained by a set of factors, giving vari-
ations from the mean at certain percentages of time, the factors being

multiplied by the CV to give the desired values.
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(4) The theoretical flood curve (duration curve) so computed
1s plotted on probability paper, a logarithmic scale being generally used
for ordinates. The abscissas show "percent of time"™ or probability of
occurrence, The CV determines the general slope of the curve, and the CS
controls the point where it reaches the ordinate of mean flood and de-
termines the curvature of the line. In some cases, when the "adjusted
CS" results in a curve that does not fit the recorded data very well,
other values of CS are tried until a satisfactory fit 1s obtained. The
one finally selected is called the "graphic CS."™ The latter method
should always be used when the series of recorded values contains sever-
al zéro items.

(5) In estimating floods from curves the ordinate of the flood
duration curve at any glven percent of time gives the flood magnitude cor-
responding to the same percent chance of its occurrence. The "1 percent
chance flood" 1s a flow of water that will probably be exceeded on an
average In 1 percent of a whole number of years - that 1s, once in 100
years or 10 times in 1,000 years. The "1 percent chance flood" 1s often
called the "100-year flood."™ As dlscussed elsewhere in this report, the
100-year flood will be essentially related to the data on which 1ts de-
termination 1is based - annual floods, monthly floods, flood events, or
other selected data.

Difference in coefficients.- There are great variations in the

three coefficlents obtained from records of several streams, even in one
small part of the country, caused by (1) permanent conditions, depending
on peculiarities in the various catchment areas and in their rainfall,
climete, and storage, both natural and artificial; (2) temporary con-
ditions, due to the shortness of the record periods and to the effect of
chance, tending to decrease as the records become longer.

The flood coefficlent is increased by mountainous areas, im-
pervious soil, and high average rainfall and is decreased by storage,
natural or artificial. )

The CV is affected more nearly in the same degree by permanent
and temporary conditions; the ¢S is affected mostly by temporary con-
ditions.

4780—35——4
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In estimating the coefficlents for any glven stream, the
record of the stream itself, if available, should be considered, and
also the records of other streams as near and as fairly comparable as
can be found. Applications of the Fuller, Hazen, Foster, and Goodrich
methods to flood records of the Tennessee River at Chattanooga are made
by Thorndike Saville on pages 398 to 420.

(c) L. Standish Hall (Am. Soc. Civil Eng. Trans., vol. 84,
p. 191, 1921) proposed a method of plotting duration curves on a special
"hydraulic probabllity paper,™ in which the probability scale was ob-
tained grdphically from a duration curve representing yearly run-off on
35 California streams. In using this paper, any record is plotted as a
duration curve, and a straight line is drawn through or close to the
plotted points to give the theoretical duration curve. The paper was
found to give satisfactory results for many streams, except that some
having a high CV did not plot very well.

(d) R. D, Goodrich (Am. Soc. Civil Eng. Trans., vol. 91, Dp.
1, 1927) proposed a graphic method of plotting theoretical duration
curves by use of a special skew-frequency paper. The records are made
to plot as straight or approximately straight lines by adding or sub-
tracting an arbitrary constant from the recorded values., (For further
applications and refinements of this method see Harris, R. M., Straight
line treatment of hydraulic duration curves: Unlv. Washington, Enge.
Exper. Sta., Bull. 65, May 1932.) Goodrich's method is based on a
special equation for the theoretical duration curve. The use of the
formula, however, 1s optional, as the curve itself is obtained by an
entlirely graphic process, and the constants of thg formula are derived
from the plotted curve. Advantages of Goodrich's method are:

(1) It may be applied entirely by graphic processes.

(2) It is particularly useful for plotting short-term
records.

(3) It does not require extensive calculations, par-
ticularly for long-term records.

(4) It is applicable to different types of frequency
or duration curves.

Among the disadvantages ascribed to this method are its in-
definiteness and the flexibility of the resulting curves, which permit a
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closer fit to the plotted data than should be expected, or closer than
is significant in view of inherent errors and uncertalnties of the data.

Comments on theoretical probability curves: The methods noted
above are those which have been specifically proposed for use in hydro-
logic studies. Many other types of frequency curves have been used in
statistical work and could probably also be adapted to flood studies.

Je J. Slade, Jr., of Rutgers University, has developed a formula that has
interesting possibilities for englneering work; this was published in Am,.
Soc. Civil Eng. Proc., October 1934, p. 1119. Other references are:

Edgeworth, F. Y., Royal Statistical Soc. London Jour., vol. 69,
pp. 497-530, 1906.

Saville, Thorndike, Rainfall data interpreted by laws of proba-
bility: Eng. News, vol. 76, p. 1208, 1916.

Fisher, Arne, The mathematical theory of probabilities.

Fry, T. C., Probability and-its engineering uses.

Kapteyn and Van Uven, Skew-frequency curves in biology and
statistics (two papers), Groningen, Hoitsema Bros., 1916.

Ralph R, Randell (Am. Soec. Civil Eng., Proe., January 1928,

p. 205) gives several eriticisms of the theoretical methods:

(a) The theoretical equation may not express with sufficient
accuracy the true relationship during the period and within the range of
the observations, as determined by the data of record.

{b) The relationship for other periods or ranges mey not
follow the same equation or laws. Complications may be caused by planet-
ary or climatic cycles; by influence of storage, affecting one part of
the duration curve and not smother; or by the likelihood of occurrence of
humidity and temperature conditions favoring rain, which:affects the
whole curve.

{(c) Curves drawn by eye should give more reliable results, as
they can be made to fit the data near the limits of the region covered.

(d) Mathematical methods convey.false impressions of truth and
accuracy but are practically valueless for estimates involving very long
periods.

John Paul Dean (letter to N. C. Grover, May 4, 1927) considers
that the best use for frequency curves is in evaluating the expectancy of

frequent phenomena, as in deslign of cofferdams, roads, and structures.



52 FLOODS IN THE UNITED STATES

He questions whether the extension of any type of frequency curve made up
solely of records at a single station will give predictions of great
precision.

Je Jo Slade, Jr. (An asymmetric probability function: Am. Soc.
Civil Eng. Proc., vol. 60, pp. 1007-1023, 1934) shows that the normal
probability curve has much theoretical and experimental justification
under certain conditions and has been found very useful for scientific
work. In most engineering problems, however, the normal curve does not
apply. As the relation between positive and negative variations is not
known, various mathematical expressions mmust be tried out to find those
which best fit the data., The Pearson curves are based on a general
formula which merely says that the frequency has a maximum value and that
1t approaches the axis asymptotically as the frequency vanishes. This
results in a variety of types and requires the computation of the fourth
moment of the variations to permit determination of the proper type.

When the data are meager, a fourth moment 1s meaningless. (In Foster's
application of certain types of the Pearson curves, only three moments
are used.) MThe various skew functions, though no doubt including the
general theory of frequency functions within their scope, are too general
in character, Pearson's funétions remaining, in spite of all that may be
said against them, still the most useful."

Slade does not favor the use of'graphic methods. "The methods
convey to the eye a simplicity which does not really exlist. A straight
1line which seems to fit the data closely may not be a good fit at 2ll
when one remembers that small deviations in certain regions of the paper
may represent quite large errors.”

Apparently a prerequisite to practical use of the Slade method,
as in those of Horton and Goodrich, is the conception and the determi-
nation of an ultimate finite limiting magnitude of flood flow, or the
1limiting flood potentialities of the drainage basin., This item is
necessarily derived from a consideration of physical features of the area
or of comparable areas elsewhere. One method recently used for this
purpose with satisfactory results is the unit or distribution graph, de-
scribed beyond. After this value has been determined, the Slade method
is capable of allocating what seem to be reasonably acceptable frequency

positions to flood events of a lesser order.
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R. D. Goodrich (Am. Soc. Civil Eng. Trans., vol. 91, p. 93,
1927) quotes several criticisms of the mathematical basis of Pearson's
curves. This question is also discussed by Foster (Am. Soc. Civil Eng.
Trans., vol. 91, p. 44, 1927).

The use of theoretical frequency curves in hydrologic studies
will probably never be as satisfactory as in statistical work, owing in
considerable part to the generally scanty data available. The choice of
method must depend not so much on its mathematical development as on con-
venience in use and the closeness with which the theoretical curve fits
the recorded data.

There 1s some difference of opinion as to whether there is an
ultimate limit to floods. With the Pearson ecurves, type 1 includes an
upper limit, but type 3 has no upper limit. Hazen's table involves no
upper limit. Goodrich's method generally requires only a lower limit.
Horton considers that there is a definite upper limiting flood on any
given stream, as the amount of rainfall that can be produced at a given
place in a given time interval has a natural limit. On the other hand,
as pointed out by Hazen, a frequency study based on flood records cover-
ing a short period of years may give no indication of the ultimate possi-
ble flood, so that there 1s always some possibility that any assumed rate
of flow may be exceeded. Hence, greater safety in design is insured by
not considering any upper limit in plotting the duration curve.

The California Department of Public Works (Flow in California
stréams: Bull. 5, ch. 5, 1923) concluded, after a study of flood flows
in 140 streams, that the maximum flood had not occurred in any stream of
the State since the coming of the white man and that the greatest flood
yet observed in any of the streams may be exceeded at any time, but only
at intervals that are increasingly long as the magnitude of the flood is
greater,

2. The duration-curve method

"By the duration curve is meant a curve that shows on the per-
centage scale the proportion of time in which given limits of flow are
exceeded. The curve 1s frequently drawn to cover the entire range of
flows from the lowest to the highest. Duration curves serve a variety of
uses in hydraulic calculations and are very commonly made aside from the

study of flood flows." - Hagzen. (For a discussion of these curves in
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general, see Foster, H. A.,, Duration curves: Am, Soc. Civil Eng. Proc.,
October 1933, p. 1223.)

The group of flood-study methods covered by this classification
all attempt to obtain a duration curve of flood flows directly from the
recorded data, without the use of any theoretlical frequency or proba-
bility formula. The duration curve 1s sometimes expressed as an equatlon,
which 1s entirely empiricai and represents only the upper end of the
duration series.

Methods of selecting data.- Three methods of selecting data for

flood studies have been in common use:

{a) Annual flood method (recommended by Hazen): The one
highest flood flow in each year (elther 24-hour average or peak flow) is
recorded, and these figures are arranged in order of magnitude and plotted
as a duration curve. This method 1s also sultable for analysis by theo-
retical probabllity curves.

(b) Basic stage methods: A certain rate of discharge 1s
adopted as the minimum flood, or "baslc stage," for the glven stream,
The floods in excess of thils rate are tabulated to obtain the duration
curve., Two methods of selecting the floods from the record have been
used - (1) the complete duration seriles, in which all dally flows equal
to or exceeding the baslec stage are included; (2) the partial duration
series (individual floods), in which the greatest dally flow (or peak
flow) occurring in each flood 1s listed, only one flood being used for
each more or less arbltrarily selected storm period,

(¢c) The complete duration series (recommended by Hazen, Flood
flows, p. 107) 1s really a detalled analysis of the upper end of a com-~
plete dally~flow duratlion curve for the entire period of record. The
"tail end" of the duration or frequency curve, above & baslc stage, 1s
plotted in such a way as to magnify the probability (or percent of time)
scale, so that the separate flood items can be shown. All the l~day
flows above the basic stage are plotted in order of magnitude, the
percent of time being computed with reference to the whole number of days
in the record period. After the few highest terms are plotted, the
others may be treated as averages of groups of convenlent size. The
lowest of the four curves in figure 3, page 75, lllustrates the use of a
dally flow duration series above a glven basic stage. Figure 7, page 87,

11lustrates the use of a complete daily flow duration series of flood data.



METHODS FOR ESTIMATING FLOODS 55

If n = number of years in record-period, 365n = number of days
in record period, and m = relative position of any glven day's flow in

the duration series, then 100 x ziggln = percent of time at which the

given flood is plotted in the complete daily-flow duration curve.

The "10-year flood" or "10 percent chance flood" will be found
at the decimal position corresponding to the reciprocal of the number of
days in 10 years, or at 100 x TU’%‘EEE Z 0.0274 percent, The "100-year

flood" or "1 percent chance flood"™ will be at 0.00274 percent, etc.

The data may be plotted on logarithmic, semilogarithmic, loga-
rithmic-probabllity, or arithmetic-probabllity paper. Plotting will best
be made by showing the flood quantity in c.f.s. MAll these methods of
plotting should check closely for the 10 percent chance flood and with
records of 20 years and over will give results that do not differ widely
for the 1 percent chance flood., For less frequent floods the estimates
will diverge according to the method followed." Logarithmic paper will
usually give higher results, and semilogarithmic paper lower results,
than the logarithmic-probability paper.

The serles of floods selected by this method should not be
treated as a full duratlon serles, as 1t 1s only one end of such a series.
Therefore the theoretical probabilfty methods cannot be used in the
analysis, The duration curve must be obtained by graphic means, or as an
empirical curve to fit the actual data.

John Paul Dean (Captain, Corps of Engineers, U, S. Army) has
proposed a formula to represent this basic-stage duration curve (letter
to N. C. Grover, May 4, 1927):

Q - A (1-R log (2n-1) 4+ R log 2T)

where Q = magnitude of flood, in units of flow.

A = the "average annual flood" or the flood which 1is
exceeded once a year on the average in a long record;
or it is that value of Q which corresponds to the
absclssa (2n-1 £ 2T).

T = number of years in the observed record.

n = total number of floods above the basic stage.

R =z —%— « {C = the increase in Q in one logarithmic cycle
of the abscissa, as between the l-year and the 10~

year floods.)
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Dean's formula plots as & mtraight line on semllogarithmic
paper, the uniform scale being used for Q and the logarithmic scale for

f = -35%1- , the number of floods per year that exceed Q.

The partial duration series (plotting individual floods) has
been rather commonly used for presenting flood records. It was used by
the research committee of the American Society of Civil Engineers on
flood-protection data. Other examples of this method are:

Flow in California streams: Csaslifornia Dept. Public Works
Bull. 5, ch. 5, 1923; The control of floods by reservoirs: Bull. 14,
lo28,

F, G. Switzer (Probability of flood flows: Am, Soc. Civil Eng.
Proc., April 1927, p. 563): "A 1list was made containing the maximum 24-
hour flood for every storm that caused & pesk flow in excess of an arbi-
trary value. These data were arranged to obtain a frequency curve, from
which & probability curve was obtained. For plotting the probability
curves, the coefficients as given by IMr. Foster were used.”

W. P. Creager (Hydroelectric handbook, ch. 5, 1927): "A single
flood, for use in frequency studies, may be defined as an increase in
flow above an assumed basic stage, irrespective of the number of days
sbove that stage or the number of pesks and valleys in the flow before
the discharge sgain receded below the basic stage. The choice of basic
stage iInfluences the number of floods to be considered. In genersl, a
basic stage equal to or slightly lower than the lowest maximum yearly
flood is recommended." Creager treats this flood series like a complete
duration series, from zero to 100 percent of time, and applies the theo-
retlcal probability methods to his basic-stage tabulation.

The partlal duration series 1is not a true probability or
frequency series, The 1tems do not furnish a proper "sample" of the
higher flows, as they occur at irregulsr intervals of time. They have no
real average frequency of occurrence. In contrast, the yearly floods, or
the monthly floods (one in each month of record), furnish s true frequen-
cy series, as they are selected at uniform intervals of time.

The complete duration series is part of a true frequency series
and can be plotted to show one end of a true duration curve., The partisl
duration series, though resembling the complete series in form, can only

give an spproximation to a true duration curve.
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It is theoretically incorrect to subject either the partial or
the complete duration series to the mathematical processes involved 1In
the theoretical probability methods. Hazen (Flood flows, p. 108) says:
"These (probability) methods should not be applied to such data, because
the numbers selected do not form a proper series, When floods are
selected with reference to their size and without regard to the time of
their recurrence, the numbers representing them do not form a series to
which probability methods can be expected to apply. Such data should be
subjected to graphic methods and graphic methods only." (See also dis-
cussion of this polnt by Sigurd Eliassen, Am. Soc. Civil Eng. Proc.,
August 1927, p. 1305.)

Switzer (Floods: Cornell Univ., Eng. Exper, Sta., Bull. 13,

p. 3, 1929) claims that "the results from the use of all daily flows

are substantially the same as those obtalned from the use of peak flows
only, so long as the exclusion of smaller floods does not reduce the
number of data too much to permit of curve definition." Switzer treated
each of his flood tabulatlons as a complete duration series, distributed
from O to 100 percent of time.

The partlal duration series may be considered a listing of all
individual flood events, without reference to limitations of time, as,
for example, by selecting the highest flood in the month or year. This
method is actractive in that it requires less work in tabulating the data
and has already been considerably used by the engineering profession and
for those reasons was adopted 1ln compiling the records of floods published
in thils report,

Selection of basic stage: If the complete duration series is
used, the cholce of a basic stage 1s entirely arbitrary. Enough items
should be iIncluded to enable plotting of the end of the duration curve
with sufficlent accuracy. If too low a basic stage 1s used, the work
will be increased unnecessarily, with no corresponding increase of accu-
racy in defining the curve. One or two hundred terms should ordinarily
be reasonably sufficlent for thls purpose. If all flows in excess of the
minimum annual flood are included, the same tabulation may be used to
1ist the "annual floods." But for a long record, the minimum annual
flood may be too small to use as baslc stage. The baslc stage for each
gaging statlon as adopted for chronological listings of flood data in

table 3 was determined with reference to the foregoing considerations.
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Theoretical va. empirical duration curves.- There is some

difference of opinion as to whether better results are obtained by mse of
theoretical probability curves and factors or by the empirical duration
curve - that is, as to which of the two general statistical methods is to
be preferred. According to Hazen, "There is no reason why results ob-
tained by it (the empirical duration curve) should not be as accurate as
those obtalned by the procedure previously described (probability method).
Divergences will commence as the lines are carried by extrapolation away
from the actual data and therefore become less certain.™

Creager (Hydroelectric handbook, ps. 43) states: "In the yearly-
flood method, many floods that should be considered in a true proba-
bility study are excluded. The method involves considerably less work
than the true or basic-stage method but should only be used for approxi-
mate calculations.®

The objection to the amnual-flood method as not giving enough
items to define a satisfactory curve may be partly overcome by using
monthly floods instead.

Some englneers prefer strictly graphic methods, as permitting
an opportunity to adjust the curve more readily to the recorded data.
Others consider that the theoretical probability methods or formulas can
be used as guides 1n constructing the duration curve, thereby eliminating
errors due to personal judgment.

Curves of average intervals between floods.- This method of

showing the probability of occurrence of floods has had comsiderable use.
It may be called the ¥California method,™ as 1t was used by the Cali-
fornla State Department of Public Works (Flow in California streams:
Bull. 5, ch. 6, 1923). It i1s closely related to the duration-curve
methods, except that Instead of plotting the floods against the percent
of time or probability of their occurrence, they are plotted against
their probable frequency of occurrence in 100 years. Sometimes the aver-
age Interval (in years) between floods of a given value is used. These
two methods are equivalent, as the flood that may be expected once every
20 years is the flood that occurs with an average freghency of five times
in 100 years.

However, there 1s an important difference between the duration
curve as usually plotted and the frequency curve as used in the

®California method.’
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Let m = relative position of any flood 1ltem, when the floods

are listed in decreasing order of magnitude.

n = total number of ltems in the record.

¥ = number of years in the record.

g = number of flood items in any group, when the floods
are grouped for convenience in plotting.

Then, in the usual dwration-curve method, the percent of time
at which any flood, or group of floods, is plotted, 1s found by the

formula

100 x {m = 0.5 g)
n

This 1s equivalent to plotting each flood (or group of floods) at the
midpoint of the dlvision of the percent of time axis that represents that
group. If there are 200 ltems in the series, each item represents %%8 or
0.5 percent of time; and the first item is plotted at the midpoint of 0.5
percent of time, or at 0.25 percent of time. The curve shows the floods
that are "equaled or exceeded,™ with a given probability of occurrence in
a long-term record.

The theoretical basis for this method of plotting is the as-
sumption that a given record covering a few years 1s a true sample of a
much longer record. In a 1l0-year record, the largest item will represent
10 percent of time. If the record covered 100 years, it would be expected
that of the 10 highest 1tems some would be greater and some smaller than
the original 10-year maximum, which would come approximately in the middle
of the group of 10 items, In other words, the maximum item of the 10-
year record should be plotted at 5 percent instead of 10 percent of time,
in order to obtaln a smooth duration curve typilcal of a long-term record.
(See Foster, H. A,, Duration curves: Am, Soc. Civil Eng. Proec., October
1933, p. 1223,)

In the "California method" as generally used the frequency of
occurrence (in 100 years) of any flood in the record is taken as 100 x
% . The maximum flood thus ocecurs % times in 100 years; the second
1tem occurs 100 x _:27_. times 1n 100 years, etc, If there are 30 floods in
10 years, the maximum flood will be plotted at a frequency of 10 times in '
100 years, and the smallest flood at 300 times in 100 years. These are
the floods which, under this method, are assumed to be "equaled or

exceeded," as shown by the given record.
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If, now, thls l0-year curve is extended to cover 100 years, it
i1s assumed to represent 300 insteed of 30 items. The first 9 items (as
scaled from the extended curve) all have a frequency of occurrence (per
100 years) of less than 10, and they are all shown as being greater in
value than the tenth item, which is the maximum of the original 10-year
record. In other words, this method of plotting assumes that in & 100~
year record the 9 largest i1tems are all greater than the maximum in a
single 10-year record. Obviously, this is not in accord with the basic
gssumptions of the duration-curve method.

The distinction may be expressed in another way. The duration-
curve method shows the flood that is expected to be "equaléd or exceeded"
with any given probabliity over a long term of years. The *California
method® as originally published shows & flood of such magnitude that
there 1s an even chance that in any given period of years the maximum
flood will be greater or less than the flood shown - that i1s, it shows
the most probable flood magnitude.

To place the "California method" on a basis equivalent to the
duration curve method, the data should first be plotted at mid-intervsal,
as above 1ndiceted for the latter method, and the percent of time used
for plotting any given item should be multiplied by -% « That is,
instead of plotting percent of time with a base of 100 percent = n items,
the floods are plotted as occurrences per 100 years, with a base of y
years. Hence, the position for plotting any given item will be 100 x
P.‘..;_g_'iﬁ » as frequency of occurrence per 100 years.

The 5~year flood will have a frequency of 20 per 100 years.,

10-year flood will have a frequency of 10 per 100 years.
100-year flood will have a frequency of 1 per 100 years.
1000-year flood will have & frequency of 0.1 per 100 years.

This "modified Californis method" shounld give practically the
same results as the duration-curve method, It may be applied to eilther
the annual floods, partial flood serieés, or complete flood series.

The dlscrepancy between the original "Californis method" and
the duratlon-curve method has frequently been a source of confusion to
engineers who have attempted to apply both methods to amalysis of flood
records. It seems quite likely that a similar discrepancy may exist
respecting some of the flood-frequency formmlas. Fullerts formula was
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definitely based on the plotting of average maximum floods, instead of
floods "equaled or exceeded," which would tend to increase the flood
rates, in addition to the discrepancy noted above. Fuller's formula_,
therefore, should give appreciably higher values than the duratlion-curve
method. If the other flood-frequency formulas were obtained by a method
of plotting similar to that used in the "California method," they should
be considered as glving the "most probable flood" rather thean the flood
"equaled or exceeded,™

D. Methods dependent on relation of rainfall to run-off

An lmportant group of methods for estimating flood flows 1is
presented by the so-called "rational™ or synthetic methods of computing
stream flow from rainfall records. A detailed comparison of these
methods 18 outside the scope of the present study. In brief, their pur-
pose 1s to take a given or assumed rainfall record and from it construect
& hydrograph of river flow.

The relation of these methods to the study of flood frequency
depends on & determination of* the fréquency of occurrence of storms of
various megnitudes and durations., The most instructive atudy of this
nature was that of the Miami Conservancy District (Storm rainfall of
eastern United States: Tech. Repts., pt. 5, 1917). The "rational® meth-
od, so called, 1is based on the assumption that the maximum rate of flow
from a certaln average rainfall intensity on the drainage basin is pro-
duced by that rainfall which 1s maintained for a time equal to the period
of concentration of flow at the measuring station. This, as usually ac-
cepted, is the time required for the surface run-off from the most remote
part of the drainage area to reach the point of observation. Consider-
atlons of frequency of occurrence enter into the selection of the rain-
fall intensity to be applied. This depends on the further assumption
that the greater intensitlies, which may prevall for shorter periods, and
likewlse lower intensities, corresponding to longer periods, would be in-
capable of producing a flood crest as great as the one for the critical
period as above defined. For the shorter periods of more intense rain-
fall only a portion of the drainage basin would be contributing to the
flood crest, and for the longer periods of less intense rainfall earlier

components would have passed the point of observation.
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The formule used in connection with this method 1s one of the
most convenient yet devised for showing the relation of rainfall to maxi-
mum expected run-off from areas within the range of its proper use, as
follows:

QescCcia
where Q = maximum run-off, in c.f.s.

C = the percentage of average rainfall appearing as run~off
at the end of the prescribed period at the point of
observation.

1 = average rainfall intensity prevailing during the period,
in inches per hour.

A = drainsge area in acres.

This formula is simplified by the coincidence that 1 acre-inch is very

closely equivalent to 1 c.fes. for 1 hour.

Miami Conservancy District study

All United States rainfall records prior to January 1, 1915,
were scanned for storms in which the average precipitation equaled or ex-
ceeded 1 inch per 24 hours. The United States east of the 103d meridien
was divided into 2° quadrangles. The number of stations per quadrangle
varied from 75 to 5, with an average of 25.

The frequency of excessive precipitation is the average length
of period, in years, during which the phenomenon has happened only once;
or, as dealt with in the Miami Conservancy District reports, the length
of time within which the rainfall of & given intensity is reached or ex-
ceeded once, on the average. Each quadrangle was treated as a unit; the
records at all stations within the quadrangle were averaged, each station
being weighted according to the number of years of its record. M"Thus the
records at all the stations are combined and treated in some respects as
equivalent to a record at a single station extending over & period as
long as the aggregate of all the years of record at the separate
stations.”

The "pluvial index" for any quadrangle equals the depth of rain-
fall that will probably be equaled or exceeded at any point in the quad-
rangle once in a given number of years. Pluvial indexes for each
quadrangle for reins lasting 1 to 6 days were computed for periods of

100, 50, 25, and 15 years. These are shown on maps, with isopluvial
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lines for successive l-inch depths of rainfall. (The map for 100-year 1-
day rainfall has been extended by F., G. Switzer to cover the entire
United States. See Cornell Univ., Eng. Exper. Sta., Bull. 13, p. 10,
1929.)

The study of great storms included all storms wlth 3-dey pre-
ciplitation records equaling or exceeding 6 inches at not less than five
stations and included 160 storms, between 1892 and 1916, They were ar-
ranged in order of size, on the basis of the fifth highest 3-day precipi-
tatlon record. The storms were also plotted by months, to show the
season of occurrence of éach storm., The geographic distribution was
shown by plotting 6-inch lsohyetals for the maximum 3-day period of each
storm, grouped on maps by quarters of the year., The maps show a marked
variation in storm types with reference to location and season.

Curves showing the time-area-depth relations of 33 storms were
computed by the following process:

(1) Rainfall data were assembled.

(2) Dates of greatest l-day, 2-day, etc., rainfall were
determined.

(3) Rainfall figures were plotted on large-scale map.

(4) Isohyetals were drawn.

(56) Areas within lsohyetals were meamsured.

(6) Average depth within each isohyetal was computed.

(7) Time-area-depth curves were drawn on coordinate
paper (area in square miles vs. average depth
of rainfall).

These curves show that almost invariably more than half of the
total storm rainfall occurs on the day of maximum fall., Tables are in-
cluded giving average depth of preciplitation for areas of 1, 500, 1,000,
2,000, 4,000, and 6,000 square miles for each of the storms during the
maximum consecutive perlods of 1 to 5 days.

For each month and year, 1888 to 1916, the average rainfall
over the eastern United States was plotted. A similar study was made for
Illinols, Indiana, Ohic, Kentucky, and West Virginia. Very little evi-
dence of any cyclic nature of rainfall was noted. Variations in total

annual rainfall depend chlefly upon the occurrence of great storms.
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From records of floods in the Danube at Vienna (900 years), in
the Seine at Paris (300 years), and in the Tiber at Rome (1,500 years),
it appears that the greatest flood of 1,000 years 1s not much in excess
of the greatest in 100 years.

Comments on the Miami Conservancy District studies: The
"pluvial index" gives the rate of rainfall that may be expected to be
"equaled or exceeded" at a given station once in the given number of
years. The method of combining the records in a given quadrangle to ob-
tain an equivalent long-term record has been criticized by certain
writers as not giving a true indication of the influence of length of
record.

The "pluvial index" is based on rainfall records of single sta-
tions., As average rates of rainfall tend to decrease as the area affected
increases, some writers have claimed that these Indexes should be adjusted
when used to indicate rainfall rates over extensive dralnage areas.
Examples of such corrections may be found in the following papers:

Hazen, Allen, The frequency of high rates of rainfall:

Eng. News-Record, vol. 87, p. 858, 1921.
Creager, W. P., Hydroelectric handbook, p. 14, 1927.
Switzer, F. G., and Miller, H. G., Floods: Cornell Univ.,
Eng. Exper. Sta., Bull. 13, 1929.

Rainfall probability
The theoretical or graphic probability methods have been used
to some extent for analysis of rainfall, particularly annual rainfall
records. Outside of the work of the Miami Conservancy District, the
application of probability methods to storm records has been relatively
slight. )
Factors to be used in the general equation for average rainfall

intensity, 1 = K - , for the eastern United States have been developed
t

by Merrill M, Bernard (Am. Soc. Civil Eng. Trans., vol. 96, p. 592, 1932)

and are presented in the form of ischyetal charts having application to
rainfall duration periods ranging from 2 hours to 4 days. This work com-
bines the researches of the Mlami Conservancy District with those of
Adolph F. Meyer.
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Unit-hydrograph method

The unit-hydrograph method is a procedure for determining the
rates of gsurface run-off from a particular basin, by analogy, from ob-
gerved rainfalls and the corresponding observed hydrographs of surface
run-off from the same basin. The hypothesis upon which the method is
based is that in a given drainage basin surface run-off from rainfall
oceurring in a unit of time will produce hydrographs of approximately
equal bases and with ordinates varying with the quantity of rainfall
minus infiltration and other subtractions. The method is comparatively
new, having been originated by L. K. Sherman in 1932 and amplified by
Merrill M. Bernard in 1934. In its present state of development it is
found to be particularly valuable in the study of floods, especially
those produced by storms of unusual magnitude.

It is hoped that ultimately procedure will be developed that
will make it possible to estimate more accurately the run-off coeffi-
cient, or deduction for infiltration, etc., necessary to the utilization
of the method, the objective belng to produce the hydrograph of surface
run-of f from a knowledge of rainfall and antecedent surface soll condi-
tions. This method and its developments appear to be among the most
valuable recent contributions to the science and practical application
of hydrology.

Among the drainage basins on which this method of analysis has
been applied, particularly with reference to run-off from severe storms,
ara those of the French Broad River at Dandridge, Tenn.; the Muskingum
River at Dresden, Ohio; the Red River near Denison, Tex.; the Wabash
River at Logansport, Ind.; the Skunk River at Augusta, Iowa; the Kansas
River at Kansas City, Mo.; the Delaware River at Port Jervis, N. Y.; and
the Susquehanna River at Towanda, Pa,

The investigation of the unit hydrograph has been conducted as
part of the study of relations between rainfall and run-off, and the de-
talled description of such investigation is presented in the report of
that studys. A digest of the method and its application to estimates of
flood flow, as prepared by Mr. Bernard, appears on pages 451 to 461 of

this report.

# (U, S. Geol. Survey Water-Supply Paper 772).

478 0—356——5
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E. Method for estimating peak flow from 24-hour average flow

Although engineers are in general particularly interested in
determining what the maximum rate of flood run-off will be at a glven lo-
cation, the records of floods as usually published do not give the in-
stantaneous peak flow (except for isolated days), but rather each daily
average flow throughouﬁ the flood event. In recent years the instal-
lation of automatic recording gages at numerqus stations has made it
possible to determine the crest rate of any flood flow covered by the
record. The scarcity of published records of momentary flood peals has
hitherto made 1t necessary in any general study of floods to base the in-
vestigation on daily average flows., It 1s therefore important to estab-
1lish, if possible, some relation between daily average flood rates and
instantaneous flood peasks. This would obviously assist in the reverse
process of estimating the daily average flows from momentary flood pesks,
if occasion should arise.

On any stream the maximum average dally flow will not neces-
sarily occur on the same day as the maximum instantaneous peak flow. As
a8 flood study will be concerned largely with maximum discharge rates, as
well as with average daily flows, it will not always suffice to determine
the relation between the peak and the average of the same day, but rather
it may be necessary to consider the relation between the meximum dis-
charge rate and the maximum daily average for any flcod event, or year,
or perlod of years, regardless of the day on which the peak occurs.
Rarely, if ever, is the momentary peak flow farther removed from the
maximum average daily flow than 1 or 2 days, on streams thus far investi~
gated.

The most important study of this question hitherto published
was made by Weston E. Fuller (Am. Soc. Civil Eng. Trans., vol. 77, pp.
564-694, 1914). He was sble to find only 26 flow records from which the

comparison could be made, on the basis of which he derived the formula

Qmax = Q (1 + 2 470:%)
giving the relation between crest flow and daily average flow (Q) in
terms of the drailnage area (A).
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Fuller's formula has been rather widely used but i1s at best
admittedly approximate, and furthermore 1s based on meager data. Further
study of this question 1s greatly needed, to utilize the extensive data
which later became avallable. As a step in this direction, a speclal
study was Initiated under this project, as described elsewhere in this
report and particularly under the heading of "Momentary flood peaks and

other flow characteristics of flood rises,™ pages 90 to 113,
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The special study of floods reported in this volume has included
a review not only of the available data on flood flow but also of several
methods ordinarily employed in thelr analysis and interpretation. Among
the first undertakings of this project were llists of references to related
literature and a brief description of methods for estimating floods. Both
of these compilations were distributed to members of advisory committees,
to notable technical writers in this field, and to several other engineers
and consultants. In this manner fairly representative cross sectlions of
technical literature and of current trends and practices were obtained,
which brought prominently into view the divergences of concepts and pro-
cedures relating to flood~-flow statistics and their anelysis.

In an effort to evaluate the various methods of approach, many
test stations were selected, representing both a wide geographic distri-
bution and a wide diversity of run~-off and flood-flow characteristics.

Various significant elements of the available records were
treated by different empirical flood formulas, and the results were plot-
ted on cross-section charts of various types for comparison. Some of the
arrays of flood data were subjected to statistical and mathematical treat-
ment, and also to graphic methods, in order to develop and compare the
probable trends of the date for extension to magnitudes and frequencies
beyond the limits shown by the record period.

In the review of technical literature and methods relating to
estimation and analysis of flood flows 1t became apparent that usages and
viewpoints are not as nearly uniform as would seem to be attainable and
desirable. A speclal effort was therefore made to select such methods and
procedures as conform to approved practice among some of the investigators
who are well equipped and experienced in this particular field. Moreover,
it was made 2 primary requirement that the assumptions and procedures
adopted should be consistent with one another and capable of justification
either upon logical grounds or upon the basis of broasd observation and
experience.

Of necessity the various steps in the procedures and methods
described herein coincide for the most part with well-established prac-
tice; the slight innovations or departures in minor details, the order of

68



EXAMPLES OF PROCEDURE FOR ANALYZING FLOOD FLOWS 69

arrangement as adopted in the following pages, and the elementary treat-
ment of the different subjects are the only new contributions. This chap-
ter is mainly a brief discussion of various methods and their use in the
analysis of floods, particularly as related to their perlodicities and
corresponding magnitudes, the selection and welghting of representative
datae, and the interpretation of results. Furthermore, it 1s intended as
an exposition of processes and methods that have become more or less wide-

1y used, rather than an indicator of relative merit among such methods.

Symbols
The following symbols are used in statistical investigations.
Definitions of the terms are given on pages 461 to 466.

m = Serial number, or summation of all ltems from the be-
ginning of a serles, arranged in decreasing order
of magnituds.

n = Total number of items included for consideration; the
maximum limiting value of m.

¥ = Number of years included for analysis of records.

g = Number of items (such as floods) in a group, where
data are grouped for convenlence in plotting.

v = Variation (or deviation).

SV - Standard variation (or deviation).

CV = Coefficient of variation (or deviation).

CS = Coeffilcient of skew.

CScomp = Computed coefficient of skew.
Csadj = Adjusted coefficlent of skew, to compensate for the
varying number of terms.

p.e. = Probable error.
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Fundamental methods for analyzing flood datas

Statistical arrays

1. Annual flood. The maximum daily flows for every year during
the period of record are arranged in descending order of magnitude and
plotted as a cumulative frequency curve (discussed on p. 73) - that is,
the flood flows are plotted against the cumulative percentages of t{ime.
The percentage of time for each item is 100 times the ratio of one year to
the total number of years in the record., However, the plotting occurs at
mid-intervals, as more fully explained below, under "Plotting procedures."
The percentage for plotting is 100 (m -no.Sg[ , Where n = y = number of

items (years) in the record. If the data are not grouped, g = 1 and the
expression reduces to 100 (m - 0.5). By multiplying both numerator and
n

denominator by 2, the expression becomes 100 (2m-1) which is the form used

by Hazen and Foster.

2. Monthly flood. The maximum daily flows for each month dur=-
ing the record period are arranged in descending order of magnitude and
plotted as a cumulative frequency curve. The percentage of time for each
item 13 the ratlio of une month to the total number of months in the period
of record., The percentage for plotting = 100 (m -~ O.5g) , where n = 12 y.

n

If the inclusion of all monthly maxima encumbers the array with many flows
of little or no significence respecting flood occurrence, the 1list may be
limited to flows above some basic stage or magnitude. Such a partial list
would not, of course, represent a complete time series.

3. Dally flow., The daily flows above some stated magnitude
(21l daily flows might be used if desired) are arranged in descending
order of magnitude and plotted as a cumulative frequency curve. The per-
centage of time for each item is the ratio of one day to the total number
of days in the record (not the number of days in the series used, which
represent only flows above the stated magnitude). The resulting graph is
only the upper end of a complete daily duration curve. The percentage for
plotting is 100 (m -n0.552 , where n = 365 y plus the number of leap years

in the record.

# For definitlions of terms see pp. 462-467.
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4. Flood event or partlal serlies. The maxlmum daily flows oc-
curring in all flood events during the period of record are arranged in
descending order of magnitude and plotted as a cumulative frequency curve.
The percentage for each item 1s 100 times the ratio of one to the total
number of 1tems. The percentage for plotting (percentage of flood peaks,
representing flood events, not percentage of time) 1s 100 (m - 0.5g) »

n

where n = number of flood events in the array. Ordinarily some limit of
stage or flow can be fixed below which flood peaks have very little sig-
nificance. The more significant items of the partial series can be con-
sidered by omltting flood peaks below a selected base and treating the
remaining series by the procedure outlined in the next paragraph.

5. Average number of flood events per century (modified Cali-
fornia method). An array identical with that of the method based on flood
events or partial series 1s formed, except that only flood peaks above '
some selected base need be conslidered. The number of flood events per

century as obtained by the formula 100 (m - 0.5g) 1s plotted against the
v

dlscharge corresponding to the flood peak having serial number m. This is
similar to the formula given by Hazen# for plotting arrays of this type,
but hls formula is based on the number of flood events per year, instead

of per century.

Graphic methods for analysis of flood flow data

Among the graphic devices that have been widely used in the
study of stream-flow data is the hydrograph of discharge, which deplcts
the average flows by days, weeks, months, years, or other time intervals
as ordlnates, plotted chronologically against such time units. An example
of such a hydrograph based on dally average flow 1s shown on figure 6,
with distinctive marks for the varlous classes of flood data, such as
annual floods, monthly floods, and flood events.

One of the ways of utilizing the data portrayed by the hydro-
graph, particularly as related to flood events, is by the frequency curve,
which shows the number of flood occurrences (g) in the successive groups
within prescribed 1limits of magnitude of discharge. Figure 1 includes

some of the types of graphic representatlion relating to frequency curves.

# Hagen, Allen, Flood flows, p. 107, New York, 1930.
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The subdivisions of the abscissa scale are so determined as to
give a convenient number of classes into which the observed data may be
grouped, in order to reduce the labor of plotting individual items.

Figure 1, a, is a frequency distribution histogram or block diagram on
which the ordinates show the number of observed events for each designated
interval on the scale of discharge magnitude.

From the frequency distribution histogram above described, a
smooth frequency curve (fig. 1, b) may be derived by aeny one of various
statistical and mathematical methods, such as those of Pearson, Hazen,
Foster, Goodrich, and Slade, or by sketching in a curve by eye and then
smoothing or adjusting it to suit the personal judgment respecting satis-
factory fit. One of the properties of the frequency curve is that the
ares between the curve and the axis of absclssas within any magnitude
interval is proportional to the number of occurrences within that range of
magnitude. It therefore follows that the mid-ordinate of each magnitude
interval is proportional to the freqguency or number of observed occur-
rences within those limits except for the effect of curvature, usually of
small amount and readily taken into account if desired. If the data are
numerous or the magnitude interval is sufficlently large, the ordinates of
the frequency curve ordinarily increase continuously from the initisl
point on the abscissa axis to a maximum called the "mode," representing
the magnitude where occurrence is most frequent., Beyond the mode the
slope 1s downward to the intersection with the axls at some point indi-
cating the 1imit of magnitude and generally impracticable to determine
with close accuracy.

If the successive values of frequency curve ordinates corre-
sponding to the successive intervals on the magnitude scale are added pro-
gressively and plotted! a cumulative frequency curve 1s obtalned, as in
figure 1, c. This curve shows the total number of items which are smaller
(or larger) than any given amount. A cumulative frequency curve that
indicates the length of time or the percentage of time during which an
event of a gilven magnitude (a daily flow, for example) has been equaled or
exceeded is lmown as a "duration curve.® Figures 3 to 5 illustrate
the use of a curve closely related to and derivable from the cumulative
frequency curve, showing the number of flood occurrences per century with
daily average dlscharges equal to or greater than each successive flood
magnitude.
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Flgure 3 shows for the Susquehanna River at Harrisburg, Pa.,
the plotted points and the resulting curves from flood data of four dif-
ferent types, described in the foregoling pages asnd referred to later as
annual, monthly, and partial seriles, or flood events, and complete dally
flow duration series. These curves occupy so nearly the same positions
for the higher magnitudes as to make it lmpracticable to show them all on
a single cross-section chart. The divergences of the curves are more or
less pronounced among the lower magnitudes, in the left half of the fig-
ure, the curves based on the more numerous data being in the higher posi-
tions.

Figure 4 shows the relation between flood frequency and magni-
tude as observed at selected stations of the Susquehanna River system,
(a) expressed in second-feet and (b) expressed as second-feet per square
nile,

Figure 5 shows the relation between flood frequency and magni-
tude for selected statlions on the Sacramento River system, (a) expressed
in second-feet and (b) expressed in second-feet per square mile., On both
figures 4, b, and 5, b, the curves shown in figures 4, a, and 5, a, are
merely displaced to other positions on the scale of ordinates, for the
purpose of transforming from second-feet to second-feet per square mile.

The ease with which these transformations of units may be ac-
complished on a logaritimic scale of ordindtes suggests the possibility
of drawing parallel curves at sultable distances either above or below
those shown on figure 5, to express the quantities in any desired units,
as acre-feet per day, million gallons per day, cublc meters per square
mlle or per square kilometer, depth on the drainage area in either inches
or centlmeters per day, or million cublc feet per day.

Plate 2 1s a graphic presentation of all notable flood rises
within the period of record for the Delaware River at or near Rilegels-
ville, N, J., from 1897 to 1933, except for the time from January 1904, to
June 1906. Four flood rises (with roughly estimated daily flood peaks
ranging from 78,000 to 130,000 second-feet) were thereby omitted from
this drawing, because of uncertainties relating to the record during the
period of thelr occurrence.

To avoid superposition of many flood hydrographs within the
months of most frequent flood occurrence, the record period was divided
into four segments of 8 to 10 years each, thus providing a comparison
among such perlods of years as well as among the separate months with

respect to flood frequency and magnitude,
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COMPARISON OF PLOTTED ARRAYS OF FIOOD FIOW DATA
FOR SUSQUEHARNA RIVER AT BARRISBURG, PA.
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OMARISO! OF FLOOD-FREQUENCY TEENDS AT SELECTED RIVER STATIONS ON THE BASIS
F CUBIC MMWONDMCUBIG FEET PER SBECOND FER SQUARE MILE
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COMPARISON OF FLOOD-FRRQUENCY TREMDS AT SELECTED RIVER STATIONS ON THR BASIS
OF CUBIC FEET PER SECOND AND CUBIC FEET PER SECOND PER SQUARE MILE
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Plotting procedures

Annual flgods
The formula for determining percentage of time or percentage of
the total number of floods for plotting flood-flow data, as given in the
foregoing paragraphs, is

100 (m - 0.5g)
n

This formula requires that the points be plotted at mid-group intervals.
The following explanations are offered in justiflcatlon of this practice.

in a 10-year record of annual floods, for example, the maxlimum
represents the highest discharge of a period covering 10 percent of the
years of that record. 1In a longer record - say 100 years, or, in other
words, ten consecutive 10-year periods - the ten highest items represent
the flrst 10 percent of time on the cumuilative frequency curve. These
will 1include some of the highest figures from the several 10-year records
but probably not all of them. It ls reasonable to assume that some items
are likely to be higher and some lower than the hlghest of the first 10-
year record. Although this 10-year maximum may ultimately prove to be of
any magnitude from somewhat below the minimum to the maximum of the ten
highest items in the longer record, it 1s much more 1llkely to be Inter-
mediate. As in general it 1s as 1likely to be in the upper as in the lower
half of the group of ten maximsa 1t may logically be assumed to represent
the median. Thus, if 1t represents the median of a class of flows ranging
in frequency from O to 10 percent of the time, 1t should be plotted at the
mid-interval of the class, or 5 percent of the time.

This 1s not llkely to be the magnitude of the 10-year flood (the
flood equaled or exceeded, on the average, once in 10 years). The 1l0-year
flood 1s not the median of the class extending from O to 10 percent of the
time, but the minimum within this range - that 1s, the discharge quantity
on the frequency curve corresponding to the ordilnate for 10 percent of the
time.

In applying a more detalled method of reasoning with respect to
an actual record, the annual floods of the Tennessee River at Chattanooga,
Tenn., for a 59-year perlod were arranged in descending order of magnitude
in table 1, column 1. Colurms 2 and 3 show respectively the date of
occurrence and corresponding gage height; column 4 shows the magnitude of

the flood. The total of thils column divided by the number of annual
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Table 1
ANNUAL FLOODS ON TENNESSEE RIVER AT CHATTANOOGA, TENN., 1875 to 1933

(1) (2) (3) (4) (s) (6)
Serial Gage Daily average Ratio to av- Percent of time
no. of height discharge erage annual in years
£lood Date of flood (feet) (c.f.s. flood for plotting

1 Mar. 1, 1875 54.0 361,000 1.741 0.847

Apr. 3, 1886 52.2 349,000 1.684 2.542

3 Mar. 8, 1917 47.4 310,000 1.495 4.237

4 Mar. 10, 1884 42.8 285,000 1.375 5.932

& Mar. 2, 1890 42.5 283,000 1.365 7.627

6 Apr. 5, 1920 43.5 275,000 1.326 9.322

7 Jan. 2, 1902 40.8 271,000 1.307 11.017

8 Apr. 5, 1896 40.5 269,000 1.297 12.712

9 Jan. 19, 1882 40.2 267,000 1.287 14,407

10 Mar. 22, 1899 40.0 266,000 1.283 16.102
11 Feb., 2, 1918 42.5 266,000 1.283 17.797

12 Jan, 1, 1933 261,000 1.259 19.492

13 Mar. 11, 1891 38.9 259,000 1.249 21,186

14 Mar, 18, 1880 38.3 254,000 1.225 22.881

15 Jen., 23, 1883 38.2 254,000 1.2256 24.576

16 Jan. 15, 1879 38.0 252,000 1.215 26.271

17 Jan. 17, 1892 37.9 252,000 1.215 27.966
18 Mar, 14-15,

1897 37.9 252,000 1.215 29,661
19 Dec. 29, 1926 38,35 248,000 1.196 31.356
20 Mar, 26, 1929 38.22 246,000 1.186 33.051
21 Jan, 23, 1922 34.3 229,000 1.104 34,746
22 Dec., 31, 1875 34,2 227,000 1.095 36.441
23 Feb. 20, 1893 33.4 221,000 1.066 38,136
24 Nove: 22, 1906 33.3 220,000 1.061 39.831

25 Aug. 17, 1901 32.8 217,000 1.046 41,525

26 Jan. 12, 1895 32.1 212,000 1.022 43.220

27 Apr. 11, 1903 31.8 210,000 1.013 45,915

28 . 12, 1921 34.1 210,000 1,013 46.610

29 Mar, 30, 1913 33.1 202,000 974 48,305

30 Feb. 18, 1889 29.6 195,000 940 50,000

31 Apr. 9, 1911 29.9 195,000 .940 51.695
32 Mar. 31, 1912 31.3 190,000 .916 53.390
33 Apr. 11, 1877 28.7 189,000 2911 55.085
34 Jen. 5, 1919 32.0 189,000 911 56.780
35 Feb. 7, 1923 32.1 188,000 .906 58.475
36 Feb, 2, 1932 188,000 906 60.169
37 Dec, 28, 1914 33.1 183,000 .882 61,864
38 Dec. 20, 1915 32.8 183,000 .882 63,559
39 July 2, 1928 30.36 181,000 .873 65.254

40 Feb. 28,

Mar. 1, 1887 27.3 180,000 868 66.949
41 Mar. 31, 1888 27.0 178,000 8568 68,644

42 Dec., 3, 1880 26.5 174,000 839 70.339

43 Jan. 18, 1885 26.5 174,000 839 72.034

44 Feb., 6, 1894 25.5 167,000 803 73.729

45 Nov, 19, 1929 28.67 167,000 803 75.424
46 Sept. 5, 1898 24.6 164,000 »791 m.119
47 June 6, 1909 25.3 © 163,000 .786 78,814
48 Feb, 17, 1908 24.7 162,000 781 80.508
49 Feb, 15, 1900 24.3 157,000 «757 82.203
50 Feb. 11, 1905 22.4 146,000 704 83.898
51 Jan. 5, 1924 26.9 143,000 «690 85.593
52 Mar. 25, 1904 21.8 142,000 «685 87.288
53 Jan. 26, 1906 21.4 140,000 «675 88.983
54 Dec. 10, 1924 22.1 138,000 .665 90.678
55 Feb. 25, 1878 19.2 125,000 .603 92,373
56 Apr. 8, 1931 123,000 .593 94.068
57 Apr. 3, 1914 21.4 102,000 .492 95,763
58 Apr. 16, 1926 20.65 92,900 .448 97.458
59 Feb. 20, 1910 13.9 85,900 .414 99.153
Total of Columm 4 ........ 12,232,800

207,366 c.fe8., the
average annual flood
Number of annusl floods .. 59
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floods (59) gives the average annual flood, which is 207,336 cublc feet
per second, As the data are accurate only to three significant figures,
207,000 represents the average in round numbers. Column & gives the ratio
of each flood to the average annual flood; column 6, plotting position.

As each flood represents 1 item out of 59, 1t 1s equivalent to
100 % or 1.695 percent of the total number of annual floods in the

record. If 59 years 1s regarded as 100 percent of the record period, each
flood represents an event occurring 1.695 percent of the time in years.
The largest flood was egqualed 1.695 percent of the time. The second larg-
est flood wac equaled or exceeded twice in 59 years, or 2 x 1.695 = 3,390
percent of the time; the third, 3 x 1.695 = 4.985 percent of the time;
etc. However, these figures do not represent the points on the percentage
scale at which the respective magnlitudes of the floods (or ratios to the
average flood) are plotted, for the reasons presented above and further
discussed below in relation to this specific example.

The method of investigating flood flows by the statistical
processes described herein 1s based on the "theory of sampling." This
theory assumes, in the example just used, that the available 59-year rec-
ord constltutes a representative sample of what would be obtained if a
record at the same point for a very long period (say 1,000 years) were
available and a considerable number of samples, each containing 59 consec-
utive annual floods, were picked at random from it. In some of these
samples the largest floods would probably be greater than the meximum
(361,000 second-feet) in the 59-year record here used for an example, and
in others the largest floods would be smeller. If this particular record
wer\e approximately repressntative of all the 59-year samples, then 1its
maximum (361,000 second-fest) would of course be about the average of the
maxime in all the samples.,

To 1llustrate, select at random ten samples of 59 years each.
Call the largest floods in each sample the floods of class 1, the second
largest the floods of class 2, etc., Each flood in any particular sample
represents the frequency of occurrence of the class in which it falls -

that is, 100 §1§ = 1.695 percent of the time. In figure 2 are shown the

classes thus formed, arranged in order of magnitude in the form of a cumu-
lative frequency distribution. On the assumption that any flood in & par-

ticular sample represents either the average or the median of the floods
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in that class, nearly 50 percent of these floods will be larger than this
one, and nearly 50 percent will be smaller. Therefore, this flood magni-
tude is plotted at the middle of the block representing 1.695 percent of
the time for its class, or at 0.847 percent. For instance, if the flood
of sixth rank in a particular sample has been equaled gr exceeded 100 j%%

=~ 10.170 percent of the time, this 1s taken as the frequency with which
the floods of class 6, as a whole, are equaled or exceeded, As the flood
of class 6 in this particular sample is assumed to be exceeded on the
average by nearly 50 percent of all the floods of class 6 in the several
samples, a flood frequency corresponding to 10,170 - (0.5 x 1.695) = 9.322
percent of the time is plotted for class 6 (actually its mid-point). By

formula, the percentage for plotting = 100 (6 - 0.5 (1) ) = 9.322. The

positions for suceessive plotting points can be more easily determined by
merely taking one-half of 1.695 = 0.847 percent for the clags representing
the highest flood magnitude and adding 1.695 for each successive class, if

the data are not treated in groups.

Interpretation of fregquency curves

1. Annual flood. The discharge ordinate at any point on the
frequency curve shows the magnitude of the annual flood flow which, on the
average, 1s estimated to be equaled or exceeded in the percentage of time
in years represented by the corresponding frequency coordinate. For
example s

The S~year annual flood = flood equaled or exceeded 20 times in
100 years, This is the ordinate at _1_gg = 20 percent of time on scale.

The 1lO-year annual flood = flood equaled or exceeded 10 times in
100 years. This is the ordinate at 100 = 10 percent of time on scale.

The 100-year annual flood = flood equaled or exceeded 1 time in
100 years. This 18 the ordinate at 100 = 1 pereent of time on scale.

The 1,000-year amnual flood = flood equaled or exceeded 0.1 time
in 100 years. This is the ordinate at 100 = 0.1 percent of time on

E ]
scale.
478 0—35—=6
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The 5-year, 10-year, 100-year, 1,000-year annual flood is that
record-day average rate of flow which in a long period of years satlisfies
two conditions - it will be a maximum for a record year, and 1t wlll be
equaled or exceeded, on the average, once in every 5, 10, 100, 1,000 years,
respectively. As these two conditions must both be satisfied, the 5-year,
10-year, 100k-year, e tc,, annual flood 1s not simply the record-day average
rate of flow likely to be equaled or exceeded on the average once in 5, 10,
100 years, etce This can be readlly seen from the hydrograph 1n figure 6,
where items A, A are annual floods. One of these annual floods was ex-
ceeded by one or more dally flows (C), which would not appear in the tabu-
lation and plotting of annual floods, because they were not the largest
dally flows during the record years in which they occurred.

If the annual floods for 100 years (100 items) are arranged in
descending order of magnitude, ths 5-year annual flood for the period of
record will lie on the frequency curve between the 20th and 21st items on
the frequency scale, as plotted at mid-intervals as described above under
"Plotting procedures."” Similarly, the 10-year annual flood will lie on
the frequency curve between the 10th and 11th items, and the 100-year
annual flood will lie between the 1lat and 24 i1tems.

2. Monthly flood. The discharge ordinate at any point on
the frequency curve shows the magnitude of the monthly flood flow which,
on the average, 1s estimated to be equaled or exceeded in the percentage
of time in months represented by the corresponding frequency coordinate.
As there are 12 months in‘ a year, the 5-year and other floods as defined
above wlll be found as follows:

S~year flood = 100 = 1,667 percent of time on sacale.

T5EE

x5
10~year flood - 100 - 0.833 percent of time on scale.
x
100-year flood - 100 = 0.0833 percent of time on scale,
x
1,000~year flood - 100 = 0.00833 percent of time on scale.
x 1,

The 5-year, 10-year, 100-year, 1,000-year monthly flood is that
record-day average rate of flow which in a long period of years satisfies
two conditions - it will be a maximm for a calendar month, and it will be
equaled or exceeded, on the average, once in every 5, 10, 100, 1,000 years,
respsctively.
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If the monthly floods for 100 years or 1,200 months are arranged
in descending order of magnitude, the 5~year monthly flood for the period
of record will lie on the frequency curve between the 20th and 21st items
on the frequency scale, as plotted at mid-intervals. Similarly, the 10-
year monthly flood will lie between the 10th and 11th items, and the 100~
year monthly flood will lie between the lst and 2d items. By the same
reasoning as developed previously, the 5-year, 10-year, 100-year, etc.,
monthly flood is not simply the record-day average rate of flow likely to
be equaled or exceeded on the average once in 5, 10, 100, etc., years, re-
spectively. It can be determined only by data on the daily flow.

3. Dally flow. The discharge ordinate at any point on the fre-
quency curve -shows the magnitude of record-day flows which, on the average,
is estimated to be equaled or exceeded in the percentage of time in days
represented by the corresponding frequency coordinate. As there are 365

days in a year, the floods as defined will be found as follows:

S-~year flood = 100 - 0.0548 percent of time on scale.
5 x 365
10~year flood - _ 100 = 0.0274 percent of time on scale.
10 x 365
100-year flood = 100 = 0.00274 percent of time on scale.
x 3
1,000~-year flood - 100 ~ 0.000274 percent of time on
: Tooo x5S
scale.

The b-year, 10-year, 100-year, 1,000-year daily flood is that
record-day average rate of flow which in a long perlod of years will be
equaled or exceeded, on the average, oace in 5, 10, 100, 1,000 years re-
spectively.

The daily, monthly, and annual flood flows equaled or exceeded
in like periods, such as 5, 10, or 100 years, may closely approach one
another, even though the significance of each is distinetly different.
This is explained by the fact that many of the items in the upper range of
magnitude in the selected data appear in each array, and the maximum daily
flow in the record will be the first term in each array. However, owing
to their inherent differences in character, they should over a very long
period of time give at least slightly differing, rather than actually con-

cordant trends and results.
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4. Flood event or partial series (closely related to and con-
vertible into the modified California method). Any point on the frequency
curve shows the magnitude of the flood event which is estimated to be
equaled or exceeded, on thz average, in the percentage of dally flood
peaks (not percent of time) shown by the corresponding point on the fre-
quency scale. That 1s, the dlscharge corresponding to 1 percent on the
frequency scale 1s the dally flood peak estimated to be equaled or exceed-
ed an average of once out of 100 occurrences.

5. Average number of flood events per 100 years (modified
California method). Any point on the frequency curve shows the magnitude
of the daily flood peak which 1s estimated to be equaled or exceeded, on
the average, such number of times per 100 years as is indicated by the
corresponding point on the frequency scale. A flood event equaled or ex-
ceeded on the average Tive times in 100 years may also be interpreted as
being equaled or exceeded on the average once in 20 years, or, by defi-
nition, as a 20-year flood, Similarly, a flood peak equaled or exceeded
on the average 10 times in 100 years may be interpreted as b-eing equaled
or exceeded on the average once 1In 10 years, or as a 1l0-year flood. Thus
in this method two frequency scales may be used - the average number of

flood events per 100 years and the average interval of occurrence in years.

General comments

Five different methods for analyzlng flood frequencies have been
outlined in the foregolng pages. Each of the first four is based on a
different array; the fifth is essentially identical with the fourth. Each
of the five methods give a different type of result or interpretation.
The first three methods are or may be based on complete series made up of
equal time intervals (years, months, and days) covering the period of rec-
ord but differing in the number of terms. The fundamentally correct pro-
cedure to determine the daily flow likely to be equaled or exceeded once
on the average in a given period of time, as distinguished from a flood
event, is method 3, based on dally-flow data. The first three methods are
all susceptible of mathematical analysis by fitting frequency curves to
the plotted points by the methods developed by Hazen, Foster, Slade, and

others.
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The fourth and fifth methads, using & partial series array,
though not representing complete time serles, give results in a form that
may be more nearly what is desired in certain practical problems than
those derived by methods 1 to 3. The frequency of flood events 1s & quite
different matter from the frequency of dally floods above a given magni-
tude. No theoretical frequency curve of the Foster-Hazen type can be
passed through the points representing flood events above a basic stage or
flow which exceeds the lower magnitudes. Where the data representing
dally peaks of floocd events are found to plot so that a smooth curve fits
the points representing the higher flows, the result may be what is actu-
ally desired for purposes of design more often than a lkmowledge of the
freguency of daily flows as derived from the complete daily duration
series,

Pigure 7 presents an example of the application of the Slade
method of mathematical and statistical treatment to flood peaks as repre-
sentatives of flood events for all such items throughout the record period
under consideration. On this figure the daily average discharges repre-
senting peaks of flood rises that would appear on hydrographs of daily
flow of the Tennessee River at Chattanooga were found to number 2,440, or
an average of 43 per year for the 57-year record, 1875 to 1931 inclusive.
These were classified in steps of 5,000 second-feet, beginning with zero,
so that the mid-point of the first class falls somewhat below the minimum
observed daily discharge of 3,360 ce.fes., and extending to 365,000 c.f.s.
in order to include the maximum observed discharge of 361,000 c.f.s. For
mathematical treatment the total number of occurrences within any class is
regarded as 1f it applies to the mid-point of the group or class; thus
ranging from 2,500, 7,500, 12,500, etc., to 362,500 second-feet, but each
class is here plotted as a bar ordinate covering the corresponding magni-
tude interval. The resulting histogram provides an example of an array of
hydrographic data showing pronounced skewness as regards frequency of
occurrence. It also 1llustrates how a theoretical curve may smooth out
the somewhat irregular ordinates representing observed frequencies within
successive steps or ranges of discharge. The extensive area under the
curve up to the discharge magnitude of 112,000 second-feet, as compared
with that which lies beyond this 1limit, is a measure of the number of
items (2,206, or 90 percent of the total 2,440) added below the base flow



87

EXAMPLES OF PROCEDURE FOR ANALYZING FLOOD FLOWS

pacoes zod 3607 OTqRO JO SPUERROYS Wf SFLTYOSTT
3 § & 3 g § g 3

S T T O O A O O O

[~ — 4rra, ﬁ

- iﬁﬁ

'902-50g°4d ‘83TP 4077 POOTF FO WOTISTIAMOS uy l_
vesn ‘puoces xed 3803 OTqNO OQ0*ZTT ‘40T eseg

*puoces xed 3007 OTQNO 006°GE ‘POOTH TENMUR wNMTUTR

*povjem .
epeI§ Uy o wopsworrdds A wOTInqI3sTP km\
ou3 Jo Juyyjoows £q POUFVI0 SOOULIINOOY s

.unooomu&aoouogao
¢g Jo STBAZXEJUT £q BOOUSIINOOO0 POAIESq() Tl
000‘g

Te6T ~ G4ST

*NNEL *¥DOONVIIVHD IV BHATH EESSANNEL

SAVEd qOOTd XTIVA 40 XONENDEIEL

RVEO0ISIH

0g

o9t

o082

0o

ose

00¥

ogy

puooes Jod 308 OTQNO (00°S FO TeAIejul Jed sxeed pooly ATJvp JO Joqumy



88 FLOODS IN THE UNITED STATES

as adopted for the chronologic listing of flood data on page 204, For
most purposes in connection with flood analysis, these 2,206 items of

lower discharge peaks have apparently only slight significance and may
therefore be omitted.

Any attempt to analyze flood data for a specific problem in-
volving flood economics should take into account the purpose to be served
or the nature of the demage to be guarded against, as well as the kind of
data on which the analysis is to be based. The inherent limitations of
various methods of aralysis, types of data, and practical means of inter-
preting and applying the results have been referred to in various parts of
this report, and particularly on pages 29 and 33, as well as in the pro-
gress report of the Committee on Flood Protection Datas# appointed by the
American Society of Civil Engineers. Thus, the determining feature may be
the river stage, as affecting levees or bridges, the frequency of moderate
rises as affecting cofferdam design and construction, seasonal occurrence
and duration of overflow as affecting agriculture and other industries, or
possibly any one of several other aspects of flood occurrence significant

in relation to a special problem.

Illustrative examples

Examples of flood statistics as listed, arranged, and plotted by
various methods during this investigation are shown in figures 3 to 5and 9 to
15. Consideration of the results obtained for many stations by these and
similar processes has led to the following generalizations,

Annual floods: The given flow will be equaled or exceeded as an
annual flood maximum on the average once in a certain number of years
(as X). Theoretically, however, it will have been reached as a daily flow
or as a peak of an individual flood with a frequency somewhat greater than
once in X years,

Daily duration series: The given flow will be equaled or exceed-
ed as a dally flow on the average once in a certain number of years (as Y).
The frequency of occurrence of such flow, either asan annual flood or as a

flood peak, is 1likely to be less than once in Y years.

% Am. Soce Civil Eng. Proc., vol. 61, no. 3, pp. 336-338, March 1935,
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Flood events or peaks: The given flow will be equaled or ex-~
ceeded as a peak flow on the average once in & certain number of years .
(as Z)e It will, however, probably have been reached as a daily flow with
greater frequency than once in Z years and as an annual peak with less
frequency than once in Z years.

It follows that for a given frequency, such as once in N years,
the daily duration curve will probably show the largest result, the peak
flows the next largest, and the annual floods the smallest. This means
that theoretically the magnitude of results for any frequency from 5 years
to 1,000 years, or outside these limits, should vary in this order.

If the three series of data above mentioned are plotted by the
modified California method, a&s illustrated in figures 3 to 5 theoreti-
cally the curves could not cross but would approach coincidence at the
maximum possible daily flow, the point toward which all the graphs are
directed, each in its own way. These characteristics should be given
appropriate weight in the extrapolation of frequency curves beyond the
limits of observed data.



MOMENTARY FLOOD PEAKS AND OTHER FLOW CHARACTERISTICS OF FLOOD RISES

Rates of flow during periods of flood rises, as during other
periods covered by stream-flow records, are commonly published and treated
in the computatlions of monthly and annual flow as mean rates of flow for
calendar days. The average flow for the calendar day is the basic rate of
flow adopted in the listings of flood data in this report, and the re-
corded flow is ¥that for the day on which this average reached a maximum
during a given flood - here called the "recorded day." The average flow
for that day is here called the "daily peak."

Such records, though marking significant flood events in the re~
corded history of a stream, may fall short of giving the detailed infor-
mation that is required for an adequate knowledge of flood characteristics
or that may be desired in investigations of some special types. In the
design of engineering works for flood protection and control, the need for
detalls of rates and volumes of flow throughout the flood rise may be very
great. On a stream where the peak stage or flow varies materially from
the average flow for the day and especially where life and property may be
jeopardize&_i by even & short peak that exceeds a given stage and corre-
sponding flow, consideration of such a peak may be a critical factor in
some problems. Indeed, users of flood data should be particularly cau-
tioned to remember that the meximum daily average does not show the maxi-
mm flow or stage attained in a flood rise. The procedure followed in
estimating so-called "momentary® peak flows is discussed in the chapter
"Methods for estimating floods." '

Under some circumstances the volumes of flow to be expected in
short intervals of time, beyond the degree of detail afforded by the usual
records of flow for calendar days, may be of critical importance. For ex-
ample, need for such information may arise in the study of pondage and
splllway provisions where storage capacity is limited.

It 1s not practicable in this report to do more than present
certain basic observations and suggestions for the information of the in-
vestigator in reaching sound conclusions. Upon those who determine the
design of works for flood control and protection must, of course, rest the

responsibility for exercising due caution and wise judgment.

20
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In the 1istings of flood data in this report it has fortunately
been practicable to include many of the momentary peaks attained in flood
rises along with the corresponding dally peaks, thus furnishing essential
information for guiding the judgment of the investigator in such matters.
The increasing use of continuous water-stage recorders has not only facil-
itated the determination of the momentary peak of a flood rise but has
also provided a continuous hydrograph of stage and flow throughout such a
rise, for use where information qf that kind 1s needed.

In the early days of stream gaging the rates of flow as pub-
lished by the Geological Survey were determined very largely or exclu-~
sively from readings of staff or chain gages, often with only one or two
observations a day. Where a single gage reading 1s taken in early morning
or late evening, or at any other time far removed from midday, it is not
entirely clear that the calendar day is logically the basic unit of time
reckoning, even though it is so used. The individual descriptions of sta-
tions accompanying the compilations of flood data elsewhere in this report
show the basis of flow determinations with respect to the type of gage and
the number of observations per day. The use of such observations to the
extent that they are avallable affords the best means for a detailed study
of the hydrograph of the flood rise. Moreover, a fair approximation of
the hydrograph of flow throughout a flood rise, and also of the momentary
peaks, may be obtained by plotting the mean daily flows for each day
through the flood rise as bar ordinates of a width equal to the day inter-
val on the graph, connecting the mid-points of the upward and downward
limbs of the rise, and extending them to such intersection on the day of
peak flow as will give results for that day consistent with the known
average dally flow. Available time and space do not permit the inclusion
in this report of the detailed information to suit such speclal needs, and
therefore such information must generally be obtadined by reference to the
published or original records of stage and flow.

The limitations upon flood investigations presented by the pub-
lication of the flow for a calendar day are sufficiently noted in the pre-
ceding paragra'phs. It was bellieved that significant and valuable
infopmation would be developed by investigating the magnitude of the maxi-

“mum 24-hour flows, regardless of coilncidence with a calendar day, and the

momentary flood peaks assoclated with the peak flows as recorded for
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calendar days, and that the collection of such data for representative
gaging stations throughout the country that are equipped with continuous
recorders would aid in the understanding of flood characteristlics and in
the wiser use of available flood records.

The cooperation of all district engineers of the water-resources
branch of the Geological Survey was enlisted in thls project. Each dis-
trict organization was requested to select several gaging stations
equipped with automatic recording gages on streams from representative
drainage areas, including those of small, medium, and large size. The
momentary peak discharges were determined from the records of automatic
stage recorders and compared with the corresponding average flows for both
maximum calendar days and maximum 24-hour periocds. Thus, from more than
30 districts, comparisons were afforded among these items for some 124
gaging statlons. As each of these stations usually affords several ltems,
the total represented comparisons of data relating to 690 flood events.
The selections were made more or less at random, with an effort to cover
various conditions and without consideration of possibly more significant
aspects, such as might be developed by further study of the subject. Some
of the discharge quantitiel represent the latest revisions of hitherto
published figures. No distinction has been made between floods resulting
entirely from rainfall and those affected by melting ice or snow. For
stations in the areas of colder climate flood rises during the winter and
early spring would be expected to reflect some influence of melting snow
and ice,

The accompanying tabulation of this information shows the date
of the record day for each selected flood event, the corresponding average
discharge for that day, the maximum 24-hour flow, and the momentary peak
staée with corresponding discharge. The two final columns show the per-
centages by which the record-day average flows are exceeded by the maximum
24-hour averages and the corresponding momentary peak flows.

The maximum 24-hour average flow always includes a considerable
portion of the record day and usually extends over into a preceding or
following day. The peak flow usually occurs on the record day but occa-
sionally occurs on an adjacent day. The minus and asterisk signs preced-
ing dates in the first column of the table indicate, respectively,

preceding or following days for the momentary peaks,
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The results varied widely, particularly on streams having flashy
habits of discharge. Such flashiness may result from a variety of causes,
such as steepness of drainage slopes, imperviousness of surface, and shape
of drainage basin, especially wherever it approaches a segment of a circle,
or where length and width are nearly equal. Furthermore, the flashy
habits may be related to peculiarities of rainfall distribution, the short
intense rainfalls of the cloudburst type being capable of causing unusually
high and destructive run-offs from relatively small drainage areas.
Whatever may be the factors accounting for the flashiness of flow in a
given stream, the normal accompanying and related behavior will probably
inelude corresponding periods of low discharge. The outstanding extremes
of irregular flow may thus be expected in regions subject to great vari-
ations in rainfall habits - as, for instance, in semiarid country, in
steep, rugged, either rock-surfaced or frozen areas of humid regions, and
in general wherever opportunities for infiltration, absorption, detention,
and regulation are notably lacking.

In contrast with the foregoing, there may be relatively small
differences between the momentary and daily average flood peaks wherever
regulation is sufficiently effective. This close agreement may result
from soil infiltration and absorption, or from storage or retention in
natural or artificial basins or in the channels of the larger river sys-
tems, such effect usually being associated either with gentle surface
slopes or with extensive drainage basins. Occasionally there is no meas-
urable difference between the momentary flood peak and the record-day
average or the maximum 24-hour average. The record-day average depends on
a maximum crest extending continuously throughout the record day; the
maximum 24-hour average depends on the slightly different requirement,
thac¢ the maximum crest continues for at least 24 hours, whether or not
confined to one calendar day.

The difference between the maximum 24-hour discharge and that of
the record day may be too small to measure, or in extreme cases it may
amount to as much as one-half of the maximum 24-hour discharge - in other
words, the record-day flow cannot be less than one-half the maximum 24-
hour flow, for otherwise that day could not be the record day. The aver-

age flow during a record day will therefore be equaled or exceeded (the
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possible difference being not more than 100 percent) by the maximmm 24-
hour average flow; and this in turn wlll be elther equaled or else ex-
ceeded in widely varyling amounts by the momentary peak discharge.

Although the data and comparisons afforded by the 690 flood
events above mentioned and by other tabulated records of some 200 sta-
tions, published herewith, seem to represent a great mass of useful in-
formation, it bas not yet responded to efforts at generalized analysis,
Not only the seasonal influences but also the wide varlety in soll mols-
ture, directions of storm movement, duratlon and distribution of ralnfall
on & given river system, influence of thaws, and shape of dralnage baslin
may be reflected in the relative values of the three run-off rates in-
cluded in the comparisons sbove described.

On some rivers the momentary peaks may be vlisualized as due to
some peculiarly fortultous occurrence of intense rainfall, such as a
cloudburst, at a critically effective position in the dralnage basin. On
other rivers the momentary peaks may be vlisuallzed as due to intense pre- '
cipitation or melting snow embracing the entire drainage area and con-
tinuing over the period of concentration for that basin. .Where the
drainage basin has a dumb-bell form, or twoé compact areas connected by a
narrow strip, there is ample opportunity for a split peak, or double
crest. There is opportunity for infinite varlety in the combination of
these causative factors., Where sufficlent data are avallable and the
application can be appropristely made, momentary peaks are well suited, of
course, to analysis by statistical methods.

It has been suggested that an extended application of the prin-
ciple of the unit hydrograph and distributlon graph, described elsewhere
in this report, migh affort a means for estimating peak flows that may be
expected. The use of continuous recording rain gages as well as water-
stage recorders on & given drainage area would supply the data on distri-
bution by hours or any other short periods, which would be essential for
such application, at least to the smaller basins.

Figure 8 1llustrates the derivation of the approximate peak
from a record of mean daily flows, in accordance with the method referred
to on page 91. These daily flows were plotted as bar ordinates, and
approximately the mid-points of thelr summits, except for the daily peaks

and valleys, were commected by lines to represent the continuous hydrograph
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of discharge, with due regard to the requirement that the nearly tri-
angular areas above and below each bar ordinate nmust be equal, in order to
conform to the value of the mean flow. For the days of maximum (or mini-
mum) discharge, the intersection of the ascending and descending lines of
trend, modified to make a suitably rounded surmit (or valley), determines
the approximate maximum (or minimum).

Where all available sources of information are appropriastely
utilized in plotting the data and drawing the lines, the resulting curve
should approximate the hydrograph of discharge, including the momentary
peak. In thils example the original observations were utilized in the de-
termination of the hydrograph.

The increasing number of gaging stations equipped with contin-
uous water-stage recorders makes it possible to derive the desired details
more readily from official records and not only to reduce the number of
estimates necessary but to furnish better bases for such estimates when~
ever they are required.

Precautions are necessary in the use and interpretation of the
tabulated data and their comparisons, For instance, the peak character-
istics of small, flashy streams are not generally applicable to larger or
better-watered drainage basins, Moreover, the ratics derived from medium
floods would often be quite unreprésentative for high stages. Run~off
from general storms of long duration, for example, although perhaps pro-
ducing greater total discharge on a ceqtain stream, may not normally
afford the wide excess over the record-day discharge produced by floods on
that stream resulting from cloudbursts.

From the following tabulation undoubtedly many ihteresting and
valuable facts could be deduced, for which time is insufficient within the
1imits of the present project. It is hoped that the basic data here given
may afford material on which further studies may be made as special needs
and opportunities may occur, and that the range of differences 1llustrated
in the comparisons of peak and daily average flows may receive due con-

silderation.
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Table 2
COMPARISON OF FLOOD FLOWS
Maximum calendar-day average (daily flood peak), maximum 24-hour average, and
momentary flood peak

Percentage in

Mexirmum Momentary excess of maz.
Maximum calendar-day average 24-hr.av. flood peak calendar-da; av.
age is~ Dis- age 8~ X 00!
height(b) charge charge height charge 24-hr, peak
Date(a) (£t.) (cefeBe) (e.f.s.) (ft.) (c.f.s.) av.

Penobscot River at West Enfield, Maine
(Drainage area 6,600 square miles)

May 1,1923 24.95 152,000 152,000 25.15 153,000 0 0.7
May 5,1926 15,00 66,400 67,100 15,15 67,500 1.1 1.7
Nov., 6,1927 13,88 58,700 59,400 14,20 60,800 1.2 3.6
May 28,1928 13.01 52,400 52,400 13.10 53,100 o] 1.3
May  4,1929 14.84 65,000 66,400 15.28 68,700 2.2 5.7
Apr. 13,1932 14,90 65,700 67,900 15.40 69,500 3.3 5.8
Sept. 18,1932 14.54 62,900 63,600 15.20 67,200 1.1 8.0
Apr. 19,1933 13.45 55,200 55,900 13.56 56,600 1.3 2.5
Mettawamkeag River at Mattawamkeag, Maine
(Drainage area 1,500 square miles)
Apr. 21,1929 8.85 13,400 13,400 8.88 13,600 0 1.5
Nay  5,1929 9.75 16,100 16,100 9.75 16,100 0 0
Apr. 15,1930 8.92 13,600 13,600 8,94 13,600 0 0
Apr. 14,1931 8,99 13,900 13,900 9,00 13,900 0 0
May 5,1932 774 10,500 .10,700 7.77 10,700 1.9 1.9
Oct, 31,1932 6.96 8,680 8,680 7.00 8,680 0 o]
Apr. 13,1933 9.17 14,400 14,400 9,20 14,400 0 0
Carrsbassett River near North Anson, Maine
(Drainage area 351 square miless

-May  4,1926 10.00 7,680 7,870 10.57 8,590 2.5 11.9

-Nov. 20,1926 s 5,640 7,330 10.99 9,280 30.0 64.6

-Nov. 5,1927 s 9,590 13,800 17.853 18,600 43,9 93.9
May  3,1929 s 8,480 10,500 13.88 12,900 23.8 52.1

~Apr. 8,1930 10.72 8,200 10,000 13.11 11,800 20,6 42.3
Apr. 11,1931 7.73 4,030 4,580 8,47 5,140 13,6 27.5
Sept. 17,1932 ] 13,000 13,900 18.91 20,100 6.9 54.6
-Apr. 19,1933 s 6,860 7,610 10.83 8,440 10.9 23.0

Saco River at Cornish, Maine

(Drainage area 1,300 square miles)
Apr. 14,1922 12,07 17,800 17,800 12,20 18,000 0 1.1
May 2,1923 14.60 22,800 22,800 14,72 23,000 0 .9
May  4,1924 9.58 12,800 12,800 9.63 12,900 o] .8
Apr, 1,1925 11,10 15,800 15,800 11.16 15,900 0 .6
Apr. 11,1928 9.96 13,600 13,600 10.00 13,600 0 0
Apr, 15,1932 10.17 13,800 13,800 10.22 13,800 [¢] ]
Apr. 21,1933 12.83 19,300 19,300 12,90 19,500 0 1.0

Pemigewasset River at Plymouth, N. H.

(Drainage area 622 square miles)

#Apr., 8,1929 9455 12,700 s 12,950 9.9 13,400 2.0 5.5
May 3,1929 S 16,100 18,690 14.14 23,200 16.1 44.1
Apr. 8,1930 ] 14,500 18,200 13.14 20,700 25.5 42.8
Apr. 13,1932 S 13,100 15,600 12.10 18,200 19.1 38,9
Nov. 20,1932 s 12,600 13,100 11.20 16,200 4.0 28,6
Apr. 18,1933 s 18,200 19,300 12.77 19,900 6.0 9.3

Willimantic River near South Coventry, Conn.
(Drainage area 122 square miles)

-Nov, 11,1932 5.94 868 1,060 6.83 1,180 22.1 35.9
-Mar. 22,1933 6.14 939 967 6.4 1,030 3.0 9.7
-Apr. 5,1933 6.25 977 1,020 6.62 1,170 4.4 19.8
Apr. 19,1933 5.69 787 787 5.85 838 0 6.5
Sept. 17,1933 6.19 956 956 6.51 1,070 0 11.9

Hop River near Columbia, Conn.
(Drainage area 76.5 square miles)
Nov, 10,1832 8.18 1,070 1,350 10.7 1,900 26,2 776
Feb., 21,1933 6.05 531 544 6.55 648 2.4 22,0
Mar., 22,1933 7.28 830 868 8.03 1,030 4.6 24.1
Apr., 5,1933 6,49 632 716 7.20 810 12.3 28.2
Apr. 14,1933 6.29 582 603 6.58 653 3.6 12.2

(a) =~ Momentary flood peak occurred on preceding day.
s Momentary flood peak occurred on following day.
(b) s Discharge obtained by subdivision of the hydrograph.

478 0—35—T
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COMPARISON OF FLOOD FLOWS--Continued

Percentage in

Maximmm Momentary excess of max.
Maximum calendar-day average 24-hr.av. flood , peak calendar-day av,
Gage Dis- Dis- Gage Dis- Max. gIooa
height(b) charge charge height charge 24-hr. peak
Date(a) (ft.) (cefess) (cofess) (fts) (cefess) av,

Connecticut River at North Stratford, N. H.
(Drainage area 797 square miles)

Apr. 12,1931 S 11,300 11,800 9.62 12,300 4.4 8.8
-Apr, 11,1932 8.65 9,670 9,930 8.84 10,200 2.7 5.5
-Sept. 17,1932 s 7,350 7,850 8.15 8,410 6.8 14.4
~Apr. 19,1933 11.80 19,200 20,300 12.39 21,500 5.7 12.0

May 4,1933 10.67 15,400 15,400 10.80 15,800 o 2.6

Connecticut River at Montague City, Mass,
(Drainage area 7,950 square miles)

Apr. 9,1930 21.26 47,400 47,800 21.80 49,500 0.8 4.4

Apr. 12,1931 25,98 68,600 68,600 26474 72,100 0 5.1

Apr. 13,1932 29.93 89,600 90,600 30432 91,900 1.1 2.6

Fov. 20,1932 s 64,400 68,500 26.52 71,100 6.4 10.4

Apr. 19,1933 37.01 133,000 135,500 37.56 137,000 1.9 3.0

Passumpsic River at Passumpsic, Vt.
(Prainage area 423 square miles)

#May  3,1929 9.80 5,570 5,900 10.80 6,370 5.9 14.4
Apr. 8,1930 8457 4,610 4,850 9.38 5,250 5.2 13.9
Apr. 11,1931 S 3,600 4,020 8.28 4,370 11.7 21.4
Apr. 13,1932 s 4,700 5,240 10.13 5,810 11.5 23.6
Apr. 18,1933 14.01 9,180 9,360 14.36 9,540 2.0 3.9

Swift River at West Ware, Mass.
(Drainage area 186 square miles)

Apr. 7,1923 9.05 2,380 2,380 9.08 2,390 0 0.4
#Nov, 5,1927 8.43 2,140 2,180 8.60 2,230 1.9 4,2
Apr. 2,1932 7491 1,880 1,930 8.13 1,980 2.7 5.3
Apr. 20,1933 8.87 2,130 2,130 8.95 2,160 0 1.4
Sept. 18,1933 8,96 2,160 2,160 9,07 2,200 0 1.8
Housatonic River at Falls Village, Conn.

{Drainage area 644 square miles)

Nov. 20,1932 9.69 5,370 5,450 10.2 5,830 1.5 846
Apr. 5,1933 9.65 5,340 5,360 9.75 5,420 .d 1.5
Apr. 9,1933 9.6 5,290 5,200 9.73 5,390 [} 1.9
Apr. 19,1933 9.8 5,470 5,470 9.86 5,520 4] 9
Sept. 18,1933 12.4 7,950 7,950 12,65 8,160 0 2.6
Tenmile River near Gaylordsville, Conn.
(Drainage area 204 square miles)

Nov. 20,1932 6.71 2,770 2,900 7.1 3,090 4.7 11.6

Mar. 22,1933 4.51 1,260 1,260 4.56 1,290 [ 2.4

Apr. 2,1933 4.19 1,080 1,100 4.29 1,140 1.8 5.6

Apr. 18,1933 4.98 1,540 1,540 5,1 1,610 0 4.5

Sept. 17,1933 4.75 1,400 1,430 4,87 1,470 2.1 5,0

Pomperaug River at Southbury, Conn.
{Drainage area 75.8 square miles)

Nov, 10,1932 6.95 1,620 1,720 Be3 3,010 6.2 85.8

Mar. 8,1933 5.36 600 657 6.0 935 9.5 55.8

Mar. 21,1933 5.77 802 1,050 7.04 1,700 20.9 112

Apr. 18,1933 5.46 658 660 5.80 820 3 24.6

Sept. 16,1933 5.15 508 508 5,72 6 [0 52.8

Sacandaga River at Hadley, N. Y.
(Drainage area 1,057 square miles)

Mar. 28,1913 S 34,150 34,300 12.36 35,500 0.4 4.0

Apr. 21,1914 5 19,500 20,380 10.22 20,800 4.5 6.7

Apr. 13,1922 S 22,430 22,480 10.68 23,000 2 2.5

Apr. 26,1926 s 21,970 22,080 10.60 22,500 5 2.4

Apr, 9,1928 S 20,220 20,220 10.20 20,400 o] 9

(a) =~ Momentary flood peak occurred on preceding day.

# Momentary flood peak occurred on following day.
(b) S Discharge obtained by subdivision of the hydrograph.



MOMENTARY FLOOD PEAKS AND OTHER FLOW CHARACTERISTICS OF FLOOD RISES

COMPARISON OF FLOOD FLOWS--Continued

Maximum Momentary
Maximum calendar-day average 24-hr,av. flood peak
Gage Dis- Dis- Gage Dig~
height(b) charge charge height  charge
Date(a) (ft.) (Cefese) {cofuss) (ft.) {c.f.s.)

Apr. 17,1923
Dec. 1,1923
Nov. 4,1927
July 22,1931
Apr. 19,1933

L

Nov. 29,1921
Sept. 30,1924
Feb., 12,1925
Oct. 19,1027
Mar., 17,1929

hrhhnn

Mar. 9,1930 16.22
Mar. 30,1931 17.38
Apr. 12,1932 20.16
Apr. 12,1932 15,13
Aug. 25,1933 18.62

Mar. 17,1020  12.47
Apr. 18,1929  10.96
Apr. 23,1929 s
May  4,1929 s
Apr. 2,1932  12.80
Mar. 22,1933 9.82
Aug. 25,1933 s

West

-Mar. 16,1929  15.75
Feb. 27,1930  11.90
Mey 24,1931  12.47
Apr. 1,1932 s

May 12,1932 s
Mar. 16,1933 s
Nov, 16,1926 8.16
Mar. 14,1927 7.26
Dec. 8,1927 7.38
June 6,1928 749
June 30,1928 7.80
May  3,1929 8436
Apr. 11,1932 S
Aug. 24,1933 s
Oct. 23,1929 S

May 24,1931 S
Apr. 11,1932 13,44
Mar. 16,1933 s
Mar. 21,1933 12,453
May 11,1933 S

Batten K11l at Battenville, N. Y.
(Drainage area 394 square miles)

4,727 5,504 8.13 5,630
5,775 5,875 8.60 6,240
17,940 18,210 17.70 21,300
7,414 8,811 11,07 9,710
5,330 5,345 8.28 5,560

Susquehanna River at Conklin, N. Y.
(Drainage area 2,240 square miles)

39,260 39,280 16,05 39,900
25,070 42,610 16.86 44,200
42,360 42,360 17.04 44,900
36,240 39,170 16,88 45,500
44,160 46,030 17,60 47,000

Susquehanna River at Wilkes-Barre, Pa.
(Drainage area 9,960 square miles)

63,800 65,400 16.7 67,600
72,100 72,100 17.64 74,700
104,000 104,000 20,54 107,000
63,300 64,000 15.26 64,700
90,400 93,800 19.72 99,800

Susquehanna River at Harrisburg, Pa.
(Drainage area 24,100 square miles)

233,000 233,000 12,55 235,000
196,000 196,000 11.19 201,000
222,000 225,000 12,29 228,000
172,000 172,000 10.26 179,000
240,000 242,000 13.02 245,000
167,000 167,000 9.88 170,000
249,000 249,000 14,04 269,000

Branch of Susquehanna River at Williamsport, Pa.
(Drainage area 5,682 square miles)

86,400 91,500 16.62 94,500
51,700 52,400 12.29 54,700
56,200 57,000 12,76 58,600
66,800 72,800 14.68 75,600
62,100 64,600 13.94 68,200
67,800 68,200 14.30 71,800

Loyalsock Creek at Loyalsock, Pa.
(Drainage area 443 square miles)

12,000 22,000 12.3 34,000
8,400 8,400 7,43 8,790
8,790 9,590 8.51 13,200
9,190 9,590 8.74 14,500

10,400 10,400 9.00 15,800

12,800 13,500 10.50 23,600
8,290 8,770 8,06 12,000

22,100 22,700 12,20 33,900

Juniata River at Newport, Pa,
(Drainage area 3,354 square miles)

43,200 51,800 17.26 57,500
33,200 33,800 12.94 35,800
38,000 39,300 13,99 40,600
34,900 36,200 13.35 38,000
33,600 33,600 12.64 34,400
31,500 31,700 12.28 33,100

(a) - Momentary flood peak occurred on preceding day.
(b) S Discharge obtained by subdivision of the hydrograph.
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Percentage in
excess of max.

calendar-day av.
ax. 00:

24~hr.

ave

©
.o
(=]

o<

peak
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50.2
57.8
51.9
84.4
44.8
53.4



100

Cct.
Nov.
Jan.
Mer.
Apr.
=Apr.
July
Aug,

Nov.
Mar.
Mer.
Apr.,
Mey

Aug.

Mar.

Apr.
Octe.

Feb.
May
~Nov.
Jane
Mar.
Mar.,
Apr.
May
Aug.

=Oct.
Nove
Jan,
Mar.
Apr.
Apr,
May
Aug.

Nov.
Jan.
Mer.
Mar.
Apr.
May

~Oct.
Nov.
Mar.
Apr.
Aug.
Aug.

Sept. 17,1933

Maximum calendar-day average
Gage K

height(b)
Date(a)

6,1932
1,1932
26,1933
21,1933
17,1933
20,1933
3,1933
24,1933

20,1932
14,1933
20,1933
20,1933
10,1933
24,1933

1,1929
17,1929
23,1929
24,1931

6,1932
14,1932
11,1932
27,1923
15,1933
21,1933
21,1933
11,1933
25,1933

20,1932
11,1932
28,1933
22,1933
19,1933
22,1933
11,1933
25,1933

10,1932
26,1933
14,1933
20,1933
20,1933
10,1933

19,1932
10,1932
21,1933
17,1933
11,1933
24,1933

(a)
(b)

(ft.)

North Branch of Patapsco River near Marriotsville, Md.
(Drainage esrea 165 square mlles)

nnunntnen

FLOODS IN THE UNITED STATES

COMPARISON OF FLOOD FLOWS--Continued

-
charge

(cofes.)

906
1,200
949
883
1,430
1,240
946
6,850

Maxinmm

24-hr.ev,

S—
charge

{coefess)

923
1,310
949
883
1,450
1,410
1,080
10,300

Momentary

height
(H

6.96
8.23
6.65
5.62
7.56
6.98
6431
20.8

charge

(c.fese)

1,850
2,650

19,500

North Branch of Potomac River near Cumberland, Md.

7.60

S
11.48
14,0

S

S

13.10
S
S
10,54
S

s
10.88
s

12,74
14.11

s
11.52
S

5,15
4.88
7460
6.48
7,21
7,11

(Drainage srea 875 squere miles)

4,710
17,300
11,000
15,700
9,160
3,920

4,850
17,300
11,400
15,700

9,180

5,020

8.25
17.8
12.09
14,92
11.00

9.68

5,590
23,400
12,100
17,400
10,100

7,930

Potomac River at Shepherdstown, W, Va.

(Drainage area 5,940 square miles)

42,800
108,000
68,400
30,400
52,700
96,600
32,200
36,500
40,800
47,900
69,600
35,000
37,200

Potomac River near Washington, D. C.
{Drainage area 11,560 square miles)

39,500
72,300
63,900
70,900
77,900
121,000
48,400
86,700

Wills Creek near Cumberland, Md,
(Drainage area 247 square miles)

1,320
1,120
5,800
3,040
4,690
4,430

43,700
119,000
69,800
31,300
55,000
112,000
34,100
26,600
40,800
47,900
73,900
35,500
39,400

45,100
72,300
69,500
75,100
80,700

123,000
48,400
86,700

1,320
1,120
6,390
3,240
4,960
4,560

13.46
25.53
10.83
10.90
16.48
24,75
11.69
12.80
13.27
14.34
19.1

11.84
13.47

7.50
939
937
9.42
10.11
12.78
7454
10.57

5.40
5.08
8.8

6470
7.55
7+53

44,600
124,000
82,400
32,200
61,400
119,000
36,000
41,300
43,800
49,000
77,800
36,400
44,800

49,600
75,100
75,100
75,100
85,200
127,000
49,600
92,700

1,540
1,280
9,680
3,450
5,660
5,660

Monocacy River at Jug Bridge near Frederick, Md.

10.40
S
S
s
s

(Drainage area 817 square miles)

9,820
10,300

9,280
10,000
15,600
42,100
12,600

12,700
11,600

9,280
11,900
15,900
44,000
15,800

12.85
12.6
10.9
12.9
16.1
28.1
16.7

13,500
13,100
10,100
13,700
20,300
51,000
21,600

- Momentary flood pesk occurred on preceding day.

S Discharge obtained by subdivision of the hydrograph.

Percentage in
excess of maxX.

flood pesk celendar-day av.
~Gage Dis- Wax. EIooH

24-hr.

ave.

3.0
346
o

.2
2841

[

[

GHOOO NMUBRDON
NOOROCOH

EEEEREX

LK)
©#

-

OOHUWUM® O

peak

18,7
35.2
10.0
10.8
10.3
102

16.7

27.8
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COMPARISON OF FLOOD FLOWS--Continued

Percentage in

Maximum Momentary excess of max.
Maximum calendar-day average 24-hr.av. flood peak calendar-day av.
Gage Dis~ Dis~ Gage DIs- Max. Flood
height(b) charge charge height charge 24-hr. peak
Date(a) & (ft.) (cefes.) (cefess) (fE.) (c.fes.) av.

Rappahannock River near Fredericksburg, Va.
(Drainage area 1,590 square miles)

June 5,1922 7.11 17,700 19,900 9.30 27,200 12.4 53.7
May 9,1924 7.78 19,600 20,500 8.36 22,600 4.6 15.3
Apr. 22,1927 6.76 14,400 16,600 7.85 18,800 15.3 30.6
Apr. 28,1928 8.48 22,400 22,900 8.9e 24,800 2.2 10.7
Oct. 23,1920 11.29 37,100 41,900 12.67 44,800 12.9 20.8
Nov. 10,1932 10.46 32,600 35,400 11.84 39,900 8.6 22.4
Apr. 18,1933 8.70 23,500 26,200 9.52 27,400 11.5 16.6
#Sept. 17,1934 10.15 30,800 33,600 11.08 36,000 9.1 16.9
James River at Buchanan, Va.

(Drainage area 2,080 square miles)
Sept. 20,1928 11,09 21,300 22,600 12.63 26,100 6.1 22.5
Apr. 17,1929 10.79 20,200 20,400 11.77 23,500 1.0 16.3
Nov. 19,1929 13.24 28,200 33,800 16.50 39,000 19.9 38.3
Mar. 8,1930 8.18 12,200 12,900 9.03 14,600 5.7 19.7
Feb, 5,1932 12.79 26,800 27,100 15,30 35,000 1.1 30.6
Dec. 29,1932 11.16 21,600 22,200 12.00 24,300 2.8 12.5
Feb. 21,1933 .65 16,800 17,000 10.37 19,200 1.2 14.3
Mar. 28,1934 11.80 23,700 27,400 14.36 32,000 15.6 35.0

James River at Cartersville, Va.

(Drainage area 6,240 square miles)

Apr. 28,1928 14.21 41,500 45,400 15.97 48,900 9.4 17.8
Apr. 17,1929 17.41 55,200 55,200 17.58 56,100 0 1.6
-Mar. 9,1930 13,53 38,500 42,300 15,44 46,200 9.9 20.0
Oct. 18,1932 19.88 67,600 72,900 21.54 75,400 7.8 11.5
Dec. 20,1932 15.97 49,400 50,400 16.70 52,800 2.0 6.9
Apr. 18,1933 19.83 67,500 68,300 20,48 70,600 1.2 4.6
-Mar. 6,1934 15,13 45,300 47,600 15.93 49,000 5.1 8.2
Mar. 30,1934 12.90 35,600 40,400 14.63 43,000 13.5 20.8
North River near Lexington, Va.

(Drainage area 487 square miles)

Jan, 19,1926 8.20 4,760 5,740 9.75 6,870 2046 44.3
-Mar. 6,1929 8420 4,780 6,170 9.97 7,150 29,1 49.6
Apr. 16,1929 8,44 5,590 7,950 11.95 10,000 42,2 78.9
Mar. 8,1930 8.15 4,830 5,520 9.99 7,250 14.3 50.1
Feb. 5,1932 8.33 5,020 6,110 11,05 8,650 21.7 72.3
Oct. 18,1932 8.99 5,960 8,210 12.63 11,100 37.8 86.2
Mar. 20,1933 7.90 4,430 5,060 9.25 6,080 14.2 37.2
Mar, 28,1934 7.93 4,420 4,420 8.61 5,200 0 19.7
Roanoke River at Roanoke Rapids, N, C.

(Drainage area 8,410 square miles)
~Jan. 11,1932 14,65 52,200 53,300 14.88 53,900 2.1 .3
Mar. 9,1932 18.06 73,300 73,900 18.43 75,200 .8 2.6
Oct. 21,1932 S 86,300 86,800 20.84 90,400 6 4.8
Dec. 31,1032 15,50 57,500 57,500 15,78 59,300 0 3.1
Apr. 11,1934 s 58,600 65,400 17.52 69,600 11.6 18.8
Dan River at Leaksville, N. C.

(Drainage area 1,150 square miles)

Ooct. 2,1929 s 17,300 18,200 21.3 18,500 5.2 6.9
Jan. 9,1932 12.80 12,000 12,000 13.37 12,500 [o] 4.2
Mar. 17,1932 B 12,700 14,400 16.75 15,000 13.4 18.1
Oct. 18,1932 s 21,000 21,200 25.0 22,800 1.0 8.6
Mar. 4,1934 s 14,000 14,000 15,7 14,300 0 2.1
Sept. 17,1934 s 10,700 13,300 15.3 14,000 24.3 30,7
Pee Dee River near Rockingham, N. C.

(Drainage area 6,910 square miles)

Apr. 28,1928 s 74,600 79,600 13.70 90,700 6.7 21.6
-Sept. 20,1928 21.90 182,000 196,000 24,38 212,000 7.7 16.5
Mar. 1,1929 S 144,000 148,000 19.70 155,000 2.8 7.6
Oct. 3,1929 s 159,000 162,000 20.53 165,000 1.9 3.8
Jan, 10,1932 s 76,000 80,200 13.90 82,800 5.5 8.9

(a) # Momentary flood peak occurred on following day.
- Momentary flood peak occurred on preceding day.
(b) S Discharge obtained by subdivision of the hydrograph.
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COMPARISON OF FLOOD FLOWS~--Continued
Percentage in
Maxinmm Momentary excess of max.
Maximm calendar-day average 24-hr.av. flcod peak calendar-day av.
Gage Dis- DIs~ GEge Dla- Max. Tlood
height(b) charge charge height charge 24-hr. peak
Date(a) {(£t.) (ce.fese (cefese) (ft.) (c.f.s.) av.
Santee River at Ferguson, S. C.
{Drainage area 14,800 square miles)
Jan. 23 and
- 24,1925 17.05 143,000 146,000 17.13 146,000 2.1 2.1
Aug. 22,1928 20.48 248,000 248,000 20.60 251,000 o] 1.2
Mar. 5,1929 16.78 137,000 140,000 16.91 140,000 2.2 2.2
Mar. 10,1929 17.45 155,000 168,000 17.55 160,000 1.9 3.2
Oct. 17,1929 20.94 260,000 263,000 21.04 263,000 1.2 1.2
Pacolet River near Fingerville, S. C.
(Drainage area 212 square miles)
Dec, 15,1931 s 2,710 3,260 6,45 3,810 20.3 40.6
Oct. 17,1932 s 8,260 8,270 13,31 11,000 .1 33.2
Nov. 1,1932 S 5,830 3,890 7.52 4,910 1.6 28.2
Mar. 4,1934 S 3,280 3,290 6.40 3,810 3 16.2
Mar. 28,1934 ] 2,580 2,610 6,01 3,450 1.2 33,7
Saluda River at Chappells, S. C.
(Drainage area 1,200 square mlles)
Aug. 17,1928 29,64 54,200 54,700 20.97 56,200 0.9 3.7
Mar. 1,1929 28.40 26,600 27,300 23.77 28,100 2.6 5.6
Mar, 6,1929 24.30 30,200 30,600 24,54 31,000 1.3 2.6
Sept. 28,192  30.00 56,200 58,700 30.9 60,700 4.4 8.0
-0ct. 3,1929 30.10 56,700 61,200 3l.5 63,700 7.9 12.3
Oconee River at Dublin, Ga.
(Drainage area 4,350 square miles)
Jan, 4,1933 14.40 19,400 19,400 14,45 19,500 [ e8]
Feb., 24,1933 14.92 20,500 20,700 15.07 21,000 1.0 2.4
Mar. 9,1934 16,07 23,500 23,500 16,15 23,700 0 9
June 12,1934 13.26 17,300 17,300 13,35 17,500 (¢} 1.2
Peace Creeck at Arcadia, Fla.
(Drainage 1,330 square miles)
Apr. 20,1931 9.66 5,930 5,930 9.70 5,930 [} o]
Sept. 16,1932 9.97 6,230 6,230 9.99 6,230 (o} 0
Sept. 9,1933 17.65 34,700 36,200 17.69 36,200 4.3 4,3
June 23,1934 12.70 10,300 10,300 12.80 10,400 [V} 1.0
Withlacoochee River near Holdeg, Fla.
(Drainage area 1,660 square miles)
Oct. 16,1929 11.26 5,830 5,830 11.26 5,830 o (o]
-Aug. 21,1933 6.18 1,800 1,800 6,19 1,800 0 0
Sept. 25 and
26,1933 11,16 5,860 5,860 11,16 5,860 0 0
July 9 and
10,1934 11.62 6,740 6,740 11.63 6,740 (o} [
Suwannee River at Ellaville, Fla,
(Drainage area 6,580 square miles)
Oct. 5,1928 31,37 43,500 43,500 31,40 43,500 o] 0
Oct. 12,1929 26.90 34,000 34,000 26,92 34,000 o o
Aug. 30,1932 12.29 11,200 11,300 12.33 11,300 .9 .9
Sept. 27,1932 15.65 15,300 15,500 15.67 15,500 1.3 1.3
Feb. 26,1933 24,01 26,400 26,400 24.03 26,400 (o} [}
Apr. 19,1933 18.39 18,300 18,300 18.41 18,300 0 [}
Chattahoochee River at West Point, CGa.
(Drainage area 3,550 square miles)
Mar. 5,1929 22.00 63,900 66,300 22.75 68,700 3.8 7.5
Mar, 15,1929 23.85 75,500 84,400 25.45 87,600 11.8 16.0
Nov. 17,1930 13.99 29,500 29,500 14.35 30,900 o} 4.7
Feb. 22,1932 13.32 26,400 28,200 14,24 29,200 6.8 10.6
Dec. 30,1932 21.58 68,000 68,000 21.74 58,600 o} 1.0
Mar. 05,1934 16.05 32,900 34,000 16.52 34,700 3.3 5.5

(a)
(v)

= Momentary flood peak occurred on preceding day.

8 Discharge obtained by subdlvision of the hydrograph.

.
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COMPARISON OF FLOOD FLOWS-~Continued

Percentage in

Maximum Momentary excess of max.
Maximum calendar-day average 24-hr.av. flood eak calendar-day av.
Gage Dis- Dis- Gage bis- Max. Eﬁooa
height(b) charge charge height charge 24-hr. peak
Date(a) (fta) (cefess) (CefesSe) (ft.) (c.f.38.) av.

Apalachicola River near River Junction, Fla.
(Drainage area 17,100 square miles)

20,1929 34.60 291,000 291,000 34.70 293,000 [« 0.7
5,1929 20,92 86,800 86,800 21.00 87,700 [o] 1.0
11,1930 16.06 63,200 53,200 16.16 53,700 o} .9
21,1930 18.96 70,700 70,700 19.10 71,500 o] 1.1
25,1932 14.13 44,900 44,900 14.24 45,300 [} 9
3,1933 18.51 67,200 67,200 18.56 67,900 0 1.0
24,1933 19433 73,100 73,900 19.43 73,900 1.1 1.1
8,1934 17.48 62,800 62,800 17.57 63,400 0 1.0-
Little River near Jamestown, Ala.
(Drainage area 121 square miles)
14,1929 S 6,180 6,230 10.40 9,430 0.8 52.6
14,1929 7.20 5,400 6,000 9,38 8,130 11.1 50.6
7,1930 6,00 4,010 4,120 7.20 5,400 2.7 34.7
14,1931 5.64 3,570 3,570 6.60 4,680 C 31.1
30,1932 6.60 4,680 5,400 8465 7,090 15.4 51.5
Allegheny River at Red House, N. Y.
(Drainage area 1,640 square miles)
30,1917 S 23,890 24,450 10.84 25,300 2.3 5.9
15,1918 s 28,120 28,790 11.70 30,000 2.4 67
15,1920 s 30,680 30,750 11,95 31,500 .2 2.7
18,1927 S 26,100 26,120 10.95 26,800 o1 2.7
1,1927 S 34,720 35,550 12.6 36,600 2.4 5.4
Ohio River at Paducah, Ky.
(Drainage area 202,700 square miles)
15,1934 39,24 771,000 771,000 39,27 771,000 [ 5}
35,1934 35.29 642,000 642,000 35.34 642,000 (o} 0
Muskingum River at Dresden, Ohio
(Drainage area 5,980 square miles)
23,1927 24,5 50,600 52,900 25.4 53,500 4.5 5.7
23,1927 25.7 54,500 54,800 26.0 55,500 «6 1.8
17,1927 24.0 49,000 49,600 24,3 51,200 1.2 4.5
28,1929 s 52,200 52,200 25.3 53,200 [o] 1.9
15,1930 24.0 49,000 49,600 24.3 50,000 1.2 2.0
18,1933 23.8 54,100 54,500 24.0 54,900 7 1.5
15,1933 21.8 46,000 46,800 22,2 47,600 1.7 3.5
Walhonding River at Pomerene, Ohio
(Drainage area 1,490 square miles)
26,1926 S 15,600 16,000 1l.4 17,100 246 9.6
20,1927 11.8 18,000 18,700 13.0 20,900 3.9 16.1
1,1927 13.2 21,400 21,600 14.0 23,400 9 Qa3
19,1929 s 17,500 19,500 13.2 21,400 11.4 22,3
26,1929 s 20,500 25,000 15,5 27,400 21.9 33.7
18,1932 S 14,800 14,800 1l.4 17,100 o 15.5
15,1933 12.0 19,000 19,300 12,2 19,500 1.6 2.6
14,1933 12.8 21,000 21,000 13.2 22,000 0 4.8
New River at Eggleston, Va.
(Drainage area 2,920 square milles)
22,1927 10.26 22,100 26,200 11,95 28,900 18.6 30.8
17,1928 16,54 47,600 47,600 18,04 53,800 0 13.0
. 7,1928 11.40 26,500 31,300 13.98 37,100 18.1 40.0
2,1929 14.95 42,100 59,100 22,44 72,300 40,4 1.7
23,1929 11.83 28,300 35,200 15.32 - 42,500 24.4 50.2
23,1931 8,74 15,800 16,100 9.15 17,600 1.9 1l.4
29,1932 9.90 20,300 20,600 10,28 22,000 1.5 8.4
28,1934 11.57 26,200 27,800 12,71 30,700 6.1 7.2
(a) - Momentary flood peak cccurred on preceding day.

(b) S Discharge obtained by subdivision of the hydrograph.
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COMPARISON OF FLOOD FLOWS--Continued

Percentage in

Maximum Momentary excess of max.
Maximum calendar-day average 24-hr,av, flood peak calendar-day av.
Gage Dis- Dis- Gage Dis- Max. Flood
height(b) charge charge _ height charge 24-hr. pealt
Date(a) (£t.) (cefess) (cefas,) (fte) (cefess) av.

¥anawha River at Kanawha Falls, W. Va.
(Drainage area 8,367 square miles)

Octe 3,1929 18.80 139,000 141,000 21.35 168,000 1.4 20.9
Nov. 19,1029 1640 110,000 126,000 18,20 133,000 14.6 20.9
Feb, 5,1932 15.15 101,000 102,000 16.08 111,000 1.0 9.9
July 5,1932 S 64,700 65,900 16.30 113,000 1.9 74.7
Mar. £,1934 20.07 153,000 153,000 21.43 168,000 0 9.8
Greenbrier River at Alderson, W. Va.
(Drainage area 1,340 squsre miles)

Nov. 18,1929 S 26,600 31,600 14.20 6,300 18.8 36.5
Feb. 65,1032 14.42 37,100 35,100 16.96 46,400 2.7 25.1
~Mar, 29,1932 S 19,300 26,200 13,02 32,000 35,7 65.8
Mar. 5,1934 12.79 31,300 31,600 15.23 32,700 1.0 4.5
Mar. 28,1924 10.87 24,500 24,800 12.15 26,100 1.2 18.8
Gauley River above Belva, W, Va.

(Drainare area 1,340 square miles)

Dec. 1,1928 S 20,700 32,500 16.25 41,400 9.4 39.4
-Oct. 3,1929 s 36,900 45,300 20,32 59,900 22.8 62.3
Nov. 18,1929 S 29,500 32,700 16.22 41,400 10.8 40.3
Feb. 5,1932 S 28,000 33,100 16.9 44,600 18.2 59.3
July 65,1922 S 60,900 87,200 28,6 105,000 10.3 72.4
Mar. 5,1934 S 37,500 37,500 17.3 46,400 [¢] Ze7
Williams River at Dyer, V. Va.

{Drainage area 128 square niles)

Feb. 4,1932 S 4,250 4,450 10.53 8,500 4,7 100
Mar. 17,1932 S 3,110 3,660 8460 5,740 17.1 84.5
Mar. 28,1932 s 3,960 3,960 10.30 8,200 0 107
Mar. 4,1934 ) 4,340 5,080 9.90 7,600 17.1 75.0
Aug. 16,1934 s 1,460 1,580 8445 5,470 8.2 275
Olentangy River near Delaware, Ohio
(Drainage area 387 square miles)

Jan., 22,1927 10.8 5,980 5,980 11.6 6,860 0 14.7
Mar. 21,1927 15.7 12,200 12,400 16.9 14,100 1.8 15.6
=July 20,1927 11.6 6,860 9,280 15.4 11,800 35.2 72.0
Dece 1,1927 14.4 10,400 10,600 15.5 12,000 1.9 15.4
Jan, 19,1929 11.4 6,640 6,750 11.7 6,970 1.7 5.0
Feb. 26,1929 S 10,200 11,800 16.3 13,200 15.7 29.4
-Jan. 9,1930 13.2 8,760 9,150 13.9 9,670 4.4 10.4
Dec. 31,1932 s 8,280 8,500 13,4 9,020 2.7 8.9
Mar. 14,1933 S 6,560 6,970 12.1 7,420 6.2 13.1
May 13,1933 s 6,240 10,400 15.8 12,400 6647 98.8
Licking River at catawba, Ky.

(Drainage area 3,300 square miles)

Feb. 27,1929 S 41,500 42,100 29.90 43,200 1.4 4.1
Apr. 4,1931 S 31,000 31,500 26.20 35,400 1.6 14.2
Jan. 20,1932 27.22 37,500 39,800 28,56 40,500 6.1 8.0
#Feb. 5,1932 27.29 37,700 39,400 28.48 40,200 4.5 6.6
Jan. 22,1933 34,20 52,400 54,000 35,22 54,600 3.1 4.2
West Fork of Whitewater River near Alpine, Ind.

(Drainage area 528 square miles)

TFeb. 26,1929 14,11 18,800 19,100 14.80 20,900 1.6 11.2
July 1,1929 s 14,600 16,000 14.77 20,900 9.6 43.1
Jan., 13,1930 S 13,200 13,500 12.89 15,200 2.3 15.2
Dec. 31,1032 12.78 13,600 13,900 13.31 15,000 2.2 10.3
May 14,1933 s 13,400 16,400 14,76 19,200 22,4 43.3

(a) - Momentary flood peak occurred on preceding day.

% Momentary flood peak occurred on following day.
(b) S Discharge obtained by subdivision of the hydrograph.
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COMPARISON OF FLOOD FLOWS--Continued

Percentage in

Maxinum Momentary excess of max.
Maximum calendar-day average 24-hr.av. flood peak calendar-day av.
Gage Dis~ Dis- Gage Dis- Tax. gIooa
height(b) charge charge height charge 24-hr. peak
Date(a) (ft.) {(c.f.s.) (c.f.8.) (ft.) (c.f.s.) av.

Wabash River at Terre Haute, Ind.
(Drainage area 12,200 square miles)

May 20,1929 21,53 58,000 58,800 21,63 58,800 1.4 1.4
Jan. 16,1930 25.61 104,000 104,000 25.63 104,000 0 [
Jan. 23,1932 19.¢8 46,500 46,500 20.08 47,200 o] 1.5
Mar. 25,1933 22,26 64,000 64,000 22,30 64,000 0 0
May 15,1933 26,32 103,000 106,000 26,535 106,000 2.9 2.9
Wabash River at lt. Carmel, Ill.
(Drainage area 28,600 square miles)
Jan. 30,1929 22,9 148,000 148,000 22,9 148,000 0 o
Apr. 17,1929 21.06 112,000 112,000 21.09 112,000 (4] [¢]
iMay 23,1929 23.61 155,000 155,000 23.68 155,000 0 0
Dec. 26,1929 19.33 106,000 106,000 19.39 106,000 [¢] 0
Jan. 17,1930 27.03 277,000 278,000 27.06 279,000 i 7
Jan., 26,1932 23.77 156,000 156,000 23.79 156,000 0 o
Jan. 8,1933 21.49 116,000 116,000 21.52 116,000 0 [¢]
Mar. 29,1933 23.87 152,000 152,000 23.70 152,000 0 o]
Apr. 25,1933 20,69 102,000 102,000 20.71 102,000 [¢] o]
May 21,1933 26.06 232,000 232,000 26.08 232,000 0 0
Cumberland River &t Celina, Tenn.
(Drainage area 7,320 square miles)
Feb. 5,1932 47.26 108,000 109,000 47,34 109,000 0.9 0.9
-Jan. 2,1833 32.22 65,100 65,400 32.%6 65,500 «5 8
Jan. 24,1933 33.63 68,900 68,900 33.81 69,400 0 o7
Mar. 21,1933 34,15 70, 300 70,500 34.28 70,700 3 +6
May 13,1933 36.08 75,700 76,700 36458 77,100 1.3 1.8
French Broad River at Asheville, N. C.
(Drainage area 949 square miles)
Aug. 16,1928 s 34,600 36,900 13,27 42,700 6.6 28.4
oct. 16,1932 6.85 14,000 14,800 7.33 15,800 5.7 12,9
Dec. 28,1932 5476 10,900 11,500 6.18 12,100 5.5 11.0
Mar. 4,1934 S 10,300 10,600 5.22 11,200 2.9 8.7
Mar. 28,1934 s 6,660 6,780 4,34 7,010 1.8 5.3
Tennessee River at Guntersville, Ala.
(Drainage area 24,200 square milles)
Apr. 09,1931 22443 136,000 137,000 22,54 137,000 0.7 0.7
Feb. 4,1932 30,71 216,000 216,000 30.82 217,000 [} .5
Jan. 3,1933 34.38 254,000 254,000 34.43 265,000 [o] o4
Feb. 20,1933 30.98 219,000 219,000 31.06 220,000 [} .5
Mar. 23,1933 23.88 149,000 150,000 23,97 150,000 W7 o7
Little Pigeon River at Sevierville, Tenn.
(Drainage area 346 square miles)
Mar. 23,1020 s 11,500 12,600 13.45 26,300 9.6 129
Apr. 4,1931 s 7,950 8,350 9.50 13,500 5.0 69.8
Jan. 30,1932 S 11,000 11,000 11.00 18,200 (o] 65,4
Dec. 28,1932 S 12,100 12,200 10.86 17,900 .8 47.9
Feb. 15,1233 s 15,100 15,200 12.54 23,200 o7 53.6
Tuckasegee River at Bryson, N, C.
(Drainage area 673 square miles)
Mar. 5,1929 S 9,290 9,380 6,55 11,300 1.0 21,6
Mar. 14,1929 s 9,050 9,180 6.85 12,000 1.4 32.6
Jan. 30,1932 s 7,010 7,090 5.90 9,760 1.1 39.2
Dec. 28,1932 S 15,600 15,700 9.25 18,300 .6 17.3
-Mar. 4,1934 S 10,300 11,900 8.15 15,300 15.5 48.5
Hiwassee River at Murphy, N. C.
(Drainage area 410 square wmiles)
Mar. 30,1928 S 10,400 10,800 11.72 17,400 3.8 67.3
Sept. 26,1929 S 12,300 12,500 10.31 14,300 1.6 16.3
Dec. 14,1931 s 7,200 7,220 8.26 10,200 3 40.3
Dec. 28,1932 S 16,500 16,500 12,20 18,700 0 13,3
Mar. 3,1934 S 9,020 10,900 10,67 15,200 20.8 68.5

(a) = Momentary flood peak occurred on following day.
- Momentary flood peak occurred on preceding day.
(b) 8 Discharge obtained by subd1v15109 of the hydrograph.



106 FLOODS IN THE UNITED STATES

COMPARISON OF FLOOD FLOWS-~Continued

Percentage in

Maximam Momentary excess of max.
Maximum calendar-day average 24-hr.av. flood peak calendar-day av.
age Dis- Dis- T Gage Dis~ Max, Flood
height(b) charge charge height charge 24-hr. peak
Date(a)  (ft.) (cefas.) (cefose) (fte)  (cefess) av.

Wolf River at Keshena Falls, Wis,
(Drainage area 812 square miles)

May 6,1928 7,45 2,120 2,120 7.48 2,170 0 2.4
Aug. 22,1928 6.88 1,530 1,530 6.90 1,530 o} 0
-Sept. 16,1928 7.95 2,660 2,780 8410 2,830 4,5 6.4
oct. 19,1928 7.41 2,070 2,070 7.42 2,070 [ o
Nov. 25,1831 6.67 1,320 1,320 6.67 1,320 0 0
May  2,1833 7.00 1,660 1,710 7.04 1,710 3.0 3.0
Genesee River at St. Helena, N. Y,

{Drainage area 1,017 square mlles)

May 17,1916 s 31,270 32,590 11.84 44,400 4.2 42.0
May 22,1919 S 23,810 25,640 11.40 31,600 8.9 32.7
Mar. 13,1920 S 28,750 32,800 12.29 39,600 14.1 37.8
Dec. 1,1927 S 32,420 32,790 12.80 42,700 1.1 31.7
Apr. 21,1929 S 22,200 22,200 10.70 25,900 V] 16.7
Winocoskl River at Essex Junction, V&,

(Drainage area 1,070 square mlles)

Mar. 17,1929 10.67 17,400 18,200 11.64 19,200 4.6 10.3
Jan. $,1930 ) 17,800 19,400 12.60 21,300 9,0 18.7
Apr. 11,1931 S 17,400 20,100 13,22 22,700 15.5 30.5
Apr. 13,1932 S 18,500 20,700 13.68 23,600 11.9 27,6
Apr. 18,1933 S 28,300 32,400 18.60 34,600 14,5 22.3
Pine Creek near Pine Creek, Minn,

(Drainage area 76 square miles)

May 13,1930 8.75 433 449 8.83 460 3.7 6.2
May 25,1933 8.94 476 500 0.03 515 5.0 8.2
Mississippi River at St. Paul, Minn,

(Drainage area 36,800 square mlles)

#Ma®, 26,1928  11.3 33,000 33,000 11.4 33,600 0 1.8

Mar. 22 to
24,1929 12.9 45,000 45,400 13.0 45,800 .9 1.8
May 19,1930 8,78 22,000 22,000 8.80 22,000 [¢] [¢]
Minnesota River at Mankato, Minn,
{Drainage area 14,600 square miles)
sMar. 14,1927 14.30 11,400 11,500 14,50 11,700 0.9 2.6
Mar, 18,1929 18.85 21,100 21,100 18.0 21,400 0 1.4
-Apr. 4,1933 14.80 13,100 13,300 15.05 13,500 1.5 3.1
Chippewa River at Chippewa Falls, Wis.
(Drainage area 5,600 square mlles)
Apr. 23,1916 13.40 52,100 52,200 13.45 52,400 0.2 0.6
Mar, 27,1820 15,41 66,200 74,800 17.0 78,000 13,0 17.8
Sept. 20,1926 11.40 39,000 39,300 12.55 46,400 .8 18.0
Mar. 16,1927 12.42 45,400 46,400 13,40 52,100 2.2 14.8
-Apr. 8,1929 10.92 36,200 38,400 12,50 44,000 6.1 21.5
June 15,1930 10.80 35,600 35,600 11.6 40,200 o] 12.9
Apr. 7,1934 12.34 26,500 26,800 13.44 30,500 1.1 15.1
Red Cedar River néar Colfax, Wis,
(Drainage area 1,100 square miles)
Mer., 14,1927 5,75 5,750 5,750 6.00 6,100 0 6.1
May 23,1927 3.65 2,580 2,700 4,04 3,080 4.6 19.4
sMar. 23,1928 5.06 4,260 4,260 5.34 4,550 0 6.8
June 14,1830 3.43 2,040 2,150 3467 2,370 5.4 16.2
Apr. 3,1834 8.87 17,600 21,500 12.00 24,200 22.2 37.5
(a) Momentery flood peak occurred on preceding day.

Momentary flood peak occurred on following day.
Momentary flood peak occurred on same day.
Discharge obtained by subdivision of the hydrograph.

e

(v)
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Date(a)

Apr. 4,1934
- -Sept. 26,1934

-Aug., 21,1924
June 17,1925
May 24,1927
Mer., 13,1928
Mar. 14,1929
Mar, 26,1932

May 20,1933

July 1,1924
Sept. 23,1926
May 24,1927
Mar. 16,1929
June 15,1930

Feb. 26 and
- 27,1922
Aug. 22,1924
Aug. 29,1928
Mar. 19,1929
Apr. 30,1929
Apr. 4,1933

Nov. 28,1931
June 7,1932
June 24,1932
July 8,1932
Mey 28,1933
June 2,1933

May 24,1928
June 10,1933
June 8,1934

Mey 10,1921
June 18,1921
July 3,1921
June 10,1923
July 5,1923
=June 5,1925

Apr. 2,1927
Apr. 9,1927
Apr. 21,1927
Octe 2,1927

COMPARISON OF FLOOD FLOWS~-Continued
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Percentage in

Maxlmmm Momentary excess of max.
Meximum calendar-day average 24-hr.av. flood peak calendar-day av.
- - Gage Dis- Dis- ~ Cage B TIs~ ~ Wax. E'.[oo'd
height(b) charge charge height charge 24-hr. peak
(£t.) (cefen,) (cefes.) (f£.) (c.f.s.) av,
Zumbro River at Zumbro Falls, Minn.
(Drainage area 1,120 square miles)
8 18,300 19,300 26.26 22,000 5.5 20.2
8 4,110 4,310 17.48 9,620 4.9 134
® Mequoketa River near Maquoketa, Iowa
(Drainage area 1,560 square miles)
18.63 17,000 18,200 19.8 19,300 7.1 13.5
19.1 18,000 18,400 19.7 19,100 2.2 6.1
s 10,400 11,900 15.9 12,900 14.4 24.0
s 11,100 11,700 15.40 12,100 5.4 9.0
20.2 21,000 21,300 20.62 21,800 1.4 3.8
s 7,040 9,760 15,0 11,400 38.6 61,9
S 7,580 8,450 13.5 9,130 11.5 20.4
Towa River at Towa City, Iowa
(Drainage area 3,230 square miles)
15.00 19,100 19,400 15.34 19,900 1.6 4.2
14.94 17,400 17,600 15,06 17,800 1.1 2.3
s 9,310 9,650 11.80 10,9200 3.7 17,1
16.47 21,900 21,900 16453 22,000 0 »5
s 11,300 11,300 13.3 13,600 3} 20,4
Cedar River at Cedar Rapids, Iowa
(Drainage area 6,640 square miled)
10.9 28,300 31,600 12.15 33,300 11.7 7.7
10.1 24,500 24,500 10.54 26,300 ) T8
10.88 28,500 28,500 11.05 29,200 0 2.5
19.1 67,200 70,100 20.1 72,000 4.3 7ol
9,00 20,300 20,700 9,30 21,500 2.0 5.9
18.26 63,300 63,300 18.6 64,800 [} 2.4
Missourl River at Boonville, Mo.
(Drainage area 505,710 square miles)
21.5 221,000 221,000 21.5 221,000 0 [+]
17.3 151,000 153,000 7.4 153,000 1.3 1.3
18.2 174,000 177,000 1844 177,000 1.7 1.7
17.9 154,000 154,000 18.0 156,000 0 1.3
13.9 93,000 95,000 14.3 » 2.2 4.3
14.6 102,000 103,000 14.9- 105,000 1.0 2.9
Marias River near Shelby, Mont.
(Drainage area 2,610 square miles)
7.00 6,240 6,240 7.10 6,450 ] 3.4
6.12 5,070 5,280 6.30 5,500 4,1 8.5
10.15 14,000 15,500 11.05 16,200 10.7 15.
Kansas River at Topeks, EKans.
(Drainage area 56,400 square miles)
14.60 33,000 35,050 16.47 44,300 6.2 34.2
14.15 31,150 31,850 14.856 34,300 22 10.1
13,20 26,500 27,050 14.10 30,500 2.1 15,1
20.90 69,800 70,060 21.50 73,700 .4 5.6
14.20 30,700 30,700 15.10 35,100 0 4.3
11,40 18,500 22,900 13.59 26,800 23.8 44,9
Osage River near Ottawa, Kans.
(Drainage area 1,250 square miles)
22.60 9,540 9,620 23.20 9,880 0.8 3.6
17.54 6,740 7,180 19.55 7,840 6.5 16.3
30,85 17,300 18,300 31.38 18,800 5.8 8.7
24.37 10,560 10,620 24,92 10,880 6 3.0
36,96 46,300 63,830 38.65 58,400 16.3 26.1

-Nov. 18,1928
(a)

(b)

gt

Momentary flood psak occurred two days earlier.

Momentary flood peak occurred on preceding day.
Momentary flood peak occurred on following day.

Discharge obtained by subdivision of the hydrograph.
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COMPARISON OF FLOOD FLOWS-~Continued

Percentage in

Maximum Momentary excess of max.
Maximum calendar-day average 24-hr.av. f£lood peak calendar~day 8V.
Gage Dis~ Dis~- Gage Dis~- Mex. EIQQH
height(b) charge charge height charge 24-hr. peak
Date(a) (ft.) (cefesa) {(Cefess) (ft.) (cefese) av.

on

Osage River at Osceola, Mo.
(Drainage area 8,220 square miles)

May 21,1931  16.83 26,300 26,600 17,35 27,700 1.1 5.5
Aug. 90,1931  13.90 19,400 20,100 14.50 20,800 3.6 7.2
June 30,1932 15.3 22,400 24,200 16.40 25,300 8.0 12.9
Dec. 26,1932  19.60 33,200 34,700 20.65 35,800 225 7.8
May 16,1933  21.08 36,900 37,000 21,16 37,600 .3 1.9
May 30,1933  14.75 21,300 21,600 15.20 22,400 1.4 5.2

Niangua River near Decaturville, Mo.
(Drainage area 627 square miles)

Aug. 7,1931 S 6,450 7,580 12.60 8,070 17.5 25.1
June 29,1932 s 9,110 15,000 17.00 22,000 64.6 142
July 9,1932 S 4,720 4,720 10,90 6,770 o 43.4
Dec. 25,1932 S 12,700 13,200 15.62 17,100 3.9 34.7
Apr. 17,1933 S 9,000 9,160 13.70 11,800 1.8 31l.1
May 15,1933 S 12,800 16,500 16.30 19,400 28.9 51.6
lississippi River near Vicksburg, Miss.
(Drainage area 1,140,000 square miles)
Peb. 26,1932 50.07 1,410,000 1,410,000 50.3 1,410,000 0 o
Jan. 19,1933 37.56 947,000 947,000 37.58 947,000 [} 0
June 10,1933 47.47 1,360,000 1,360,000 47,50 1,360,000 0 0
Jan., 21,1934 21.80 540,000 540,000 21.85 540,000 [o] o)
Mar. 24,1934 31.56 843,000 843,000 31.58 843,000 0 0
Apr. 13,1934 34,51 876,000 876,000 34,55 877,000 0 .1
Neosho River near Iola, Kans,
(Drainage area 3,800 square miles)
Sept. 13,1926 32.75 43,800 43,800 33420 46,000 0 5.0
fpr, 19,1927 s 31,740 32,890 29.8 34,040 3.6 7.2
June 18,1928 21.42 20,700 20,860 21,80 21,220 .8 2.5
Nov. 20,1928 30.00 34,400 34,840 30.42 35,200 1.3 2.3
July 18,1929 20.45 19,300 19,350 20.60 19,540 3 1.2
canadian River near Bell Ranch, N. Mex.
(Drainage area 6,400 square mliles)
Qct. 5,1930 s 2,570 4,340 8.30 19,600 68.9 662
June 24,1932 S 853 917 4.50 3,080 7.5 261
Aug. 4,1933 s 6;740 6,750 7.90 17,200 .1 155
Canadian River at Logan, N, Mex.
(Drainage area 11,200 square miles)
June 11,1930 s 2,840 2,840 8.10 10,000 0 252
Oct. 1,1930 S 8,420 13,200 12.02 39,000 56.8 363
June 23,1932 S 936 1,040 6.20 3,160 11.1 238
June 25,1932 ) 11,100 11,400 10.02 23,100 2.7 108
Sept. 26,1932 S 1,530 1,530 6455 4,040 0 164
Verme jo River near Dawson, N, Mex.
(Drainage area 250 square miles)
Aug, 23,1931 S 71 81 4,63 641 14.1 803
June 30,1934 s 62 78 5,60 1,090 25.8 1,660
July 27,1934 S 71 74 5,39 782 4,2 1,000
Mora River near Shoemaker, N. Mex.
(Drainage area 1,160 square miles)
June 12,1933 ) 290 349 5.49 2,830 20.3 876
June 19,1933 S 228 228 3,08 820 9] 172
-May 27,1934 S 200 270 4.30 1,570 35.0 685
Sept. 1,1934 S 238 248 3.48 906 4,2 281

(a) - Momentary flood peak occurred on preceding day.
(b) S Discharge obtained by subdivision of the hydrograph.



MOMENTARY FLOOD PEAKS AND OTHER FLOW CHARACTERISTICS OF FLOOD RISES 109

COMPARISON OF FLOOD FLOWS--Continued

Percentage in

Maximm Momentary excess of max.
Maximm calendar-day average 24-hr.av. flood peak calendar-day av.
age Dis- Dis- Gage Dis~ Max. Flood
height(b) charge charge height charge 24-hr. peak
Date(a)  (ft.) (Cefess) {cefess) (ft.) (cefese) av.

Sabine River near Ruliff, Tex.
(Drainage area 9,450 square miles)

Nov. 12,1925 13.84 47,700 50,000 13.90 50,000 4.8 4.8
Jan. 4,1927 14.03 52,200 52,200 14,14 54,400 0 4.2
June 1,1929 14.33 59,000 59,000 14.40 61,200 0 3.7
Mar. 3,1932 15.10 62,800 62,800 15.10 62,800 0 [¢]
Aug. 5,1933 15.53 67,000 67,000 15.55 68,600 0 2.4
Colorado River near Tow, Tex.,
(Drainage area 31,100 square miles)
Oct. 8,1930 19.60 47,200 47,900 19.97 50,000 1.5 5.9
Oct. 17,1930 22,07 66,300 67,200 22.50 69,900 1.4 5.4
May 12,1932 17.70 35,400 36,800 18420 38,400 4.0 8.5
May 26,1933 S 21,900 24,200 15.83 25,300 10.5 15.5
Apr. 17,1934 S 37,700 38,600 18,75 42,000 2.4 11.4
Colorado River at Austin, Tex.
(Drainage area 38,200 square miles)
Apr. 28,1922 20.94 103,000 104,000 21.67 110,000 1.0 6.8
- ~May 3,1922 S 100,000 108,000 22.60 120,000 8.0 20.0
May 29,1929 s 96,400 113,000 27.35 132,000 17.2 36.9
Oct. 7,1930 ] 79,500 88,100 22.50 97,600 10.8 22.8
Sept. 3,1932 S 61,800 67,700 19.00 77,500 9.5 25.4
Guadalupe River near Spring Branch, Tex.
(Drainage area 1,430 square miles)
Apr. 21,1926 S 11,000 11,300 20.72 19,800 2.7 80.0
May 29,1929 s 17,600 17,700 19.82 18,600 .6 5.7
~June 13,1930 s 3,340 5,230 15,80 13,300 56.6 208
Oct. 17,1930 S 15,000 15,300 24,57 24,000 2.0 60,0
July 3,1932 S 62,800 78,000 42.10 121,000 24.2 92.7
Sandies Creek near Westhoff, Tex.
(Drainage area 493 square miles)
Jan. 6,1932 s 4,700 4,740 21.29 5,040 0.9 7.2
Apr, 30,1932 s 4,900 5,290 21,79 5,780 8.0 18.0
Aug., 1,1933 s 4,680 4,780 21,50 5,320 2,1 13,7
Mar. 3,1934 B 3,520 3,540 20.13 3,640 6 3.4
July 28,1934 S 1,880 1,880 17.58 2,030 0 8.0
Frio River at Concan, Tex.
(Drainage area 485 square miles)
Oct. 6,1930 s 7,330 7,460 22,30 47,000 1.8 541
July 19,1931 S 5,570 5,770 14.60 18,200 3.6 227
July 1,1932 S 41,200 42,000 34.44 162,000 1.9 293
Sept. 1,1932 s 6,420 6,580 20,30 26,600 2.5 314
Colorade River near Grand Canyon, Ariz.
(Drainage area 138,700 square miles)
Sept. 19,1923 26.45 98,500 101,800 28.5 112,000 3.5 13.7
July 2,1927 28.15 117,200 122,900 29.25 126,600 4,9 8.0
Sept. 15,1927 27.72 113,600 113,700 28.95 124,000 .1 9.2
June 3,1928 27.75 113,900 114,000 27.85 114,700 o1 W7
May 29,1929 27.18 108,200 108,800 27.5 110,900 «6 2.5
May 26,1932 25,91 101,000 101,100 26.1 102,400 .l 1.4
Green River at Green River, Utah
(Drainage area 40,600 square miles)
June 27,1917 14.3 66,700 67,200 14,53 68,100 0.7 2.1
June 17,1921 14.07 64,100 64,200 14.12 65,500 .2 2.2
June 12,1922 10.75 45,800 45,800 10,80 46,200 0 .9
June 29,1927 11.23 30,500 33,400 13.20 46,300 9.5 51.8
Sept. 14,1927 10.85 27,500 27,500 11.75 34,700 0] 26.2
Mey 31,1928 13.05 44,300 44,500 1361 44,700 5 «9
#May 29,1929 12,90 41,900 42,000 13.0 42,300 2 1.0
#May 26,1932 12.18 36,600 36,600 12.40 38,200 0 4.4
(a) - - Momentary flood peak occurred two days earlier.

Momentary flood peak occurred on preceding day.
5 Momentary flood peak occurred on fcllowing day.
(p) s Discharge obtained by subdivisiorn of the hydrograph.
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Maximum celendar-day sverage

Date(a)

=May 29,1920
-May 30,1921
-June 9,1922
=May 26,1923
May 21,1932
June 1,1933

Sept. 10,1927
Sept. 14,1027
Avg, 6,1929
Aug, 12,1929
Auvg. 9,1930
Aug., 11,1930
Aug. 29,1932

Sept. 27,1926
-June 29,1927
Apr. 5,1929
July 29,1929
~Feb. 11,1932

Aug, 8,19290
Sept. 23,1929
Feb. 15,1931
Sept. 19,1931
Feb. 10,1932
Mer. 1,1932
Feb. 26,1933

-July 16,1932
July 26,1932
July 30,1932
Sept. 10,1933
Sept. 22,1934

~May 17,1921
May 6,1922
May 10,1923

-Mey 31,1927

-Apr. 29,1928
Mey 14,1932

Jan, 18,1916
Mar. 7,1918
Dec. 19,1921
Feb. 16,1927
Feb, 9,1932
Jan. 19,1933

(a)
(v)

FLOODS IN THE UNITED STATES

COMPARISON OF FIQOOD FLOWS--Continued

2o 8=
height(b) charge

(£t.)

13.1
13.8
14.8

17.88
15.98
20,76
15.43
19.42

6.22
€.16
7.70
7.13
10.24
8.02
7.08

2.62
1.85
3.08
2433
1.76

(c.f.8.)

Maximum Momentary
24-hr.av. flood pesk
Dis- Gage Dig~
charge height charge
(c.f.8.) (ft.) (c.f.s.)

Ashley Creek near Vernal, Utah
(Drainage area 101 square miles)

1,100
1,750
1,480
1,010
990
013

1,120
1,810
1,480
1,030
1,040

913

7.05
8.23
8.687
8.47
8.55
8445

San Juan River near Bluff, Utah

(Drainage area 24,000 square miles)

32,900
36,400
18,800
8,300
13,600
15,800
16,500

34,200
36,700
19,800
40,300
15,600
16,600
16,900

32.0
23.6
19.4
27.8
18.8
15.9
17.2

1,360
2,050
1,700
1,250
1,340
1,260

70,000
43,400
27,600
56,000
22,500
21,100
21,300

Little Colorado River at Grand Falls, Ariz.

(Dreinage area 22,140 square miles)

17,200
12,700
27,100
13,200
19,800

18,200
15,500
34,900
17,400
23,900

22.5
22.9
30.0
21.0
23.8

27,800
28,800
50,500
23,900
31,300

Sen Frencisco River at Clifton, Ariz.
(Drainage aree 2,787 square miles)

2,170

2,190

o

Sabino Creek near Tucson, Aplz.
(Drainage area 35.0 square miles)

108
63
176
99
63

5,400
7,060
3,240
2,920
8,090
3,200
2,920

700
582
535

487

South Fork of Ogden River near Huntsville, Utah
(Drainage area 148 square miles)

4.32
4.43

6.87

we mpnln

1,210
1,220
1,270
1,080
1,020
1,360

San Gabriel River near Azusa, Calif.

1,250
1,220
1,290
1,100
1,060
1,370

4.57
4.82
5.40
4.80
4.70
5.35

(Drainage area 214 square miles)

22,300
4,120
16,900
11,400
5,830
1,630

25,400
4,820
19,700
11,600
6,440
2,020

12.0
9.45

15.0

10.2
7.25
6490

1,300
1,380
1,450
1,220
1,180
1,480

40,000
8,680
22,300
18,200
7,500
5,820

- Momentary flood peak occurred on preceding day.

S Discharge obtained by subdivision of the hydrograph.

Percentage 1in
excess Of max.

o
Xe 0O

24-hr.
av.

69.5

69.8

3.3

1.6
1.9
3.9

o7

13.9
17.0
16.6

1.8
10.5
23.9

pealk

23.6
17.1
14,9
23.8
35.4
38.0

113
19.2
46.8
46.2

105
33.5
28.1

61.6
127
86.3
8l.1
58.1

212

23.2
31.0
43.7
11.9
34.6

548
824
204
413
873

Ted
13.1
14.2
13.0
15.7

8.8

794
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COMPARISON OF FLOOD FLOWS--Continued

Percentage in

Maximum Momentary excess of max.
Maximum calendar-day average 24-hr.av. flood peak calendar-dag ave
Gage 8= Dis- Gage Dis~ Xe 00!
height(b) charge charge height charge “24-hr. peak
Date(a) (ft.) (c.fes.) (c.f.8.) (ft.) (cefes.) av.

Kings River at Piedra, Calif.
(Drainage area 1,700 square miles)

May 20,1920 12.40 14,900 14,900 12.95 17,000 [+ 14.1
June 12,1921 1l.8 12,400 12,400 12.7 15,600 o] 25.8
June §5,1922 13,30 17,100 17,100 14.02 19,900 (o] 16.4
Dece. 28,1931 S 11,300 11,300 12.12 20,100 [¢] 778
~Feb. 7,1932 S 10,300 12,100 11.46 18,000 .5 74.8
Merced River at Happy Isles Bridge near Yosemite, Calif.

(Drainage area 181 square miles)

-May 29,1919 6036 3,020 3,240 7.1 3,800 7.3 25.8
#June 4 and
5,1922 6.22 2,820 2,920 6.55 3,240 3.5 14.9
May 16,1927 5.84 2,470 2,570 6.20 2,820 4.0 14.2
Mar, 25,1928 s 1,310 1,310 4,69 1,460 o 11.4
June 22,1932 5.64 2,280 2,330 5.96 2,570 2.2 12.7
Sacramento River near Red Bluff, Calif.

(Drainage area 9,300 square miles)

Jen. 30,1921 18.75 96,000 97,600 22.36 127,000 1.7 323
«Feb. 12,1925 21.02 115,000 138,000 25.18 156,000 20.0 35.6
Feb. 5,1926 S 82,900 94,400 20.52 110,000 13.9 32.7
Feh, 21,1927 S 137,000 142,000 26.00 164,000 3.6 19.7
Mar. 27,1928 h 140,000 140,000 26,1 166,000 (4] 18.6
Quinault River at Quinault Lake, Wash.

(Drainage area 264 square miles)

Dec. 18,1917 S 27,800 29,100 14.8 32,300 4.7 16.2
Dec, 29,1917 S 27,800 28,200 14.2 30,300 1.4 9.0
Dec., 14,1918 S 21,400 22,000 12.1 23,800 2.8 11.2
Oct. 29,1921 S 32,300 33,200 15.4 34,200 2.8 5.9
Dec. 12,1921 s 31,500 33,200 16.3 37,000 5.4 17.5
Peb. 27,1932 13.2 27,200 27,500 13.5 28,100 1.1 3.3
Puyallup River at Puyallup, Wash,

(Drainage area 914 square miles)

Dec. 18,1917 S 35,600 36,400 34.15 40,500 2.2 13.8
Jan. 23,1919 K] 32,600 33,400 32.03 36,500 2.5 12,0
#Dec. 12,1921 15.78 32,400 33,700 17.05 35,600 4.0 9.9
-Feb. 27,1932 S 24,500 27,800 16,0 33,000 13.5 347
Nov. 13,1932 13.6 28,000 31,000 17.1 37,800 10.7 35.0
Dec. 10,1933 20.2 53,300 54,800 21.5 57,000 2.8 6.9
Dec. 22,1933 17.35 44,400 44,800 17.9 46,000 .9 3.6
Skagit River at Newhalem, Wash,

(Drainage area 1,160 square miles)

Feb. 12,1924 10.0 26,700 26,700 10.85 31,400 0 17.6
~-May 22,1928 489.35 24,800 25,400 489,75 27,200 24 9.7
Feb., 27,1932 492,56 43,300 43,300 493.14 47,400 [ 9.5
Columbia Rive:r at Grand Coulee, Wash.

(Drainsge area 74,100 square mlles)

June 14,1931 962.60 2424000 242,000 962.7 243,000 (4] 0.4

June 19 and
20,1932 973,03 360,000 361,000 973.2 363,000 3 .8
June 23,1933 979.80 467,000 467,000 979.88 469,000 (4] .4
June 3,1934 973.38 378,000 378,000 973.44 378,000 (4] (4]
Kootenal River at Ieonis, Idaho
(Drainage area 11,470 square mlles)
May 23,1932 14.84 68,300 68,800 14.96 69,100 0.7 1.2
June 5,1932 14,95 69,000 69,100 15.04 69,600 .1l «9
June 16,1932 14.91 70,400 70,400 15.01 71,100 (4] 1.0
#June 6,1933 15.35 72,000 72,600 15.50 73,200 «8 1.7
June 18,1933 18,07 95,300 95,300 18.11 95,600 4] 3
(a) - Momentary flocd peak cccurred on preceding day.

# Momentary flood peak occurred on following day.
(b) S Discharge obtained by subdivision of the hydrograph.
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COMPARISON OF FLOOD FLOWS-~Continued
Maxirmm Momentary
Maximum calendar-day average 24-hr.av, flood peak
ge 8= Dis- Cage Dis-
height(b) charge charge height charge
Date(a) (£t.) (cefese) (cefese) (ft.) (ec.f.s.)
Boundary Creek near Port Hill, Idaho
(Drainage area 97 square miles)
May 31,1929 3.04 689 778 3.50 9586
May 14,1931 3,75 1,120 1,120 4,03 1,310
May 20,1932 4,23 1,490 1,540 4.44 1,670
May 26,1933 4,36 1,620 1,620 4,44 1,690
June 15,1933 4.86 2,070 2,080 5.22 2,400
Clark Fork near Plains, Mont.
(Drainage area 19,900 square miles)
June §5,1913 17.9 115,000 115,000 17.94 115,000
June 9,1922 17.1 113,000 114,000 17.25 114,000
June 14,1927 17.6 117,000 117,000 17.6 117,000
May 28,1928 18.35 126,000 126,000 18.41 126,000
Clark Fork at Priest River, Idaho
(Drainage area 24,200 square miles)
June 16 to

- 19,1929 15.3 72,400 v2,400 15.36 3,200
May and

# 27,1932 18.7 97,200 97,200 18.77 98,000
June 19 to

# 21,1933 24.1 135,000 136,000 24.18 136,000

#ay 12 to

14,1934 18.2 91,200 91,200 18.24 91,200
Henrys Fork at Warm River, Idaho
(Drainage area 666 square miles)

#Apr. 11,1930 5.59 1,860 1,870 5,77 <,000
Apr. 19,1931 4.7 1,200 1,200 4.83 1,280
May 12,1932 6.48 2,560 2,560 6.52 2,660
Apr. 29,1933 5.49 1,790 1,800 5,57 1,860
Apr. 9,1934 4.56 1,010 1,020 4.67 1,080

Boise River near Twin Springs, Idaho
(Drainage area 830 square miles)
May 29,1919 7,08 7,950 8,030 7.50 8,790
May 17,1921 7.38 8,560 8,600 7.50 8,800
June 12,1921 7437 8,540 8,620 7.67 9,150
May 20,1925 6,69 6,840 6,840 6.69 7,040

-May -11,1928 7.68 8,940 9,020 7.93 9,460

May 14,1932 6,70 7,060 7,060 6.87 7,400

Salmon River at Salmon, Idaho

(Drainage area 3,600 square miles)
June 12,1930 4.77 5,820 5,850 4.86 6,060
May 22,1932 5.35 74330 7,360 5.43 7,540
June 17,1932 6.17 9,560 9,580 6.22 9,700
June 4,1933 5.91 8,220 8,220 5497 8,380
~June 15,19?5 6435 9,980 9,990 6.42 10,100
Bear Valley Creek near Cape Horn, Idaho

(Drainage area 180 square miles)
May 26,1923 4,20 2,000 2,030 4.48 2,280
June 16,1925 3.19 1,060 1,070 3433 1,170
May 26,1928 5.09 2,880 2,890 5.30 3,120

#May 24,1929 3.61 1,410 1,420 3473 1,520
June 16,1932 4.36 2,120 2,120 4,56 2,340

Bull Run River near Bull Run, Oreg.
(Drainage area 102 square miles)

-Jan. 26,1920 8 9,890 12,500 10.72 16,000
Jan, 2,1921 8.90 11,400 11,400 10.70 15,000
Nov. 20,1921 ] 14,500 15,700 13,06 20,200
Nov, 25,1927 ) 10,600 13,100 10.58 15,000
Dec. 22,1933 0.94 11,600 11,600 11.30 14,800

(a)

(v)

w0
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